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Breeding for balance? An introduction

Breeding for resistance to a parasite is breeding against a flexible
adversary: one cannot take it for granted that resistance, once obtained,
will remain at the same level. The parasite may come up with rare or new
genetic variants that circumvent the resistance and render the host suscep-
tible. Therefore, breeding for resistance to a parasite is fundamentally
different from breeding for resistance to frost, drought, salt or some
other envircnmental extreme. s

Forest tree breeding, at first sight, is particularly vulnerable to
changes in the parasite, as a quick change from one tree species to another
is difficult to achieve in forest management without big losses. This is
caused by the fact that forestry has a long time scale compared to agricul-
ture: the agricultural plant breeder may consider some resistance to be
'stable’ if it does not erode within twenty years, which is more than the
normal lifetime of a cultivar; for most forest trees, however, this is only
half the lifetime of a single crop.

There is no cause for despair, however, for there clearly is a ¢eiling
to the potential of parasites to adapt to 'resistant! hosts. It looks as if
not all resistance is overcome by variation of the parasite. Many cases of
resistance in agricultural crops have proved to be stable up to now. Nature
shows that resistance may hold over much longer periods: poplar rust has
not yet adapted to ocak, not even to aspen. For the breeder it is most im-
portant to find out if there is a pattern to this genetic adaptability:
which changes are possible for the parasite, which are not?

wWhen we compare the three international gatherings concerned with for-
est tree breeding for resistance, some differences stand out. At the first
meeting in Pennsylvania in 1964, when the art was still young, the possi-
bility of a break-down of resistance was no more than a far echo from
agricultural plant breeding experience. Technical matters such as screening
techniques had mest interest. The second meeting was held in the den of the
breeders for blister rust resistance, in Moscow, Idahe, in 1969. This was
one year after Vanderplank's treatise 'Disease Resistance in Plants' ap-
peared. On the basis of experiences gained in agricultural plant breeding,
that book predicts that gross adaptation of the parasite can readily be

ix



expected in cases of 'vertical' resistance, but is highly unlikely in cases
of 'horizontal' resistance. Consequently, participants hotly discussed the
danger of ephemeral resistances and how to avoid them. First hand experi-
ence with new strains of forest parasites was still lacking, however.

This has changed, alas. In the eleven years before the third meeting
in 1980, several changes in pathogenicity of forest tree fungi have been
noted:

- a resistance gene in sugar pine was overcome by a new strain in
Cronartium ribicola;

- new and specific strains of the poplar rust Melampsora larici-populina
have been found in Australia and New Zealand, soon after the fungus
appeared in those new territories;

- in fusiform rust, a certain increase of pathogenicity was observed
on host populations that had been selected for higher resistance to the
disease;

- in Ceratocystis ulmi, a highly aggressive strain (with two variants)
was found spreading havoc among the elms in Europe and adjacent Asia;

~ a new aggressive strain of Gremmeniella abietina seems to pose a big
threat to several pines in northeastern North America.

It may be significant that at least the last three examplés de not fit
the neat pattern of agricultural creops with their stable 'horizontal’
and instable 'vertical' resistances. Perhaps in some cases we are wit-
nessing a finer genetic adaptation of a ceolonizing pioneer-parasite to
its new habitat on a new continent. ’

Where a final victory over the parasite by an absolute and permanent
resistance does not seem possible, some sort of balance between host and
parasite evidently is the best that can be attained: some situation in
which host and parasite are in eguilibrium, perhaps by the presence in
the host plant of a combination of resistance genes that can be less.
easily overcome by the parasite, or by the presence in the host population
of genetic variability that may diminish chances for parasite change and
specialization. Ecological factors can also influence such a balance.

The theme of the 1980 Workshop therefore was: 'Breeding for balance'.

This turned out to be a stimulating concept which intrigued and provoked
the participants. The meeting was structured so that the earlier sessions
laid a basis for the day-long session named 'breeding for balance', It was
concluded that a balance between host and parasite, at a level that is
acceptable for the forester, may be a vision, an anticipaticn and an ideal,
but that it is an elusive concept too, not sufficiently concrete to serve
as a breeding goal. As Professor Dr. J.C, Zadoks of the Agricultural Uni-
versity in Wageningen asked us in his welcome address: Does balance really
exist? If so, can you measure it and explain it guantitatively? Is it a
static balance or a dyhamic equilibrium? From the floor came the guestion:
balance for whom? Apparently several balances or equilibria are possible,
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but not all are desirable.

We still have much to learn about the interaction between heost and
parasite, also ét a population level. It is difficult to lock into the
future. The leading concepts of tomorrow may be based on details that are
nearly overlooked to-day or they may revive discredited theories of yester-
day.

Even if we avoid the word 'balance’', some geheral observations on the
current thinking about resistance breeding in forest trees can be given.
The search for Y“the immune genotype" is no longer the sole or final goal of
resistance breeding - if it ever was. It is widely realized that even a
moderate degree of resistance can suffice to save a crop and that it may be
an essential prerequisite for designing an integrated control system, in
which adapted spacing, the avoiding of certain sites, species mixture, san-
itation, chemical control measures, thinning regime and other silvicultural
treatments can all play a part. It is well known that such systems tend to
fail if the host is too susceptible. Further, resistance breeding should
be an integral part in most general breeding programs, because attention
should always be given to the possibility of reducing known susceptibili-
ties and avoiding new ones. It happens that in natural populations of for-
est tree species, resistance to a certain parasite is the rule, while con-
gsiderable susceptibility presents itself in selected or new genotypes dur-
ing genetic improvement of the species. In such cases it seems gquite pos-
sible to restore the original and stable resistance. Lastly, immunity or
absolute resistance, whenever found, is a precious property which should be
used and deployed with care and caution. It is not, as some have thought,
the conclusion of a resistance breeding program.

The Workshop (72 participants from 21 countries, 65 papers) provided a
massive body of information, theory, and ideas. These added to our under-
standing of hosts and parasites as a basis for future work, both for breed-
ing and for integrated control or pest management.

without liberal funds, it would have been impossible to bring such a
wide-ranging group of distinguished specialists and generalists together,
so that a near-complete state-of-the-art could be developed. We are very
grateful to our sponsors for their contribution, as well as to our hosts
for their massive support: the 'Dorschkamp' Research Institute for Forestry
and Landscape Planning, and the International Agricultural Centre, both at
Wageningen.

The atmosphere of interest and happy interaction which reigned during
the workshop regrettably cannot be transmitted in this book.

The Organizing Committee, Henry D. Gerhold Bent Sgegaard
Hans M. Heybroek Richard Stephan
Robert F. Patton Kim von Weissenberg
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The world’s need for pestresistant forest trees

Bruce J. Zobel

Profeasor Emeritus and Forestry {onsultant, School of Forest Resources, North Carelina
state University, Raleigh, North Carolina, USa

ABSTRACT

The pattern of pest attack and the genetic flexibility and
strong genetic control of resistance to many pests in forest
trees, aiong with the high cost and even impossibility of
direct chemical controls and the uncertainty of biological
controls, all indicate the necessity for developing pest re-
sigtant forest trees.

The commonly cited danger from monocultures resulting from
use of genetically improved trees will not be walid for a good
forest tree improvement program in which a wide adaptive base
has been a major objective of breeding. Genetic control of
economically important characteristics is generally independent
from that for adaptability or pest resistance; most important
characteristics of forest trees are multigenic and are inher-
ited independently from another. Therefore it is highly prac-
tical to breed for narrowing the genetic base for economic
characteristics such as tree straightness or wood specific
gravity while at the same time broadening the base for adapt-
ability to diverse environments or resigtance to pests.

' Every breeding program involves a struggle between gain and
‘ risk; this is especially so when dealing with pest control. We

have found that there is considerable genetic resistance to
most pests in forest trees although some types of resistance
are much easier to breed for than others.

INTRODUCTION

. Pests are always a problem in any forest enterprise. As forest manage-
§ ment becomes more intensive, pests appear to become more numerocus; the same
: result seems to be evident as rotation ages are made shorter. This apparent
increase is partially the result of closer observation as well as a greater
concern about pests and their effect on intensive forest management; under
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this sitmation, pest attacks that were formerly overlooked or were consid-
ered to be a minor nuisance suddenly become important. A good example is
spider mites on Pinus taeda L. This insect was hardly noticed in natural
stands or plantations but is considered to be a seriocus pest on grafts in
seed orchards and tc some extent on young trees in progeny tests. Also, the
greater apparent incidence of pests is partially a real increase resulting
from more intensive management. A good example is Cronartium fusirforme
Hedgc. & Hunt on P. taeda; this disease becomes progressively more serious
when management practices such as site preparation are improved or nitrogen
fertilizers are used. The damage and wounds that sometimes result from
cultivation egquipment and other activities related to intensive forest
management can become infection courts for pest attack.

Another reason for an increase in pests under intensive forest manage-
ment, often overemphasized but of importance under some conditions, is the
establishment of trees with restricted genotypes over large contiguous
acreages. In itself, large plantings of a single species are not serious
unless the genotypes used are so uniform that a true monoculture results.
There is a special danger when vegetative propagules of restricted genetic
background are used for operational planting; vééetative propagatiocn in
itself is not bad if a broad enough genetic base is ensured through use of
several clones which will discourage wholesale pest attacks.

The true situation related to genetic diversity in forest trees is
generally misunderstood. Trees are almost always highly heterozygous gen-
etically, and recent studies have indicated that forest trees have the
greatest genetic variability of any organisms. A large adaptability to
adverse environments and pests would be expected since a tree must survive
many yvears and reproduce over sometimes drastically changing conditions
from day to day and from year to year. Thus, though a forest may be planted
as a monoculture with all individuals having similar genotypes, each,indi-
vidual tree is never genetically homozygous in a way similar toc some agri-
cultural crops. Fach ramet of a clone of a vegetatively reproduced plan-
tation will be quite heterozygous for adaptability and pest resistance. The
danger from pests occurs when all ramets of a clone are susceptible to a
given pest.

it is often difficult to initiate forest plantation programs, especial-
ly in areas where growing forest trees operatiocnally is not a common and
accepted practice. It is a real setback, therefore, if the plantations are
lost to pests or adverse environments after a program has been initiated
with much effort, cost and fanfare. 1 worked cleosely with such a pregram in
the three-county area in one of our southern states. Large sums of money
and great efforts were expended on propaganda to inform the layman and to
get him interested and excited about the importance of planting pines.
Everything was favorable and plans went well except that the nurseryman did
not pay attention to the provenance or geographic source differences within




the pine species he produced in the nursery. The seedlings supplied for
planting were not well adapted to the three-county area. A severe drought
followed by a Pales weevil attack wiped out most of the several hundred
thousand acres of plantations. (As I remember, final survival was less than
20 %.) Those few plantings that did gsurvive were later damaged by an ice
storm followed by bark beetle attacks. Although this incident occurred over
25 years ago, it still is difficult te this day to get pecple to plant
pines in the area involved. They cite the earlier disaster as 'proof' that
pines will not grow there and almost completely ignore the biological
explanation cf wrong seed scurce followed by destruction by pests.

Similar incidents are continuously occurring with exotic plantations,
and the forestry future of whole countries can be in jeopardy unless pests
can be controlled. A prime example occurred in central Brazil. Very large
plantings were made of P. radiata D. Don; these were later destroyed by
Dothistroma. Only recently has it been possible to induce the local people
to again plant pines in an area ideally suited to grow P. caribaea Morelet
and P. occarpa Schiede,

In any intensive forestry program there is always a tradeoff between
gain achievable and risk encountered to cbtain greater gains. This problem
is especially evident when pests are involved. Decisions must constantly be
made relative to the option of obtaining greater gain from the use of
better trees along with more intensive management of the forests, and the
possibly increased danger of pest attacks that might result from doing so.
Only when pest-resistant strains of trees are used can forestry come close
to optimal preduction of desired products and thus its full contribution to
Society.

PESTS AND EXOTICS

Some of the most intensive and widespread forestry operations now being
established depend upon plantations of exctic species. Although the major
concern and emphasis related te exotiecs is to the tropical and subtropical
regions, there is also considerable usage of exotics in cooler climates;
examples are P. contorta Dougl. in Sweden or Pseudotsuga menziesii (Mirb.)
Franco i1n several Eurcpean countries. No matter where exotic¢ species are
used, a major consideration in their success relates to their susceptibili-
ty to attack and their potential as hosts for pests.

Exotics are generally planted in large blocks of single species with
the seed for the plantings sometimes being from restricted sources or from
small numbers of parents. For some Eucalyptus and poplars, vegetative
propagules may be used for regeneration, creating an ideal situation for
attack by pests if care is not taken to maintain a suitably broad genetic
base. In almogt all instances the exotic is not too well adjusted to its
new environment, with the result that the trees in the forest are growing




under considerable stress. Exotics are sometimes used by persons who are
uninformed or do not care, so that a large amount of flagrant 'off-sitef
planting has been done and is still being done. This is aspecially true for
some P. radiata, P. caribaea and certain Eucalyptus plantings where these
outstanding forest trees have been placed in guite unsuitable environments
because of their fine performance elsewhere under proper conditions.

There are not too many 'absolutes' in biclogy, but one that comes the
closest to certainty is that exotic plantations will be attacked by pests
of one kind or another. The situation is especially insidious in that often
the exotic grows pest-free in its early years in the new environment, too
often leading to a euphoria and false projections about its production
potentials, based upon the pest-free growth. But I have never seen it
fail - it may take 2 years or it may take 10 - but pests of some type,
often serious, will become established in exotic plantations. I have recom-~
mended to clients in tropical areas using exotics that they reduce their
initial estimates of productive potential by about 30 % in anticipation of
pest attacks as the programs become older. Many times pest attack will
follow adverse environmental conditions which have placed the trees under
severe stress. The poor physiological condition of the exotic trees that
results enhances the spread and damage by pests that may have previously
either been unknown or which were considered to be of only minor impor-
tance.

It is sad and of great concern to me for the future of healthy and
profitable forests to view the magnitude and sericusnesz of losses from
pest attacks on exoctic forest tree plantings. Massive programs have failed
from such pest attacks; examples are the large P. radiata plantations
destroyed by Dothistroma in several regions of the world, including Brazil,
Rhodesia and East-central Africa. The loss of confidence in forestry that
has occurred as a result of destruction by this disease could have, been
prevented and millions of dollars could have been saved if those who estab-
lished the exotic P. radiata had heeded the advice of a few pathologists
who warned that Dothistroma probably would become a killer in radiata pine
plantations when planted where there are warm and moist summers. Even when
the adverse results of disease attacks resulting frem planting in such
environments are now so_clearcut, there still are instances of planting P.
radiata in such disease-prone climates. Many persons, including myself,
have been puzzled as to how Dothistroma, found on P, radiata in its indige-
nous range in California where it is considered to be only a nuisance, has
managed to become established in such widely separated regions throughout
the world. Although we may not understand, the important fact is that it
has spfead to these areas and there is no reason to believe it will not
occur in other areas with environments suitable for development of the
disease.

Exotics are attacked by 3 general types of pests:



1. Those indigenous to the area in which the exotic plant is planted but
never before known to attack the exotic. Such pests often adjust to the
exotic and can become a major destructive force. This adjustment to the
exotic is of rather common cccurrence, especially with leaf-eating beetles
and worms. Several species of these pests have become major defoliators of
eucalypts in Brazil and New Zealand and of Cupressus Iusitanica Mill, in
Colombia.

2. Pests of the exotic in the exotic's native range follow it to the new
area. A prime example of this is Dothistroma on P. radiata. This disease
appears to have followed P. radiata whenever it was planted in an envi-
ronment suitabkle to the development of Dothistroma.

3. A pest not native to the area where the exotic is planted but also not
indigenous to the home envircnment of the exotic can develop as a major
pest in the forest in its new range. An insect on P. radiata serves as a
good example. This insect, Sirex, sericusly damages plantations, especially
the suppressed and codominant trees.

Sometimes the pest is harmful, not because it kills the exotic but by
deforming it so it is of wvalue only for limited low-quality products. A
good example for this is the sc-called cypress stem canker on Cupressus
planted in Kenva and other areas. Stem deformation is so severe that the
only suitable use for the tree is for fiber products and they cannot pro-
duce the good gquality solid wood@ products for which the plantations were
established.

PESTS AND INTENSIVE FOREST NANAGEMENT

As forest management becomes more intensive we must learn to adapt to
and reduce the inevitable increased pressures from pest attacks. The high
costs of intensive management and the great potential value of the products
make it mandatory to prevent pests from seriously reducing the wvolume and
gquality, and thus the value, of the forest products grown. It is not pos-
sible for an intensive forest management program to operate as some un-
thinking environmentalists have suggested, i.e., 'let the pests have their
share'. Historically, growing forest trees has yielded a low return on the
investment and pest attacks can easily turn what would be a profitable
venture into a losing enterprise. As the demand for forest preoducts becomes
greater it is of paramount importance for Society to make ecach forested
acre more productive. Land on which forest trees can be grown for wood
products is becoming less available. Additionally, the best lands are being
taken for use in agricultural production, forcing forest production to
shift toward the more marginal sites. This in turn results in the trees!
being grown under greater stress, and thus they become more susceptible to
pest attack.

Certain pests are increased by activities such as fertilization, site



preparation or thinning. For example, fusiform rust {(Cronartium fusiforme)
is much worse on fertilized and intensively prepared sites than in planta-
tions that are not intensively managed. Thinning of plantﬁtions can result
in massive destruction by Fomes annesus {Fr.) Cooke because the stumps of
the cut trees become an infection court for the disease. Cultivation of
plantations cuts roots that are then sometimes attacked by insects and
diseases.

If optimal gains through tree improvement are to be obtained, a reduced
genetic base for the eccnomically important characteristics will result.
Oon the surface this would appear to develop in the direction of a monocul-
ture that would be ideal for the spread of pests. Bul greater pest attacks
will not occur if care is taken in the development of the tree improvement
programn. It is most fortunate that in forest trees almost all economically
important traits such as tree straightnegs or wood quality are genetically
independent from characteristics of pest resistance. With practically no
exceptions, these two sets of characteristics are controlled by multiple
genes and are inherited independently and thus are not strongly correlated.
It is therefore possible to breed for better economic characteristics by
narrowing the genetic base for these while at ithe same time breeding for
greater adaptability and pest resistance by broadening the genetic base.
Our program in the southeastern United States has been using such a dual
breeding system most effectively for nearly thirty years.

WHY RESISTANT TREES ARE NEEDED AND WHEN SHCULD ONE BREED FOR RESISTANCE

Any breeding program with forest trees is long-term and expensive. Why,
therefore, does one spend a lot of time and monhey on controlling pests
through developing resistance rather than using silvicultural, chemical or
natural predator controls? The fear is often expressed that 'pests will
defeat us' and that we would be best off to do nothing. Such a negétive
attitude is silly, because any forest, managed or not, will be attacked by
pests. When intensive forestry is applied, 'new' pests are found or sudden-
ly become important, not really because they are new but because they had
not been closely observed previously. Although intensive site preparation,
cultivation, thinning and fertilization sometimes do result in trees becom-
ing more pest-susceptible, sometimes the opposite result cccurs where trees
become more pest-tolerant. A good example of this relates to pine bark
beetles: the healthy, well-tended stands are more resistant to insects than
are the off-site, the over-age, the over-dense forests.

Whether breeding for pest resistance should be dene depends upon the
availability and suitability of other metheds of pest control. For example,
cne would not try to develop a loblolly pine toc be resistant to fusiform
rust only in the nursery bed; fungicide sprays are so simple and economical
in the nursery that this method of spraying is the preferred control. But



in forest plantations the situation is reversed. Although actions such as
reducing the alternate hest can be applied and will help some, no known
practical and safe methode is available for efficient control of the rust
in large forest plantings. If fusiform rust is to be controlled successful-
ly in large plantaticns, the only practical way is to breed for resistance.
The pine host shows large variability in susceptibility to the disease, and
inheritance of resistance is of a magnitude such that it is relatively easy
to develop useful resistant strains. The pest also varies genetically but,
although this complicates the problem, it appears to be pessible to over-
come it by resistance breeding. It is unfortunate that the improved silvi-
cultural methods of better site preparation, fertilization and sometimes
cultivation currently used to improve tree growth and vield are all con-
ducive to increased rust infection. This indicates that the need for fusi-
form rust control and thus resistance breeding is constantly increasing as
forest management gets 'better'. In the more 'hot spot! rust areas in the
southeastern United States, many of us feel that without use of resistant
pines the greater growth resulting from site preparation and improved
forest management is more than offset by the greater losses from increased
fusiform rust. ’

Opposite to fusiform rust, in my opinion, Fomes anpnosus is an important
pest against which breeding for resistance will probably not be of primary
value. Although some progress has been made in breeding for resistance to
this pest, the major contrcl mechanisms should be through silvicultural and
species manipulation. In the southern pines, for example, Fomes has gener-
ally been kept under reasonable contrecl by good stand management.

Although developing resistant strains is expensive and takes special
skills and much time, it has the advantage that, once obtained, resistance
is relatively permanent tec which additional and better resistance can be
added. The long-term cost of control is usually less with breeding than
with direct controls because costs of the latter usually reoccur frequently
or at least several times throughout the rotation. A good example is
Dothistroma on radiata pine. Several studies have indicated that there is a
reasonable resistance to the disease. Despite this, some organizations have
chosen to control Dothistroma by making the necessary sprays during the
most susceptible period of the plantation's life rather than carry on
regsistance breeding. If only one generation of plantings is considered,
there is no doubt that resistance breeding would be less efficient than
sprays for Dothistroma contrcl, but I greatly doubt that this will be so
for several generations. Additionally, any use of chemicals in the forest
environment is not desirable and should be avoided when possible. The
advantage of resistance breeding is that no undesirable substances are
inserted into the environment. Biological control fills this need when it
works but, although much discussed and promoted, effective biological
control of forest pests is rare and failures are the norm. A good example



is the spruce budworm in northeastern Canada. Much effeort has been extended
for biological control, with hardly satisfactory results. Large and costly
spray control efforts have been undertaken with fair to good success, but
the social and environmental objections are strong. Resistance breeding has
been essentially ignored but, although I am obviously biased, 1 feel resis-
tance breeding for spruce budworm should be given a gcod trial. The pattern
of attack, the occasional noninfected tree, the ability to assess attack on
young trees, all indicate resistance breeding might be a worthwhile ap-
proach.

A common reason given for concern about resistance breeding in forest
trees is that new and more virulent strains of diseases will develop or
that insects will be evolved that can attack the resistant trees. (This
gsame argument holds for control by sprays or biological contrel.) This
potential, although real, has been gmphasized out of all proportion to
reality. Because of outstanding examples of developed tolerance, like flies
to DDT or rusts on wheat, the lay attitude is that overcoming of resistance
by new strains will be regular and normal. This is not so if proper precau-
tions are taken, especially in long-lived, heterozygous forest trees. The
concern tc the forester would be more real if his management methods and
trees planted remained static over consecutive rotations, being the same
for succeeding generations of planted trees. But forestry is never static
and we have a special advantage so that in our long rotation ages, succeed-
ing crops will be genetically different from the previous crop planted on a
given site. Unless the forest managers and geneticists are completely
incompetent, the trees planted on a site which had been planted 30 years
previously will be genetically improved and different from the original
planting. During the 30-year period required for the crop to mature, new
and improved strains of trees will have been developed. Therefore, the fear
of a pest evolving from the first crop to destroy the succeeding crops may
be theoretically correct but does not fit with facts. Such an adaptation
and evolving of pests certainly happens on annual crops but should not on
long-lived perennials if an active, ongoing breeding program is underway,
so the new planting stock will differ from the original.

Often the magnitude and complexity of controls required, whether they
be chemical or biolcgical, make it impossible to efficiently use anything
other than a resistance program. Although biological control currently is
the 'darling' of the environmentalist, and something we would all be de-
lighted to see perfected, it is as of now generally more in the minds of
men than a method that is useful on a commercial scale in most forest
trees. All of us want to become as free as possible from chemicals for the

contrel of insects and diseases. The conclusion must be:

Breeding for resistance to pests Iin forestry is absolutely mandatory.
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ABSTRACT

Objectives, skills and methods of farmer and forester have
often conflicted but annual crop breeding provides guidance for
perennial crop improvement which is particularly important for
the rapidly increasing areas, products and managerial diversity
of forest tree plantations. The dangers of reduced genetic
variability that are inherent in intensive selectioﬂ'programmes
may be offset by the use of clonal mixtures and multiple popu-
lation breeding but resistance breeding will play an increas-
ingly important part in plantation develecpment and it will call
for inter-disciplinary co-coperation.

Development of resistance in trees needs long-term knowl-
edge of the biclogy cof the pest including its variation and
taxonomy. Prediction and identification of pest problems are
made difficult by the lack of pest stability in spreading to
new regions. Whereas annual crops favour okligate, host-specif-
ic pathogens, trees provide substrate for saprophytic, unspe-
cialized, facultative pathcgens and are often grown on marginal
sites that reduce their host vigour.

Whereas stability of vertical resistance in trees has been
detected, it is bound to decline and mixed cropping should
increase. Selection for horizontal resistance is likely to be
mere profitable and may be extended to generalized field resis-
tance since perennial crops are subject to attack by many pests
during a commercial rotation. At both levels, attention must be
paid to the effect of the environment on the expression of re-
sistance. While seed orchard development accelerates the appli-
cation of vertical resistance, vegetative propagation is more
suitable for horizontal resistance. Techniques for early detec-
tion of resistance are required and may be adopted from agri-
culture,



INTRODUCTION

Forest management, particularly plantation development, arose largely
in response to the erosion of natural resources by agriculture. The objec-
tives, skills and methods of farmer and forester have coften conflicted,
mainly for reasons entrenched in the genesis of their disciplines, vet the
rapid rate of improvement possible with annual crops provides lessons and
guidance for the development of perennial, and particularly forest, crops.

The farmer is concerned mainly with the intensive management of single
crop species on good sites, yielding one product in which uniformity is at
a premium and for which value per unit yield is high. In contrast, the
forester commonly acts as an ecologist, maintaining vields of low value
products by extensive management of variable crops on poorer sites with
several cbjectives including protection and amenity functions, as well as
the production of industrial raw material which, in itself, covers a range
of preoperties for a number of uses.

The evolution, domestication and some 50 years of intensive breeding of
many annual crops have reduced their genetic base, attaining a selection
plateau beyond which further gain calls for the introduction of genes from
wild pepulations in their natural origin. Forest trees are only 2 or 3
generations removed from the wild type and, with the exception of some
intra-specific, natural populaticn variants and some restricted national
breeding populations, tree species have considerable resources of genetic
variation available. Nevertheless, conservation of genetic resources is
essential here as well as in agriculture and, for many species, it is in

progress.

THE NEED FOR PLANTATIONS AND THE USE AND IMPRQVEMENT OF EXOTIC SPECIES

Around the start of the 20th century the demands of rapidly expanding
and increasingly sophisticated world populations called for increases in
forest production that have been met largely by the creation of even-aged
plantations of single species, which have often been exotics.

These gpecies were selected from natural stands with enviromments
similar to those of the areas under development and subsequent trials led
to the selection of 2 or 3 provenances cr species for establishment cn a
large scale (see e,g. Burley & Wood, 1976). Once these species were in use,
further selection and testing brought them towards an optimum for the
region, largely through culling the worst stock at the nursery stage,
selective thinning and seed collection from superior trees.

This has retained a level of genetic versatility in the crop while
adapting it to the environment; it has been successful so that it is now
common experience to find that such crops are so well adjusted after 2 or 3

generations that their progeny are usually superior to freshly introduced
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provenances. During the lasf 3 or 4 decades there has also been an increase
in intra=-specific improvement for forest plantation crops, similar to that
used for other perennial crops, either through selection and vegetative
propagation of clonal material of outstanding merit as in poplars, where
this includes pest resistance, or Norway spruce (Picea abies (L.) Karst.)},
or by open or controlled pellination in seed orchards between ramets of
phenotypically supericr trees. The latter has had considerable success for
pines and eucalypts and is now being extended to other species.

While these recent lines of development have provided immediate bene-
fits, they may, in the long run, risk the sacrifice of the benefits of the
field selection techniques which are associated with plantation management.
The danger of reducing the genetic base may be offset by the use of clonal
nixtures for vegetatively propagated crops (Schreiner, 1939) and by mul-
tiple population breeding (Namkoong et al., 1980).

JUSTIFICATION FOR BREEDING TREES WITH RESISTANCE

The development of pests in agriculture and forestry
-

The development of even-aged crops in agriculture provided ideal con-
ditions for many pests that have appeared, flourished and declined for
reasons that, until recently, were little understcod. Now, however, there
ig an array of expedients for their control, including crop varieties with
high and stable levels of resistance to attack which are now important
components of integrated field control programmes, especially where pesti-
cide use is not acceptable.

The intensive practices adopted by foresters during the last 80 vears
have been accompanied by similar threats form pests of all kinds. Before
this, noxious insects and pathogens occupied a place in the balanced dynam-
ic complex of the natural forest where they seldom emerged as a threat to
the survival of their host species. While these agencies may have caused
some serious economic losses, the cost of special control measures and the
practical problems that these raised made them generally unacceptable,
However, this situation has now changed radically and, with the widespread
adoption of forest monccultures, ideal conditions have been created for the
establishment and spread of pests of all kinds.

Introduction of exotic pests

while these recent changes in the emphasis of forest practice took
place, rapid advances in the volume and speed of international transport
greatly increased the risks of intreduction of new pests into forests that
had previously been protected by natural barriers, threatening natural
stands and plantations alike, despite phytosanitary precautions. The reali-
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ty of this threat is exemplified by the damage caused by white pine blister
rust {Cronartium ribicola J3.C. Fischer), chestnut blight (Endothia parasi-
tica {(Murrell) Anderson & Anderson) among cther introduced pathogens, and
the winter moth (Operophtera brumata L.) or the gypsy moth (Lymantria
dispar L..) in the insects. This threat continues to expand as the area of
new forest plantations based on exotics extends.

As we shall see below, this factor, in particular, not only establishes
a high level of need for forest protection against pests, it also creates
an important area of constraint on its implementation.

The need for application of agricultural technigues in forestry and their

iimitation

It is because forest plantations and natural stands now represent a
major part of the resources of many countries, as well as their increased
vulnerability, that there is an urgent need to use agricultural technology
to protect as well as improve them. However, the degree to which this is
possible depends on available funds and the nature of the crop. Both these
factors reduce the scope for supplementary protection measures in the
natural forest and pose smaller, but still significant limits on their use
in plantations. The accounting methods necessary for crops with terminal
yields and the difficulties posed by the extent of forest areas, combined
with the size and longevity of trees, reduce the extent to which agricul-
tural protection methods can be applied under forest conditions.

There are, therefore, considerable attractions in the use of heritable

resistance to protect forests from damage by biotic agencies.
THE DEVELOPMENT OF HERITABLE RESISTANCE
The relation to resistance of other traits

wWhile the breeding of pest resistant trees calls for a high level of
interdisciplinary co-operation (Schreiner, 1966; Gerhold, 1970), the prac-
tical difficulties in providing a balanced combination of pest resistance
and other desirable features may be insuperable. Priorities are allocated
to the objectives of a crop improvement programme, based on cost-benefit
analysis and selection index weighting, where protection may rank low
initially and where genetic weights are unknown.

Further, pest resistance may not be correlated with other desirable
crop features; on the simplest level, while host vigour may increase resis-
tance to facultative pests, this may not apply te more specialised organ-
isms. Pests are not a stable feature of any crop, as their impact depends
on the environment as well as the genetic nature of the host; they may alsc
take time to emerge and often show a much higher genetic versatility than
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their hosts. For these reasons, the search for pest resistance tends to
become seccendary to that for other aspects of crop improvement.

Constraints on developing resistance

any development of pest resistance in plants on more than an empirical
bagis requires long term knowledge of the biolegy and life-cycle of the
organismg concerned.

While some progress has been made in the prognosis of forest pests for
a few insects, such as the gypsy moth, Lymantria dispar (Houston & Valen-
tine, 1977) and pine ;ooper moth, Bupalus piniarius (L.) (Bevan, 1974), our
information on forest pests in general is guite inadeguate to anticipate
variations in their impact, once they are established, or to support their
prognosis for hew regions.

This is largely because research into forest pests has been very lim-
ited until recently so that, even now, there is even doubt on the proper
indentity of some of our commonest forest pathogens. For example, Minter et
al. (1978) have recently shown that many of the cases of pine qgedle dis~
ease previously attributed to Lophodermium pinastri {Schrad. ex Hook.)
Chev. are due to a new species, L. seditiosum Minter, Staley & Millar, and
that other records refer to saprophytic species e.g. L. australe Dearness
(see alsc Martinsson, 197%9). There are many other examples where the taxo-
nomic position, as well as the biology, of important forest pathogens is
still poorly understood. While there is not the same lack of basic infor-
mation on forest insects in the western world, this is certainly the case
elsewhere, and particularly in the case of insect parasitoids and the
habitat interactions of specialised taxa. There is therefore considerable
need to improve our knowledge of forest insects as well as pathogens. A
useful review of progress that has been achieved in this field has been
given by Hanover {(1980).

Qur difficulties in the prediction and identification of future forest
pest problems are compounded by the fact that their spread to new regions
is far from stabilised. While this applies as much to natural forests as to
plantations, species such as pines and eucalypts, which are now planted in
regions often far from their native areas, may be expected to continue to
be at risk for many vears to come.

The spread of dothistroma blight (Scirrhia pini Funk & Parker; ilmper-
fect state, Dothistroma septosporum (Doroguine) Morelet) from the northern
hemisphere, where in many places it was economically insignificant, to the
south, where it has proved extremely damaging to certain pine species, is
an example cf this threat (Gibson, 1972). Similar prcblems can be found
where forest insects have been introduced to new areas and assumed quite
different behavicur patterns from those in their native region. Bacteria,
nematodes, viruses, parasitic higher plants and mites may all be expected
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te pose unpredictable threats to forest crops in due course and in these
cases we shall prove to be even less well prepared to deal with them.

In addition to these limitations, the differences between the types of
pathogens, and to a less extent, insect pests, that are predominantly
impertant to annual and perennial crops respectively impose still further
restrictions on the use of agricultural technology by the forester seeking
te protect his crops through heritable resistance.

While it is unrealistic to draw too sharp a distinction between obli-
gate and facultative parasitism, it is nevertheless true that annual
plants, largely composed of living tissues, include a very high proportion
of obligate, host-specialised pathogens in their pests. -Trees, con the other
hand, are perennials consisting of & large and increasing proportion of
dead tissues (heartwood, dead roots, bark, etc.) after they have passed the
juvenile stages. This provides a substrate for the saprophytic build-up of
inoculum of unspecialised facultative pathogens in close proximity to
living tissues which can become sufficient to permit infection in the
course of time in a way impossible in annuals. In addition to this, forest
crops are often grown on marginal sites which may serve to reduce their
vigour and render them even more susceptible td attack by facultative
organisms. Thus, while trees may be subject te a similar ' range of special-
ised pathogens as are annuals, a much higher proportion of their diseases
are likely to be caused by less specialised crganisms.

The situation for insect pests is rather different. These show a simi-
lar range of specialisation and host dependence but have little in common
with the physiologically close relationships that often cccur between
fungi, bacteria and viruses (broadly speaking) and their hostg. Neverthe-
less, stress in the host caused by defoliation, drought or other environ-
mental factors can predispose to attack by such insects as bark beetles
(Scolytidae), longhorn beetles (Cerambycidae), ambrosia beetles (Platy-
podidae) and woodwasps (Siricidae), at a level that has no parallel in
annual agricultural crops.

Finally, there is a large .an economically important group of forest
pest which have little in common with agricultural problems and where
heritable reactions of host tissues leading directly to resistance are
particularly hard to find. This includes the insects, decay fungi and other
organisms that destroy the heartwood of trees, often with little external
symptoms on the host and with little selection pressure to reduce the
potential of the host to survive under natural conditions. As we shall see,
the prospect of adapting agricultural technology to provide contrcl through
resistance to this class of disease 1is small indeed.
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THE PLACE OF RESISTANCE BREEDING
Types of resistance

VERTICAL RESISTANCE

The outstanding successes in agriculture during the present century
that have gained remarkably high levels of pest resistance have largely
involved annual species and highly specialised pathogens, where a combina-
tion of short generation time in the host and a physioclogically close
host-parasite relationship (permitting direct genetic control of the dis-
cased state) very largely contributed to these achievements.

This has generally involved a type of resistance now termed 'vertical’
(Vanderplank, 1963), which is based on one or a few major genes and is
distinguished from horizontal resistance (which we shall discuss below)
derived from the interactions of a minor gene ccmplex.

In the majority of cases, vertical resistance, while providing a high
level of protection, is effective only against some races of the pest. In
the case of fungal pathogens, in particular, which often show a high level
of "genetic versatility (Buxton, 1961), this has often led to tﬂe 'break-
down' of protection with the emergence of races of the pest able to attack
the new crop variety. This weakness is aggravated further by the relative
simplicity of the genetics of the host-parasite interactions where vertical
resistance is effective, many of which conform to the gene-for-gene concept
propounded by Flor (1953).

Where vertical resistance has been lost in important annual crops the
generation time has often been short enough to counteract this by a flow of
new resistant varieties which, while it has led te a cyclic situation, has
often proved acceptable. In perennials, however this is hog possible, even
where the generation time can be reduced to a minimum. Instead, other expe-
dients, such as the use of pesticides, have proved more cost-effective.
Examples can be found in blister blight of tea (Exobasidium vexans Massee)
and coffee rust {(Hemileia vastatrix Berk. & Br.).

Although 'breakdown' is not an inevitable result of the use of vertical
resistance for crop protection, as Russell (1978) has pointed out, the
dangers are enough to justify its avoidance for forest crops, particularly
as the economic hazard increases with the interval between the introduction
of the new variety and its eventual failure with the appearance of a new
race of pathogen. The extent and uniformity of industrial forest crops, and
their lenghty rotations, make them particularly vulnerable to late failure
of vertical resistance, although little evidence of this has been seen on a
field scale.

Fungal forest pathogens as diverse as Gremmeniella abietina (Lagerberg)
Morelet, Ceratocystis ulmi (Buisman) Moreau and Melampsora larici-populina
Klebk. (Gibbs, 1978; sSkilling, 1977; van Vloten, 1949) have all formed races
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of varying pathogenity, so there seems to be no lack of adaptability in
this respect. It is possible, therefore, that the stability of resistance
that has been found to forest pests may be through the complexity of the
host-parasite interaction. This may be further stabilised'by the relatively
low populations of existing tree crops, compared to those of cereals and
other annuals where selection pressures for new pathogen strains is very
high and the emergence of new races is almost commonplace. The physiologi-
cal complexity of resistance to certain rusts, such as Cronarétium ribicola,
may also cohtribute significantly teo the stability of many tree systems of
defence against highly specialised pests (Bingham et al., 1971).

Despite the present situation, there is no room for complacency and,
with the increasing extent of forest monocrops, there isvno dcubt that the
stability of vertical resistance to forest pests will be bound teo decline.
Safeguards againet this may be adopted through the use of mixtures of
individuals with different inherent resistance factorg, either in separate
plantations or, better, as mixtures in single stands. Mixed cropping of
this kind usually carries with it some sacrifice of crop guality but this
can now be avoided by the use of multiline cultivars where a uniform gen-
etic base is combined with a range of alternative resistance genes to a
given disease. At present this expedient is expensive but it has potential
value for forest protection (Browning & Frey, 1969).

Parallels with insect pests are hard to find althocugh highly special-~
ised host relations and high levels of resistance can be found., Marked
variation occurs in the colenisation of individual plants in_uﬁijorm{fie?ds
of brussels sprouts by Brevicoryne brassicae L. but it is only effective in
relation to certain aphid ecotypes (Dunn & Kempton, 1972) giving an analo-
gous situation to major gene resistance to rusts. Similar relationships are
known in forest insect pests (i.e. Cryptococcus fagi Baerensprung and
Nuculaspis californica {(Coleman)). While these have the appearance of ver-
tical resistance, this has only been shown in a few cases, notably the
Hessian fly (Mayeticla destructor (Say)) (Hatchett & Gallun, 1970). '

HORIZONTAL: RESISTANCE

while the distinction between horizontal and vertical resistance was at
one time regarded as guite clear-cut, there is a growing body of opinion
now that regards the two as extremes of a graded series of genetic states
ranging from simple relationships governed by a single major gene to com-
plex states derived from a number of genes, many of which may be minor.
Indeed, some doubt has been cast on the validity of the distinction betwesen
major and minor genes in this respect.

whatever the current opinicn, the view that horizontal resistance
arises from genetic complexes that form part of the genetic base of the
host is still tenable (vVanderplank, 1963). The protection afforded by
horizontal resistance is never at the same high level as that from vertical
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resistance but it has the advantage of stability. In general the protection
that this kind of resistance cffers covers a wider range of pests, includ-
ing those weaker facultative parasites that have importance in forestry.

The search for herizontal resistance is usually by selection of indi-
viduals for desirable characters from large field populations. These are
then screened by progeny or clonal tests to ensure that their special
features are truly inherent before field propagation. Vegetative propa-
gation is desirable to avoid the risk cof dispersal of desirable combina-
tions of genetic fasctor, which might occur through sexual reproduction.
Field selection on these lines has been described for resistance to He-
terobasidion annosum {(Fr.) Bref. (Driver & Ginns, 1%66).

All this is fully compatible with forest plantation practice which is
often indirectly selective for increased crop guality and pest resistance.
The balance existing between pests and their hosts in natural forest commu-
nities is largely based on horizontal resistance factors and it has been
advocated often that lasting solutions to pest problems of plantations may
be found in an understanding of the ecological balance existing in the
communities where plantation species are native (Dinus, 1974).

Fossibly the most important feature of the use of field selection
techniques is that they permit selection towards the control of more than
one pest at the same time. The majority of crops are at risk from 3 or 4
major pests in the course of the crop cycles and perennials, especially
forest treeg, are exposed to an even greater number. Practical crop im-
provement should aim, therefore, at useful protection levels against all
the méjor pests in a given crop situation and it is in this respect that
field selection towards horizontal resistance provides much better oppor-
tunities than the use of vertical resistance. It must be conceded, however,
that the combination of vertical resistance factors teo provide protection
from an array of pests has been successful in an annual c¢reop such as rice
(Khush, 1977) and that some progress seems tc have even been achieved in
thig direction for pines (see Goddard & Rockwood, 1980).

Tolerance

Hitherto, it has been assumed that there is an approximate relation
between symptom expression and loss of value of crop from pest attacks
{Browning et al., 1977). This is not necessarily sc and examples are known
where symptom expression may be severe but pest impact is relatively
slight, notably in cereal rusts (Caldwell et al., 1958).
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FUTURE NEEDS FOR RESISTANCE BREEDING IN FORESTRY

The role of the environment

While agricultural science has much to offer for the improvement of
forest crops, much of this calls for development within the context of the
special circumstances of forestry.

Forest plantations are characteristically confined to markedly sub-
optimal sites and the search for horizontal pest resistance by field selec-
tion automatically takes this into account. However, vertical resistance
also needs to be sought at times and here allowance must be made for the
effects of adverse environmental influences in the screeﬁing to select
these varieties. Schoeneweiss (1975, 1978) has pointed cut that tc conduct
the screening of forest varieties for pest resistance under optimal growing
conditions, and thus follow some agricultural practices, could give danger-
ously misleading results where the crop may ultimately be raised on sites
far from ideal.

Tt must be accepted in principle, therefore, that due to the circum~
stances of forestry, much more attention needs to be paid to the inter-
action between environmental factors and host-pest reaction patterns than
is usual in agriculture. Field screening, particularly for vertical resis-
tance, in species, provenances and intra-specific selections, should be
made under the futnre growing conditions for the crop.

MNaintenance of genetic resources

The relatively recent development of monocrops and the later initiation
of selective breeding in forestry has meant that there have been no major
declines at the global level in the genetic resources of the most important
forest species. Nevertheless, the warning on the dangers of genetic over-
refinement is clear from agriculture and foresters are beginning to heed
it.

Excessive exploitabicn in natural forests, particulariy in tropical
rain forests, has threatened loss of genetic resources and even loss of
species before their utility has become fully known (Kemp, 1978; Kemp &
Burley, 1978; Burley & Namkoong, 1980) and for some commercial plantation
species important natural populations are at risk even if the species as a
whole is not.

For this'reason, international programmes have been established by
institutes in developed countries, often whith support from multilateral
and bilateral agencies, to explore, conserve, evaluate and use to best
advantage forest resources of all kinds. However, to date, it has not
proved possible to initiate international breeding programmes for pines
(Kemp et al., 1972; FAD, 1979) although activities within IUFRO facilitate
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exchange and testing of natural and improved populations in a range of

species.
Accelerated breeding and resistance testing

There is outstanding need to reduce the disadvantages posed by the size
and longevity of trees in all aspects of their genetic improvement, and
particularly in resistance breeding. In particular, techniques are needed
to speed the testing of selections for combinations of desirable qualities
and, once found, for their rapid reproduction, without risk of their dis-
persal.

The development of seed orchards for seed production (particularly if
artificial pollination is used) has gone far to accelerate seed production
with reliable heritable characters and is a suitable method for handling
vertical resistance factors. However, vegetative propagation is much more
suitable for horizontal resistance and technigues for this, providing quick
utilisation of desirable genetic material, are already well established for
many forest species.

Much also needs to be done to reduce the difficulties posed by the
search for resistance in forest species and the testing of the results.
Many of these drawbacks relate to changes in host reaction with its age and
the need te achieve presentation of the pest to the host in tests which
correspond reasonably with field conditions. Some advances have already
been made to solve these problems, using techniques developed for agri-
cultural crops using either excised tissues or indicators {often empirical}
bazed on the chemistry or morphology of the host. Future problems will call
for special regearch to meet the reguirements of forestry. For example,
diseases caused by nematodes, such as Bursaphelenchus Iignicolus Mamiva &
Kiyohara (Mamiva, 1972}, are only now being recognised outside the nursery
and damage from viruses and virus-like organisms to forest trees has
scarcely been recognised outside Europe and North America.

Indeed, not only as commercial forest plantations expend, but as their
vaiue per unit area increases, so they will be the more clesely scrutinised
for pest damage and a wider variety of these problems will be revealed at
an economic level wmaking them worthy of control. In many cases the most ad-
vantagecus approach to this will be through the use of inherent resistance
mechanigms. Techniques to exploit this may already exist in agricultural
sclence in some respects, but further research is always required to adapt
these for use in forestry.
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The role of the environment in host-insect interactions

W.H. Parry

Department of Forestry, University of Aberdeen, St. Machar Drive, 0ld Aberdeen,
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ABSTRACT

Plant host/insect interactions can be extensively modified
by changes in the environment. Climate is one major factor in-
volved in such changes, temperature and rainfall being of par-
ticular potential importance in the breakdown of host resis-
tance mechanisms. Parasites and predators play an important
role in maintaining low pest levels. The survival of pest
levels conducive to the continued existence of this compiex is
considered to be of primary importance during the adoption of
resistance strategies. Host nutritional levels are important
but their instability in response to environmental changeg
minimises their effectiveness as resistance factors. Induced
density-dependent resistance as demonstrated in birch in Fin-
land provides a useful mechanism meriting further investigation
in other tree species. It is concluded that the avoidance of
host/insect synchrony by the adoption of a complex of regis-
tance mechanisms aimed also at the maintenance of a non-econom-
ic pest level would ensure long-term stability in monocultural
forestry as it is now practiced.

INTRODUCTION

Plant host/insect interactions have been reviewed by several authors in
recent years: e.g. McNeill & Southwecod (1978), Feeny (1976) and Levirn
{(1976). The rcle of the enviromment in the context of resistance to forest
insects has been neglected, although both Hanover (19%75) and Stark (1965}
have reviewed the physiology of tree resistance to insects.

The environment of an individual insect can be regarded as a combina-
tion of all factors which either directly or indirectly influence the life
of that individual. Milne (1962) defines the effective environment asg
leverything in the Universe which helps or hinders fulfilment of the indi-
vidual'. Milne placed the main factors acting on an insect population into
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Pable 1. Classification of the environment according to Milne (1962)}).

A. Density-independent factors 1. Physical circumstances, i.e.
weather
2. Indiscriminate actions of other

species
B. Imperfect density-dependent 1. Interspecific competition
2. Predators, parasites, pathogens
C. Perfect density-dependent 1. Intraspecific competition

3 groups which were dependent on their relationship to density (Table 1).

Long-term co-evolutionary synchronization of host and insect ideally
leads to the occurrence of an apparently stable plant/insect relationship
in which neither of the two associates becomes dominant. This stability
could be destroyed by the appearance of any of a variety of disruptive
factors. One such factor lies in the large-scale planting of artificial
moncecultures selected for factors other than resistance. g

The use of registant trees has frequently been suggested as being the
ultimate means for pest control in both agriculture and forestry. The use
of genetically resistant hosts is frequently doomed to failure as genetic
resistance will be expressed in different ways under differing environmen-
tal conditions. The aim of this presentation is to illustrate the possible
effects of environmental conditicns on the expression of plant resistance
such that genetic resistance can be tailored to meet envirommental condi-
tions or, in specific instances, the environment could be modified to meet
the requirements of the resistant host.

CLIMATE

Elton (1958) was the first of many observers to asscciate the absence
of pest outbreaks in tropical forests with climatic stability. Gray (1972)
concluded that pest problems in tropical situations were triggered by cli-
matic instability. However, it is in the climatically more unstable temper-
ate regiong that many of the pest problems associated with afforestation
are now encountered.

The 2 main climatic factors associated with insect outbreaks are rain-
fall and temperature. Rainfall affects the herbivorous insect indirectly
through its host and rainfall conditions deviating strongly from normality
will have the greatest effect on resistance. Such deviations are particu-
larly important in tree crops subjected to repeated exposure to variable
seasonal and annual rainfall.

White (1969) related 2 outbreaks of the psyllid Cardiaspina densitexta
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Taylor feeding on the leaves of Eucalyptus fasciculosa F.v.M. to stress
caused by changes in the rainfall pattern. Both outbreak periods were char-
acterized by unusually wet winters and unusually dry summers. The former
caused the death by suffocation of feeding plant roots. This reduced abili-
ty to take up water was exacerbated by the low availability of water during
the succeeding dry summers.

In order to obtain a measure of the stress impcsed on the trees under
such conditions White calculated a 'stress index' (White, 1969). In the
periods of psyllid outbreak a highly positive series of stress indexes as-
sociated with dry summers and wet winters were recorded. Outbreaks of *the
looper caterpillar, Selidosema suavis Butler feeding on shallow-rooted
Pinus radiata D. Don in New Zealand, Bupalus piniarius L. in the Nether-
lands (Klomp, 1968) and Choristoneura fumiferana (Clem.) populatiocns in
Canada (Morris, 1963) were also characterized by positive stress indexesg
(Wnite, 1974). White (1974) considered that increases in total and soluble
nitrogen and amino acid levels in the foliage of trees under stress wag the
main factor changing suitability for herbivorous insects.

Of particular interest in Britain is the recent outbreak of the pine
beauty moth, Panolis flammea D. & 5., on lodgepole pine, Pinus contcrta
Dougl., in various areas of Scotland. In Naver forest, Sutherland the
outbreak occurred in 1976 and 1977 (Stocakley, 1979). Calculation of annual
stress indexes using rainfall data from the nearby Davina Lodge meteorolog-
ical station indicated that highly positive wvalues occurred in both 1975
and 1976 (Fig. 1). Both these years were characterised by wet winters, the
summer of 1976 being particularly dry (Fig. 1}. Stoakley (1977) indicated
that the cutbreak was associated with pine grown on deep unflushed peat
rather than on freely drained ground. Substantial root mortality by suffo-
catien would have occurred on these waterlogged, peaty sites during the
winter preceding the outbreak.

The conifer oleoresin system is a potent resistance mechanism égainst
many insect species (Hanover, 1975; Stark, 1965). In its hindering role to
the entrance of varicus bark beetles the level of this resistance is close-
ly related to the water status of the trees. E.g., the resistance of Pinus
ponderosa Laws. to bark beetle infestation is lower following periods of
deficient rainfall, injury or other changes in the environment (Vité,
1961). Water stress causes susceptibility by reducing the oleoresin exuda-~
tion pressure {oep) which is dependent on the turgidity of the tree, speci-
fically the osmotic pressure of the epithelial cells lining the resin ducts
(Miinch (1921) in Stark, 1965}.

Vité (1961) found that oep fluctuated diurnally and was affected during
the summer by temperature, light intensity and humidity. However, seasonal
fluctuation was primarily influenced by soil water and declined as the sea-
son progressed. The variability of the pressure and its dependence on a
variety of environmental factors makes it unlikely that oep could be uti-
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Figure 1. Stress indices associated with outbreaks of Papolis flammea in
Sutherland. a: Standard normal deviates, summer {®) and winter (o) rain-
fall. b: Stregs index (e).

lised as a predictable genetic resistance mechanism.

Both low and high temperatures can affect herbivorous insect popula-
tions by killing insects, slowing their rate of metabolism, modifying
reproductive behavior or, changing the susceptibility of the host to the
insect pest. The effect of low temperature was considered by Parry (this
book, page 32).

Temperature has a marked effect on the duration of larval stages. Watt
(1968) correlated warm temperatures with outbreaks of the gypsy moth,
Porthetria dispar in New York City, the greatest increase in numbers occur-
ring during unusually warm summers. Under such cenditions increased rates
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of fecundity and development minimised the time cof exposure to predators
and parasites. Such conditions, in combination with the dryness usually
associated with perieds of high temperature, would put the trees under
stress and increase the probability of resistance breakdown.

PARASITES AND PREDATORS

It is clear that the numbers and oscillation range of an insect species
in a given habitat is relevant tc the regulatory ability of its parasites
and predators. The planting of trees with genotypes giving an increased
resistance to a pest insect will decrease the level of that pest and, in
turn, affect its parasite/predator complex. ’

Fihrer (1975, 1978) considered that the survival of a spectrum of
insectivorous insects was related to a basal level of prey, the 'Eiserner
Bestand', sufficiently high to maintain the complex without causing unac-
ceptable damage. A reduction of the basal level could cause a local ex-
tinction of those specialised predatory or parasitic species operating at
low prey density levels. At higher prey density levels, caused either by
environmental or seasonal changes in the resigtance of the host or by the
absence of the regulatory effect of the jow density complex, unspecialised,
polyphagous insects are attracted. The sheer number of such forms may
further reduce the level of the low density complex, if it still existg,
through competition and thus contribute further to the eventual breakdown
of resistance.

Following resistant tree stand establishment a heavier selection pres-
sure will be exerted on the pest population. We have, on the one hand, an
enormously plastic insect gene pool, on the other, a static tree gene pool.
The eventual result of pest selection will be the emergence of aggressive
races adapted to exist under the new conditions e.g. individual tree demes
of the pine-leaf scale, Nuculaspis californica (Coleman) on ponderosa pine
(Edmonds & Alstad, 1978). Under such conditions the existence of special-
ised low density predators and parasites mayv be crucial.

NUTRITION AS A RESISTANCE FACTOR

The amount and availability of food is freguently the main factor
invelved in intraspecific competition. The plant can restrict food avail-
ability to insect herbivores in a number of ways e.g. reducing protein
digestibility with tannins. Competition for foocd is normally density-depen-
dent and according te Milne (1957) such a relationship is the only truly
density-dependent one. Despite the hypothesis of Schwenke (1962, 1963) that
the number of leaf and needle eating insects was dependent on the sugar
content of the foliage it is now accepted that dietary nitrogen, in the
form of an adeguate and balanced intake of aminc acids and proteins, is a

26



critical factor in diet suitability for herbivorous insects (McNeill &
southwood, 1978). The use of resistant plant strains containing naturally
low or unbalanced proportions of amino acids would appear to represent an
ideal protective measure. Many factors can contribute to the breakdown of
such a resistance mechanism e.g. climate, site variation, fertiliser appli-
cation or intraspecific and interspecific competition.

Nitrogen is occasibnally applied in forest management e.g. application
of urea to boost plant growth under certain conditions. Huber & Watson
{(1974) indicated that the form of nitrogen taken up by plants influenced
disease incidence and could also be critical with regard to insect resis-
tance. The effect of the form of N on disease severity was dependent on the
specific host-parasite combination, rate and timing of application, level
of residual scil N, previous creopping and the physical environment. The
level of attack by the spruce aphid, Elatocbium abietinum (Walker) iq a
young crop of Sitka spruce (Picesz sitchensis (Bong.) Carr.) emerging from
heather (Calluna vulgaris L.) check was cwnsiderably lower in checked
plants than in others. Spruce aphid populations are sensitive to plant
nitrogen levels (Parry, 1974, 1976, 1977) and analysis of these plants
indicated that N levels were much higher in the free growing plants {c. 1.2
% N of dry weight) in comparison with plants in check {(¢. 0.8 % N). Conse-
quently, changes in N levels in forest crops may result in increased tree
susceptibility.

Little ig known concerning the effects of insect feeding on the nutri-
tional acceptability of host trees although bark beetle attack is fre-
quently initiated by pioneer individuals which discriminate between resis-
tant and susceptible trees. This leads to the eventual colonization of
suitable trees by large numbers of beetles (Coulscn, 1979). The modifica-
tion of feeding site nutritional quality is known to occur in e.g. Brevi-
coryne brassicae L. where nutrient 'sinks' are formed by alteration of the
normal flow of nutrients in the host (Way, 1968; Way & Cammell, 1970C).
Uninfested rice-leaf amino acid levels averaged 13.4 mg.g'1 while infested
leaves averaged 79.3 mg.g"l {Cagampang et al., 1974). Similar reactions may
occur in trees, particularly in relation to gall formation where autrition-
al conditions are changed by the feeding activities of the insect e.g.
Adelgidae on conifers, Pemphigus spp. on poplars.

The c¢lassification of plants inte apparent and non-apparent by Feeny
(1575, 1976) marked a useful step forward in the examination of the co-
evolution of piants and insects. Forest trees are classed as apparent
plants i.e. they are long-lived and grown in association with large numbers
of their own kind. While conifers are generally protected by resins most
deciduous trees utilise high leaf tannin levels. Tannins act by progres-
sively binding protein and lowering its availability to sap feeders and
interfere with the digestive processes of chewing insects (Feeny, 1969).
Tannin levels in young growing tissues with high nitrogen levels are gen-
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erally much inferior to those in mature tissues with lower nitrogen levels.
Conseqguently, many insects feed and mature quickly’on young foliage. By
contrast, many sawfly species feed on mature foliage in late summer when
the rate of development is decreased in response to the lowered digesti-
bility of the food {Haukioja & Koponen, 1975; Haukioja & Niemald, 1974).

The forest practice of planting large areas with single clones of trees
allows an insect pest to guickly synchronize its life cycle with the phe-
nelogy of the host with respect to periods of maximum growth potential.
Where tree phenology varies selection for synchronization can not cccur to
such a marked extent. Feeny (1975) indicated that in mature stands of oak,
bud-burst may range over 2 weeks. This limited the ability of the her-
biveres to synchronize precisely with the trees. Such small differences in
phenophase of ocak stands may have large effects on the population levels of
winter moth on ocak (Feeny, 1975; Varley et al., 1973). The moth may have
responded by attempting to synchronize with individual trees by developing
apterous females more inclined to re-colonise trees on which they fed as
larvae. It is therefore an essential part of any resistance control pro-
gramme to promote phenological variability in the host.

INDUCED AND CONSTITUTIVE RESISTANCE

Induced resistance is the result of a response of the plant to the
presence of a feeding insect to the detriment of that insect. It is usually
a density dependent phenomencn by contrast with censtitutive resistance
which is independent of pest levels.

The production of large quantities of chemicals in order to reduce the
digestibility of leaves imposes a 'strain' on the physiological budget of a
plant. The proportion of the total metabolic resources allocated to defence
reflects the selective pressures imposed on that plant species by insect
pests during its evolution. Heavy selection would result in high defensive
compound levels. The most suitable sompromise would be that situation where
the chemicals are only produced in response to attack. Such an induced
response could be 'delaved' i.e. damage by one insect generation gives
plant resistance to subsequent generations; 'immeﬂiate' i.e. the plant
response decreases its susceptibility to the insect inflicting the damage,
or 'indirect' where the damage by one insect species increases tree resis-
tance to others.

Induced resistance to Oporinia aufumnata (Bkh.) has been demonstrated
in Betula pubescens ssp. tortuosa by Haukioja and his co-workers in Finland
where, in addition, seasonal changes in leaf quality, including decreasing
water and nitrogen content and increasing phenolic and tannin content, are
associated with decreasing suitability and digestibility of birch leaves
{Haukicja et al., 1978). O. autumnata responds to these constitutive
changes by feeding on young leaﬁes priocr to development of indigestibility
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(Haukioja & Niemald, 1974).

The birch response to leaf damage retards the growth rate of 0. autum-
nata larvae feeding on young foliage both in the same vear and in subse-
gquent years, i.e. delayed and immediate induced resistance (Haukioja &
Niemald, 1977). Mechanical damage to leaves also resulted in a decreased
growth rate of larvae feeding on adjacent leaves {Haukioja & Niemali,
197¢), a form of indirect induced resistance. Although birches are able to
increase the amount of leaf phenolics in response to mechanical damage, a
process which appears not to occur in mature leaves where levels are al-
ready high (Haukioja & Niemald, 1979), it is suggested that other processes
may also be involved e.g., changes in proteinase inhibitors (Haukioja &
Niemald, 1977).

The level of constitutive resistance may be connected to climatic
conditions e.g., in warm sumwers the leaves mature earlier (Haukioja et
al., 1978) and curtail the growth period of C. autumnata by the early
formation of high phenclic levels. Whether this was critical with regard
to population levels remains unclear.

The combination of induced and constitutive resistance mechanisms
decreases the probability of the occurrence of an optimally adépted her-
bivore. The use of birch clones with highly developed density-dependent
inductive responses offers an immediate defence mechanism responsive to
increased pest numbers caused by environmental variation, such as high

temperature.
CONCLUSION

The traditional concept of the utilisation of plant resistance as a
simple means of minimising pest damage pays little attention to the effects
of the prolonged selection imposed on a series of forest insect pest gen-
erations feeding on one host generation. Selection leads to an inevitable
diminution of the efficacy of that resistance mechanism. Consequently, it
is suggested that resistance mechanisms aiming at the complete local elim-
ination of forest insect pest species should be rejected under forest plan-
tation conditions in favour of the adoption of a complex of weaker resis-
tance mechanisms leading to the formation of a balanced plant-herbivore re-
lationship where neither partner becomes dominant. In this context Mattson
et al.'s (this book, page 000} concept of organism trait vectors could
prove invaluable as it describes how organisms interact with each other in
relation to the manner prescribed by the set of traits that each possesses.
Variaticn in these traits would change the plant/insect relationship in a
predictable manner.

The development of suitable resistant varieties should be coupled with
environmental studies aimed at obtaining information on the effects of
various factors con the expression of these genetic characteristics. Kalk-
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stein (1976) has correlated Deadroctonus frontalis Zimmermann activity with
various climatic variables in an attempt to develop.a predictive technique
capable of evaluating future insect activity based upon past climatic con-
ditions. Similar climate~insect evaluations in conjunction with the use of
resistant trees could provide practising foresters with the backgrouné in-
formation necessary to employ the most efficient silvicultural techniques
in particular areas.
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Variability in conifer needle freezing as a resistance factor to aphids
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ABSTRACT

A review of the literature on overwintering mortality of
the green spruce aphid indicated that a close relationship
existed between spruce needle freezing temperatures and aphid
freezing temperatures causing mortality. Resistant trees were
found to be those where needles froze at higher temperatures
than the remainder, such trees exhibiting higher aphid mortal-
ity in many winters in N.E. Scotland. As defoliation and aphid
population levels are correlated with overwintering aphid sur-
vival this mechanism is very important in preventing spruce
aphid outbreaks in all except mild winters. The possibilities
of incorporating this mechanism into the genetic pool of forest
trees is discussed as well as its possible existence in the re-
laticnship between other plant-sucking insects and their host.

INTRODUCTION

The existence of Sitka spruce, Picea sitchensis (Bong.) Carr. resistant
to the green spruce aphid, Elatobium abietinum (Walker), has been observed
by several authors including Matthews (1950), Behrndt (1961} and Parry &
Powell (1977). These trees exhibited the classical resistance characteris-
tic of foliage retention in periods when adjacent trees, fregquently with
intermingling foliage, exhibited a heavy defoliation. Such trees have been
encountered frequently in N.E. Scotland. Long-term cbservations showed that
this apparent resistance was occasionally lost in years following mild
winters only to reappear in subsequent vears.

Studies on this phenomenon indicated that growth rates of aphid popula-
tions in spring were similar on all trees and no differences in the rates
of either symptom development or defoliation were evident (Parry & Powell,
1977). The main difference between trees retaining needles (= resistant)
and trees showing regular defoliation (= susceptible) lay in the higher
number of aphids on the latter in early spring, this being particularly
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marked on first year needles exposed to greater temperature extremes. The
number of aphids present at peak population in late June/early July, and
consequently the amount of defoliation, was correlated with the number of
aphids surviving winter (Powell & Parry, 1976). Therefore, overwintering
survival was the critical factor in the damaging potential of the aphid.

OVERWINTERING SURVIVAL OF E. ABIETINUN

In oceanic regiocns such as Britain the aphid primarily overwinters as
apterous, wviviparous, parthenogenetic females. In the continental climate
of Central FRurope overwintering eggs predeminate (Scheller, 1963; Kloft et
al., 1961).

Freezing mortality of active, overwintering E. abietinum has been fre-
quently chaserved (Bevan, 1966 and Fig. 1). E.g., in N.E. Scotland a temper-
ature of -5 °C was recorded on the night of March 12/13, 1978 which caused
63 % mortality of adults and 83 % mortality of immature stages in one Sitka
gpruce stand. The distribution of the live and dead aphids indicated that
complete aphid mortality occurred on some individual needles, complete sur-
vival on others (Fig. 1). Such a non-random distribution assoctates indi-
vidual aphid mortality with the death of neighbouring aphids on the same

needle,

Figure 1. Non-random mortality of aphids on Sitka spruce needles following
exposure to -5 °C (a = needles with live aphids, b = needles with dead
aphids]).
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INITIATION OF FREEZING IN E. ABIETINUN

As freezing mortality of E. abietinum is dependént not only on the
temperature of the surrounding air but also on that in the needie feeding
site, then variation in the latter could result in differential freezing
mortality. This provides a basis for a resistance mechanism.

In isolation from its spruce host the ability of £. abietinum to with-
stand low temperatures without freezing varies in relation to its feeding
stage (Table 1). In the field heavy aphid mortality occcurs at temperatures
well above those required to kill E, abietinum in iscolation from the nee-
dles. E.g., Carter (1%72) observed a heavy aphid mortality at -8 °C while
Powell & Parry (1976) found that -7 °C greatly reduced overwintering popu-
lations. This field mortality at relatively high temperatures must be a
corollary of attachment to the needles. A comparison over 4 hours of the
time related mortality at -12 °C of two groups of aphids, one remaining
undisturbed on the needles, the other detached, showed that detéched aphids
survived while attached aphids exhibited a 90 % mortality {Powell, 1974).

Carter (1972) indicated that surface water had no effect on the mortal-
ity of E. abietinum and direct inoculation from external ice through the
aphid cuticular pores {Salt, 1963}, can, therefore, be eliminated. Powell
(1974) considered aphid freezing to be the result of direct inoculation of
the aphid from the frozen tissues of Sitka spruce via the sap in the stylet
food canal. In Myzusz persicae (Sulzer), which is roughly comparable in size
to E. abietinum, the diameter of the stylet food canal is approximately 0.5
pm (Hoof, 1958)., This would have a minimal effect on the freezing point
depression of liguids within the canal, and would not restrict ice forma-

Table 1. The effect of gut content on the resistance to freezing of {a} E.
abietinum and (b) Nyzus persicae. '

Aphid instar Gut Mean supercooling {°C) Author

(a) Instar I Empty -22.70 £ 1.11 Parry (1979)
Instar [ Empty =26.97 + 1.02 Parry (1979}
Instar I Empty -24.7 Powell (1974)
Instar I Empty  <-19 Carter (1972)
Instar 11 to adult Full -15.3 £ 0.32 Powell (1974)
adults Full -11.0 £ 1.0 Carter (1972)
Adults Full ¢c. -9 to -10 Parry (1979)

{b) Instar I Empty -22.67 + 1.00 Parry (1978)
Adults Full -12.00 + 0.87 Parry (1978)
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tion. Salt & Kaku (1967) showed that the initial nucleation of needles of
Colorado blue spruce, Picea pungens Engelmann, occurred in the stele,
probably in the zylem, the endodermis acting as a barrier to impede ice
propagation in the mesophyll.

Observations of Sitka spruce needles during cooling indicated that
freezing initially occurred within the vascular bundle and was visually
observable as a sudden lightening of the bundle colour following the for-
mation of ice. The mesophyll remained dark green during subsequent cooling,
probably due to the impedance to ice propagation by the endodermis, until
gimilar colour changes occurred in this tissue at lower temperatures.
Visual observations of aphids cooled while remaining undisturbed on the
needles indicated that freezing occurred at the same time as ice became
visually apparent in the needle stele. Disturbed aphids cocoled on similar
needles remained unfrozen on the needle surface for some time following
stele, and frequently mesophyll, ice formatiom.

The supercooling points of spruce needles (Table 2) are considerably
higher than those recorded for E. abietinum in isolation from its host
(Table 1), and are comparable to the -7 °C to -8 °C required to cause heavy
aphid field mortality. g

FREEZING AS A RESISTANCE FACTOR

In order to test the hypothesis that variation in the ability of nee-
dles to supercool could be utilized as a resistance factor two groups of
trees were selected, cne group showing high aphid overwintering survival,
the second a low winter survival in each of 3 successive winters. In order
to minimise environmental variaticn tree pairs were situated as physically
close together as possible and frequently possessed intermingling branches
and root systems. The temperature at which ice formed was significantly
higher in those trees showing low aphid overwintering &urvival than in

Table 2. The temperatures at which ice formation commences in the needles
of various Picea species.

Species of Picea Temperature of ice formation Author
commencement (°C)

P. abies -4 to -8 Pisek (1960)

P. szitchensis -5 to =12 Powell (1974)

P. sitchensis -5 to -9 Parry & Powell {1977)
P. sitchensis -4 to -6 Parry (1979)

P, pungens -7 to =13 Salt & Kaku (1967)
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those trees showing high aphid overwintering survival (Parry & Powell,
1977

Site variation in the supercooling ability of Sitka spruce needles can
occur (Table 2). The high supercooling ability of such needles on one site
(Powell, 1974) contrasts with the lower level at the second site {Parry &
Powell, 1977), outbreaks being more severe and more freguent at the first.

EFFECTS ON A STAND OF SITKA SPRUCE

High levels of spruce aphid can cause a marked fall in het leader
growth of Sitka spruce, particularly young spruce during and immediately
following the establishment pericd (Carter, 1977; G. de Britt, pers.
comm. }.

Under the winter temperature regimes common in Scotland (Parry &
Powell, 1977) susceptible Sitka spruce would be subjected tc repeated
spring attacks causing a substantial depression in the height increment of
these trees. Therefore, as the plantation matures its susceptibility to
attack decreases as these susceptible spruce are suppressed and either die
or are physically removed. In Britain the traditional practice of selective
thinning resulted in the removal of a high prdbortion of such trees. In the
modern practice of line thinning the susceptible trees femain and the stand
retains its original characteristics.

There is some evidence of an increased resistance to E. abietinum in
maturing Sitka spruce crops. Bevan (1%66) indicated that young creps of
Sitka spruce were prone to attack by E. rabietiaum up to the thicket stage.
Powell (pers. comm.) surveyed Sitka spruce stands in Scotland and concluded
that pole stage trees were less susceptible than younger crops. Scheller
(1963) indicated that trees of lower growth incurred the higher population
density, although here the effects of shelter were operative. By contrast
Ohnesorge (1959) indicated that >20 year old spruce was more suscéptible
than <10 year old spruce. More work is neeﬁed on the effects of tree age on
susceptibility in relation to thinning technique, site characteristics and
genetic variability.

SELECTION OF RESISTANT SITKA SPRUCE

In the selection of resistant trees the critical parameter is the
inability of Sitka spruce needles to supercool much below the depressed
freezing point of the extracellular water, this being determined by a num-
ber of environmental and other variables. The mechanism of plant tissue
freezing has been reviewed in detail by Mazur (1969), Alden & Hermann
(1971) and Burke et al. (1976).

By selecting Sitka spruce trees in which extra-cellular water freezes
at relatively high temperatures plantation susceptibility to E, abietinum
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could be significantly decreased, particularly during mild winters when at-
tacks normally develop. Such trees would be found in selectively thinned,
mature British plantations which have withstood several aphid attacks. The
use of trees grown from imported seed or seed orchards containing trees se-
lected for other characteristics would be of little value in this context,

The selection of Sitka spruce with high temperature extra~cellular
water freezing properties offers a resistance mechanism which is unlikely
to be broken by genetic selection of resistant strains of aphids. However,
selection could cccur in favour of holocyclic races of E. abietinum over-
wintering in the egg stage. This latter mechanism removes the positive
effects of mild winters on overwintering aphid numbers and considerably
decreases the possibility of spring outbreaks.

OVERWINTERING MORTALITY IN OTHER SPECIES

The vulnerability of the active, feeding aphid to low temperature
mortality is illustrated by the frequency with which the egg serves asg the
overwintering stage. In the Adelgidae overwintering normally occurs in the
form of diapausing first or later instar sistentes capable of surviving
temperatures down below -30 °C (Parry, 1980). When sap imbibition commences
these sistentes become susceptible to temperatures as high as -5 °C. There
is no relationshop between mortality and the freezing characteristics of
the host while the Adelgidae remain in diapause (Parry, 1980}. As the ter-
mination of diapause and conseqguent commencement of sap uptake varies with-
in the Adelgidae those species emerging from diapause and commencing feed-
ing at an earlier time should be less resistant to low temperature. Adelges
prelli (Grosmann), which is considered to be particularly sensitive to low
temperature, commences sap uptake in mid-January (Merker et al., 1957). By
comparison A. cooleyi, in which sap uptake begins in mid-February, is ex-
posed to low temperatures for a much shorter time {(Parry, 1980). Conge~
guently there is a oreater possibility of modifying Adelges mortality by
selection of conifers in which the sap imbibed by the feeding Adelgidae
freezes at higher temperatures than normal in those species which commence
feeding at an earlier time.

In order to avoid ice nucleation within the gut contents most insect
species overwinter in various non-feeding states, e.g., eggs, pupae, or
adults with empty guts. Very little can be done to modify the low tempera-
ture susceptibility of such forms. Therefore, the manipulation of overwin-
tering mortality by selection within the host trees is restricted to a
Narrow spectrﬁm of sap-sucking conifer aphids overwintering as active,
feeding forms.
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ABSTRACT

Using pathological events in the rhizosphere and in the
phyllosphere as examples, it is pointed out that a given patho-
logical situation often cannot be explained by means of the es-
tablished model which says that genetically controlled defense
traits are modified within certain limits by environmental in-
fluences. There are numerous additional effects like competi-
tion, allelopathy, antagonisms, synergisms and secondary plant
substances, which are themselves influenced by the environment
and which obscure the interrelaticnships between genetic and
environmental factors.

INTRODUCTION

In introductory papers presented at scientific meetings it is customary
and useful to provide a fairly broad background dealing with new results in
related fields, in an attempt to compare and link them with current aspects
of research of more direct relevance to the main topics.

The title of this paper, 'Trees, fungi, and enviromment', is suffi-
ciently broad to permit such an approach. At first sight, however, this
simultanecusly creates both an attractive and a confusing feeling. Pathol-
ogists and geneticists may well feel that it is far too general a title
since it embraces an almost limitless number of deep and far-reaching
problems, each of which interact and so lead to a near hopeless situation
from which to establish links having general validity.

Central European pathologists may recall the well-known relationship
between climate and disease boldly expressed by:

good wine years -~ good years for insects
bad wine years - good years for fungi

In generalities like these, enviromment is given equal weight to climate,
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an over-simplification which is untrue. If we define the term 'environmen-
tal influences' as 'parameters which act on trees externally' then we have
to include in addition to climate the many biogenic and non-biogenic fac-
tors. This leads us into fields which are affected by problems of competi-
tion, of allelopathy, and of symbiosis, activities which are often regarded
as peripheral disciplines of pathology. Observations and research in these
fields, however, often contribute towards a better understanding of the
processes of disease outhreak and disease progression.

Before I try to demonstrate the complexities of estimating the influ-
ence of single environmental factors on host, parasite, and disease pro-
gression, perhaps I should remind you of several facts which may be trivial
but none-the-less important biological keywords for the following observa-
tions:

First, it is the predisposition for a trait, not the trait itself,
which is under genetic control, The  expression of a trait, however, is
often greatly influenced by the environment. Because the same eénvironmental
factor can, in principle, affect different components of an ecosystem by
different degrees and ways, the influences of the environment are difficult
to analyse and are even more difficult to predict.

Second, the term 'resistance' is understood as the genetically con-
trolled aspect of stability. Disposition or predisposition, however, are
regarded as alteraticns of stability, due to environmental factors.

Third, trees are exposed to varying environmental factors during their
long life ard are, therefore, different from most agricultural and horti-
cultural crops. Consequently the same host can be affected in different
years by different environmental influences. Moreover, long-lived plants
have developed an additional method of survival, namely, an ability to
recover.

Perhaps you would keep these 3 rules and definitions in mind when
tryving to understand the interactions between environmental and genetic
factors during the development of certain tree diseases.

EXAMPLE 1: RCOT-ROT CAUSED BY FCOMES OR ARMILLARTA

Those who have had long experience in research with Fomes or Armillaria
will probably agree when I say that these fungi are still full of mystery
for pathologists with regard to; certain parts of the infection biology;
the mechanism of predisposition of the host; and, last but not least, to
the details and specialization of pathogen reactions against the diverse
biotic and non-biotic factors in the substrate.

Our factual knowledge about environmental dependencies of root rots is
scarce and is little more than the essence of long practical experience.
This means, for Fomes, higher.infection rates under neutral or alkaline
soil conditions; and for Armillaria, increased attack after prenounced
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changes of soil moisture.
Beyond this, can we really draw a mcore precise picture of environmental
influences on fungal aggressiveness in spite of greater research efforts,

better methods and improved facilities, and of an increasing demand for
/ contrel metheds? Unfortunately we can't, and it is my feeling that the
; reasons for these failures are not too dAifficult to determine.

In Norway spruce, F. annosus (Fr.) Cooke is, in econcmic terms, the
most important tree disease of Central Europe -~ the 'Fichten-Rotfiule!'.
Differing from Rishbeth's findings in Scets pine, the fungus usually in-
vades through the rcoot and not the stump surfaces (Dimitri, 1969; Kiarik,
1975). It is, however, very difficult to artificially copy the infection
processes, to develop methods of artificial inoculation and to get a real-
istic impression of the natural defence mechanisms of the host~tree.

One possible reason for these difficulties appears to be that Fomes of-
fers very little competition against other members of the soil microflora,
so that its mycelium has very little chance to survive. This seems to be
much mere the case in acid rather than neutral or alkaline substrates. The
fungus itself is largely pH-tolerant {(Courteis, 1972). Its most important
antagonists, however, usually prefer a lower soil pH, and so the hydro-
genion concentration in the soil is an important environmental parameter.
However, pH acts not directly, but in a secondary way by influencing the
competition with other soil-borne fungi.

The vitality and virulence of a scil~borne fungus such as Fomes is in-
fluenced by, among other factors, the amount and the quality of nutrients
available in the soil, especially in the root region. In turn the avail-

i ability of these nutrients is to a certain degree dependent upon the quan-

i tity, the mineral compositicn, and the state of decomposition of the lit-

‘ ter. Thus the environment directly affects the situation because the miner-
al nutrient supply of the soil, as well as climatic factors controlling
photosynthesis and metabolism, interact and affect both the amount and
guality of the litter.

Schuck & Lechler (1980) for the first time proved that aqueous litter-
extracts can have a rather dramatic effect on the vegetative development of

; F. anncsus. Depending on several variables, either a stimulation or an

: inhibition of fungus development occurred. The following parameters had

relatively pronounced effects:

-~ species litter: in general conifers promeote, deciducus trees inhibit,

- different stands of the same species: site effect,

- duraticn of extractiocn and concentration of extract: amount of chemical

components dissolved,

- time of extraction: autumn less than spring.

surely, these results cannot only be explained by differences in the
amount of nutrients available to the fungus. Allelopathic effects are also
invelved since conifers often produce a continuous and permanent litter
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layer the effects of which seem to be of considerable importance to the
soil microflora., Moreover the leaching of chemical compounds has been
described for several plant communities inciuding forest trees; it is known
te be highly important from an ecological point of view.

To reiterate: in our case study of Fomes, important environmental
factors affect the development of metabolic compounds which are liberated
during the microbiological decomposition of the litter; these compounds act
in an allelopathic way. Naturally the processes are affected by temperature
and moisture. But for the first time we have to comment also that genetic
influences are embodied in this interaction of numerous modifying factors.
In essence it is the ability of a tree to:

- absorb a special spectrum of mineral nutrients;
- produce, distribute, and store a special spectrum of secondary piant
substances.

There is no doubt that both these abilities are affected by the genetic
variability of each tree. If this assumption is correct, then the allelo-
pathic and nutritional components affecting the viability and vitality of
the fungus in the soil are, to a certain degree, both qualitatively and
quantitatively predetermined by genetic differences in their later host
plants.

Allelopathy may also play a direct role during the course of infection
by Fomes and Armillaria. This happens in the rhizosphere, a region of high
microbiological activity, caused by the exudation of fluid and volatile
substances through root surfaces. Amino-acids, sugars, terpenes, phenolics,
and growth substances may be liberated in a species-specific composition.
They will obviously affect the environment close to the root surface and
therefore affect directly the phytopathological activities of soil-borne
fungi.

We know that rhizomorph formation of Armillaria is stimulated by glu-
cose in the presence of IAA (Garraway, 1975) and also by 1 - aspafagin
(Rykowski, 1976}. The same fungus exhibits pronounced morpheological,
physiological, and pathological variations depending on the biochemical
complex which is presented. Moreover, there is considerable variation be-
tween different isolates when kept under the same environmental conditions.
Evidently Armillaria differs from other forest pathogens and is manifested
in many biotypes each with a different ecclogical demand. Finally, every
single isolate is able to react to changes in the environment in a very
plastic manner.

Thus we have to record that Armillaria has the puzzling ability to
react to environmental factors in a very complicated way. Furthermore, the
fungus has additional and rather unusual features which cannot be ignored.
For many years we have recognised the ability of Armillaria to live as a
saprophyte as well as a parasite, and occasionally even the possibility of
a symbiotic existence as a mycorrhizal partner has been discussed.
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From results of some limited pilot studies in the laboratory,
Armillariaz has been observed to have the capability of reacting allelopa-
thically on tree seedlings and, vice versa, there are growth differences
of the fungus with respect to root exudates of various conifer seedlings:
15 ml beakers containing a 3 cm long piece of rhizomorph at the bottom and
covered with guartz sand were planted with 10-dav-o0ld seedlings of differ-
ent conifer species. After 6 weeks, the following features were observed:

- the presence of rhizomorphs promoted the formation of secondary roots in
Picea abies (L.) Karst. and Pseudotsuga menziesii (Mirb.)} Franco, but not
in Pinus syivestris (L.} and Larix decidua Mill.;

- root length remained unaffected;

- rhizomorph yield varied with the conifer species planted in close proxim-
ity (pine > douglas-fir > spruce).

Although these preliminary trials have not always produced reproducible
results with different sources and ages of rhizomerphs, we dare to express
gsome preliminary suppositions:

Obviously there were mutual, speciesg-specific effects between fungus
and seedling even though direct contact between roots and rhizomorphs did
not occur. So questions arise as tc whether or not these relatiénships are
the rule and if they are the first stage of a pathoclogical event. In any
case, this kind of experience widens and deepens our picture of the biolog-
ical roles of Armillaria. Parasite - saprophyte - competitor -~ symbiont:
all these functions may be fulfilled by Armiilaria. What, however, are the
conditions which influence a change of role?

Returning to Fomes, which is morphologically far less variable than
Armillaria and much more sensitive to antagonists, we have some evidence
that this fungus too could act as a mycorrhizal partner of tree roots - at
least temporarily and under favourable conditions. Kowalski (1970) dis-
covered such relationships in Scots pine roots and other examples have been
recorded. Especially in Picea abies, the roots of which are regularly as-
sociated with mycorrhizal fungi, Feomes does not seem to play a role as a
symbiont (Blcking, 1979), thus differing from Armillaria which possibly
starts its pathological activities after a symbiotic stage.

In spite of this, mycorrhizae also seem to have some role in the in-
fection biology of Fomes. But this is in a more passive way by affecting
the pre-infectional stage of 'invading resistance' called axenie by Giu-
mann, Krupa & Nylund (1972). Also Krupa et al. (1973) pointed out that
short-roots (roots associated with mycorrhizal fungi) of Pinus sylvestris
and P. echinata Mill. liberated increased amounts of volatile mono-~ and
sesqui-terpenes when compared with roots without mycorrhizae. Apparently
the production of the particular group of compounds was marRedly promoted,
several of which are guite toxic to Fomes and some other root pathogens.
This is confirmed by many in vitro investigations (Hintikka, 1970; Schuck,
1977). Thus it seems that a good mantle of mycorrhizae around a root system
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can reduce Fomes infection by fungicidal chemical exudates.

Thus, volatile terpenes in the rhizcsphere are very relevant environ-
mental factors affecting F. annosus. In contrast, the same components,
looked at from the host point of view, are metabclic compounds ferming part
of the defence systen.

Again, the formation of terpenes and their composition depend on envi-
ronmental conditions. As we have seen before, they are a mixture of second-
ary plant substances, the biogenesis of which is only guaranteed under high
photosynthetic activity. Also the rate of liberation of chemical compounds
having differing boiling points is a function of temperature.

Volatile terpenes are components of conifer resin. They are not only
liberated into the environment through root, stem, and .leaf surfaces, but
they also fill the space of intercellular systems in many tissues. This is
the reason why they are part of the host-specific environment for every
invading pathogen. In the case of 'Fichten-Rotfdule', the monoterpenes are
said to have resistance-forming abilities, at least in the sense of
'spreading-resistance' after G&umann.

The composition of the monoterpene fraction is, to some extent, indi-
vidually fixed; certainly it is species-determined. Individual patterns of
monoterpene-composition are, however, modified by nen-random differences
within the stem which are difficult to explain (Schuck & Schiitt, 1975).
Consequently for invading pathogens, we have to contend, a'priori, with the
existence of regions of varving toxicity. Additionally there are alter-
ations to the individual monoterpene composition which may be induced by
the parasite itself, or which are Lo be explained by a traumatic reaction
after mechanical wounding. Madziara-Borusiewicz & Strzelecka (1977) found a
marked decrease of the limonene and bornyl acetate portion in the mono-
terpene~fraction of Picea abies following infection by Armillaria. And
Schuck {unpublished) reported that the monoterpenes originating from trau-
matic resin ducts following wounding have a different composition in com-
parison with resin collected from undamaged parts of the same tree.

This indicates that the monoterpene.fraction, which affects the devel-
opment of root and wood pathogenic fungi, is not absolutely stable within
the same host. It wvaries for internal reasons between different parts of
the same stem, it varies after the invasion of the pathogen, and it is
modified after traumatic reactions. Thus again we cbserve so many interac-
tions between external and internal influences that it is difficult to use
the single term 'environmental factor' in its original sense. Also, as a
consequence of the interaction of factors, we sense some erosion of the
boundary between disposition and resistance-caused differences to disease
attack.

44



'F -

EXAMPLE 2: FOLIAGE PATHOGENS

It may be useful to discuss further whether this eroded meaning of
proved terms is specific to pathological events in the rhizosphere, or
whether it can be discovered elsewhere, for instance in the phyllosphere.

Like the rhirzosphere, the phyllosphere represents a borderline between
the plant and the environment. It is characterized by high biological
activity (Schiitt, 1974). Also typical is the rather complicated chemistry
of the plant’s surface layer of cuticular waxes. They are built up of
esters of unsaturated fatty acids with higher aliphatic alcohols, consist-
ing of paraffins, alcchols, esters, ketones, aldehydes, and fatty acids,
each of the fractions being represented by 10-15 single components. The net
result is an incalculable number of cembinations.

Cuticular waxes are chemically and physically heterogenous. They crys-
tallize as plates, rods, grains, and intermediate forms which provide an
uneven, microclimatically wvariable leaf surface. The chemical composition
of the waxes, together with their differences in structure, seem to be
specieg-determined and both are genetically controlled.

Because we have evidence that foliar pathogens react partly negatively
and partly positively to a given chemical composition of foliar waxes,
there is reason to believe that the chemistry of cuticular waxes eventually
has an axenic effect on leaf-inhabiting fungi (Schiitt, 1971). In principie
this association is not affected by those volatile terpenes which fill the
intercellular spaces within conifer needles but which are soluble in wax
and therefore may be incorporated as true, species-specific components in
the chemistry of the cuticular waxes.

It is probable that this predetermined endogenous situatiocn can be
modified by environmental factors such as light intensity, which can lead
to considerable changes in the wax structure. The pathological situation,
however, is extremely influenced by problems arising from the activities of
micro-organisms of the phyllosphere. They make it highly complex and very,
very difficult to analyze. Micro-organisms, mainly yeasts and bacteria, oc-
cur in immense numbers and in many forms; for example, 13 million bacteria
can be found per cm2 of leaf surface.

We know the composition of the flora of the phyllosphere is by no means
constant, and successions in the feliar colonization can be observed. Thus
the spectrum of species varies with leaf age, which is paralleled by an
alteration in the chemical composition of its waxes. Antagonistic effects
are also involved in these processes. Some yeasts are able to decompose the
leaf waxes, thus considerably changing the chemical gituation. Other spe-
cies produce growth-substances, secrete aminco-acids or carbohydrates, and
change the ecological coendition on the leaf surfaces and inevitably alter
their suitability for the establishment of pathogens. This, however, leads
to an almest radical change in our thinking. At first it seems to accurate-
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ly follow our established model, according to which genetically controlled
defence traits (resistance) are modified within certain limits by environ-
mental influences. '

But as we learned, in practice, this model is not valid under ail
conditions., Both in the phyllogsphere and rhizosphere there are borderline
interactive systems affected by high microbiological activities where the
inter-relationships between genetic and envirommental factors are strati-
fied and obscure. For a proper estimation of a given pathological situa-
tion, much more is necessary than the knowledge of simple cause-and-effect
relationships between environment and host or pathogen. Thus it is neces-
sary to have a deeper understanding of the complex ecological factors and
their interactions, an aim which can only be met througﬁ familiarity with
recent studies and findings in related disciplines. Patholegy can no longer
be regarded in isolation but rather as an integral part of a complex eco-
system in which countless abiotic and biotic factors are interwoven one
with another: a single division into genetic and environmental components
is no longer a wholly acceptable concept.
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Environmental factors affecting host-bacteria interactions in bacterial
diseases of forest trees and shrubs
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ABSTRACT

Research achievements are reviewed of the last decennial
period about environmental and epidemiological factors affect-
ing host-phytopathogenic bacteria interactions, particularly
bacterial tree diseases caused by Erwinia, Pseudomonas,
Xanthomonas, and Agrobkacterium species. Various aspects are
illustrated: influence of incculum gources, temperature, and
rains on forecasting the potential activity of fire blight;
Pseudomonas ice-nucleation activity; effect of edaphic proper-
ties upon the develcpment of forest bacterial diseases; and
aeffects of epiphytic microflora and leachates of aerial struc=
tures on X. populi.

INTRODUCTION

Damages caused by phytopathogenic bacteria to forest trees and shrubs
are not so fregquent as those induced by fungi. Nevertheless, bacterial
diseases increasingly constitute a potential risk which must be taken in-
to account in forest planting choices and breeding programmes for resis-
tance. The evolution of forestry in the recent past is the reason for this
increased risk, e.g. use of monoclonal and same age plantings (Populus,
Salix}, the active interest of sylviculturists in some noble trees (cherry,
walnut, ash) and their vegetative micropropagation, and the more and more
important intervention of foresters in choosing certain trees and shrubs
to integrate into landscape planning and wind protection (Crataegus,
Cotoneaster, Sorbus).

The bacteria damaging forest trees are exposed, as are all pathogenic
microorganisms, to various interactions between climatic and eda?hic fac-
tors, genetic host constitution and its physiclogical development, and
evolution of the structure of pathogenic populations inside the complex
microflora of aerial structures of trees and rhizosphere. It is the purpose
of this review to synthesize our main findings of the last decennial period
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about some factors affecting host-phytopathogenic bacteria interactions,
limited tc the environmental and epidemiclogical aspects, and excluding
cellular and molecular host-pathogen relationships.

PRINCIPAL BACTERIAL DISEASES OF FOREST TREES AND SHERUBS

Environmental host-bacteria interactions will be illustrated pertaining
to the bacterial diseases mentioned in Table 1, which are of interest for
tree breeders and for their ecconomic impacts. Nevertheless, let it be
remembered that some pathogenic bacteria localized at the moment in a very
restricted area, such as Frwinia nigrifluens Wilson, Starr & Berger on
wainut in USA (Wilson et al., 1957) or Xanthomonas populi subsp. salicis on
Salix dasyclada Wimm. (De Kam, 1978), constitute potential risks for the
future. Bacteria which are present in complex infection chains or associated
with insects (Ridé & Prunier, 1963; Danilewicz & Tomaczewski, 1970) or with
nematodes, such as toxinogenic bacteria associated with the pinewood nema-
tode (Bursaphelenchus Ilignicolus Mamiya & Kiyohara) on Pinus densiflora S.

& Z. and P. thunbergii Parlat (Oku et al.,

Table 1.

1980), will not be taken into

I

Principal bacterial diseases of forest trees and shrubs.

Causal agent
Agrobacterium radio-
bacter var. tumefa-
ciens

Corynebacterium hale-
pensoides

Erwinia amylovora

Erwinia salicis
Pzseudomnonas
syringae

Pzeudomonas savas-
tanoi f. sp.
fraxini

Pseudomonas mors-
prunorum

Xanthomonas corylina
Xanthomonas juglandis

Xanthomonas popull

Disease

Crown gall

Tumors

Fire blight

Watermark disease
Twig blight,
blossom blight,
shoot wilt, canker

European ash canker

Bacterial canker,
dieback, shoot hole

Filbert blight
walnut blight

Bacterial canker

Hosts
Various deciduous trees
and conifers

Pinus halepensis

Pyrus, Malus, C(Crataegus,
Cotoneaster, Pyracantha,
Sorbus, and other
Pomoideae

Salix

Cerasus, Citrus, Populus,
Pyrus, Prunus, Salix,
Syringa, etc.

Fraxinus

Prunus avium

Corylus
Juglans

Populus

49




account in this review, in spite of their evident ecolegical interest. Also
diseases induced by mycoplasmalike bodies and other forms of Mollicutes
will not be evoked here.

-

INOCULUM SOURCES, DYNAMICS OF PATHOGEN POPULATIONS AND CLINATIC CONDITIONS

Fire blight

The eticlogy of Pomoideae fire blight was demonstrated for the first
time 100G years ago (Burrill, 1882). Fire blight caused by EFrwinia amylovora
(Burrill) winslow et al. is now present in all the apple and pear growing
regions of North America. It was introduced in northwestern Europe probably
about 1955, and during the past 20 years it has become the most serious
bacterial disease in Belgium, Denmark, England, France, West Germany, and
East Germany. Its spread seems stopped in Poland. Though considered to be
the most important disease of orchards, fire blight is also of interest for
the forester, insofar as he is concerned with landscape appointments and
protection mainly with Crataegus spp., Pyracantha spp., Cotoneaster spp.,
Sorbus spp., etc.; these trees and shrubs are freguently dangerous inoculum
sources. .

E. amylovora is probably the phytopathogenic bacterium on which the
influence of envirommental conditions has been explored most. It overwinters
in bark tissues aleng the edges of cankers initiated by infections of the
previous year. In spring the bacteria multiply at the canker margins pro-
ducing the primary inoculum (ooze or slime) disseminated by rain, wind, and
flying insects. The first infection takes place on blossoms or vegetative
shoot tips.

As mentioned by Aldwinckle & Beer (1978), blossom infection occurs
first in most regions, 'but in a cooler area such as southern Ontaric in
Canada, blossoms often escape infection and vegetative shoot tips become
infected well after bloom (Dueck & Quamme, 1973). Dissemination of the
bacteria in a warm, generally dry area such as California is mainly by
insects; but in more humid areas, dissemination by rain can be more impor-
tant'. . '

After E. amylovora penetrates through wounds or natural openings such
as nectaries, hydathodes, or lenticels, the infected tissues frequently
exude droplets of ooze consisting of a matrix of pelysaccharides. Exudate
production is often considered to be related to high temperature and rela-
tive humidity. Nevertheless, in climatic chambers exudation takes place
within a wide range of temperature and RH, between 15 °C and 28 °C and
between 60 and 90 % RH, respectively (Paulin & Lachaud, 1978). Apparently,
other factors such as plant nutrition and water supply could also be impor-
tant for exudate production. Bacteria contained in ooze function as second-
ary inoculum sources .for late primary and secondary blossoms, vegetative
shoots, and fruit.
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The relaticnship between inoculum dose and infection development has
been studied only recently. The rate of symptom development and the propor-
tion of inoculated blossoms seem directly propertional to the number of
E. amylovera cells which are introduced into the floral cups (Beer &
Norelli, 1975). Californian workers tried to monitor the presence of E.
amylovora on pear and apple bleossoms in an attempt to correlate bacteria
populations with weather conditions (Thomson et al., 1975). The presence of
the pathogen was demonstrated in blossoms and on the surface of cankers
prior to development of symptoms of flower infection. Moreover it was found
that E. amylovora multiplied in healthy flowers and was detected 14 days
before symptoms appeared.

Based on 7 years of monitoring, a formula has been proposed to predict
when E. amylovora is most likely to be detected in California conditions,
only after daily mean temperature exceeded a line drawn from 16.7 °C on
March 1 to 14.4 °C in May. Good control of the disease is generally ob-
tained after spraying streptomycin only when the mean temperature of the
prediction line is exceeded.

In contrast with observations in California, large epiphytic populations
have not been detected in pome fruit blossoms in eastern USA. The same
situation seems to exist now in Europe, particularly in the Netherlands
{Miller & van Diepern, 1978) but perhaps also in southern France, where the
varietal structure of the orchards and tree training techniques are very
different from California. Results recently obtained with very late second-
ary blossoms on Passe Crassane variety would emphasize the possible role of
very late and latent infections for the next spring. So hlossom monitoring
techniques used in California seem difficult te transfer to European climat-
ic conditions.

For this reason Billing (1974, 1980) tried to relate the growth rate of
E. amylovora and the rain requirement in developing a method for assessing
potential fire blight activity in the field in south-eastern England. It is
interesting to note that this method takes into account the potential
doubling of the bacteria related to temperature. This method is now being
tested in different countries in Eurcpe, based on the following system.
When the rain is taken into account according to the following score:

R = 0, no rain; R = 0.5, rain £ 2,5 mm; R = X, rain > 2.5 mm; the incubation
period (I) in days is ended when:

when P.D. = potential doubling per day defined by daily maximum and minimum
temperature. This system makes it possible to:

- forecast the potential activity of fire blight in a given area using
simple and available data,

- know the most probable appearance of symptoms, by drawing the graphs
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daily, and
- assess the risks fellowing a rain or an abnormally high temperature
during the presence of primary or secondary blossoms. .

But it will be necessary to adapt Billing's system to areas where fire
blight is particularly dangerous, such as south-western France. It will be
especially important to take into account other factors which could influ-
ence initiation to infection, i.e. heavy dews or mists, activity and den-

sity of flying insects, frequency of late secondary blossoms, etc.

Pathogenic pseudomonads

In centrast to EF. amylovera which seems to have temporary epiphytic
stages, Pseudomonas syringae van Hall and other pathogenic pseudomcnads of
fruit and forest trees are widely distributed as epiphytic bacteria. But it
is necessary to distinguish between P. syringae, a collective species which
probably includes various ecolypes adapted to different genera such as
Prunus, Pyrus, Juglans, FPopulus and various herbaceous species, living and
gsurviving upon nutrients which leach from aerial parts cof plants; and other
pseudemenads such as P. mors-pruporum Wormald on cherry or P. mors-prunorum
f. sp. persicae Prunier, Luisetti & Gardan (= P. persicae) on peach, which
seem more specific and detectable only in diseased orchards.

By different methods (specific media, antibiotic resistant strains,
immuncfluorescence technigques) it is possible now to follow the dynamics
and structure of Pseudomonas populations on leaf, petiole, and twig sur-
faces, and inside host-tissues. The evolution of P, syringae populations
depends on tree varieties or species, and organs, as one can notice on
graphs drawn according to Luisetti & Paulin (1972). P. syringae is always
present on the leaf surface without symptoms during the vegetative period.
It disappears only when high temperatures occur. The same situation exists
on different species of Populus such as P. nigra, P. marximowiczii, and
various hybrids. The influence of high temperature and dryness on the
contraction of P. syringae populations is more contrasted and drastic on
citrus leaf surfaces in Greece as mentioned by Panagopoulos & Psallidas
(1973). In the case of P. mors-prunorum on sweet-cherries the level of
populations is maintained by leaf spot infections during the season. Never-
theless, Freigoun (1973) found a positive relationship between bacterial
counts and leaf wetness and a negative relationship with sunshine duration.
The same scheme is related to P. persicae, the causal agent of peach bac-
terial blight (Gardan et al., 1972); this bacterium maintained a high
inoculum level on the leaf surface even in autumn, a period without any
symptoms macroscopically perceptible on leaves. This level (104—105 bac-
teria per leaf) is high enough to infect fresh leaf scars during the fall.

The influence of low temperatures and chilling is particularly remark-
able on the development of peach bacterial blight. Frequently in south-
eastern France, negative temperatures interfere with the dormancy period of
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peach trees and one can observe the first symptoms after leaf fall infec-

tions during the first fortnight of December. The influence of chilling is
alsc important when cambial activity of the trees starts again (Vigouroux,
1974).

Ice nucleation activity induced by epiphytic populations of P. sy-
ringae, a bacterium isolated from a wide variety of plant species, offers
another curicus and interesting aspect of low temperature-pathogenic bac-
teria-host tissue interactions.

Fifteen years age Panagopoulos & Crosse (1964) in England, and Durand
et al. (1967) in France, demonstrated that P. syringae could develop a
rapid infection after the appearance of hypodermic cell microlesions in-
duced by light frost damage on flowers, twigs, leaves, and fruitlets of
pear. More recently Arny et al. {1976) showed on maize that P. syringae
cells had a well defined role in the induction of ice nucleation in host
tissues. The same results were obtained by Paulin & Luisetti (1978) on
tobacco and on pear twigs. It is possible to observe the same phenomena on
poplar shoots. Among phytopathogenic and saprophytic bacteria living on
leaf surfaces, oniy P. syringae and sometimes some Erwinia herbicela strains
seem able to induce ice nucleation activity (Lindow et al., 197§).

This property is dependent on bacterizl strains, inoculum dose, tem-
perature, and nature of culture medium on which bacteria are maintained
{Paulin & Luisetti, 1978; Hirano et al., 1978). This new aspect of the
temperature~bacteria-host-interactions could modify the control of some
bacterial diseases such as blossom blight of pear in the future.

Agrobacterium spp. and soill

Unlike phytopathogenic bacteria whose ecology is related to aerial
plant structures, Agrobacterium species are generally associated with root
collars and root systems of conifers and deciduous trees: proximate envi-
ronments of roots (rhizoplan and rhizosphere) and galls induced by virulent
strains. However, some Agrobacterium strains are able to give rise to galils
on trunks or branches, for instance on Populus ¢grandidentata in USA, or P,
euramericana cv. Robusta or P. alba in France, yet this situation is rare
{Dochinger, 1%69; Ridé & Lopez, 1976).

Tumors which are disaggregating in s0il constitute excellent sources of
pathogenic Agrobacterium tumefaciens (Smith & Townsend) Conn. but also
saprophytic A. radiobacter. These bacteria have ecclogical niches compa-
rable with those of Rhizobium species, which one can sometimes isclate at
the same time as A. tumefaciens (Gaur & Sen, 1976).

Agrobacterium species are remarkably concentrated in the rhizosphere,
and it is not rare to find there population levels 10 000 times higher than
in the soil. Schroth et al. (1971) have shown that Agrobacterium has a
positive chemiotachism for actively growing roots.

These bacteria overwinter in the scil and temperatures higher than
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34 ° C are inhibiting for them; that could explain the low fregquency of
crown=-gall in tropical zones. Furthermore the relative proportions of
pathogenic to saprophytic Agrobacteria are variable according to the plant
roct system and soil conditions: thus on 28 soil samples-in California,
Schroth et al. (1971) found 17 of them with an appreciable proportion of
pathogenic.strains varying from 1/13 to 1/500. This balance between patho=-
genic and saprophytic Agrobacteria probably should be taken inte account in
the biological control of crown-gall in the field by using the antagonistic
bacteriocinogen A. radiobacter K 84 strain proposed by Kerr (1972) in
Australia.

S0OIL, NUTRITION, AND PHYTCOPATHOGENIC BACTERIA N

Information about the effect of edaphic properties upon the development
of forest bacterial diseases and the conservation of phytopathogenic bacte-
ria in soil is very meager. $till, relationships between water supply,
nutrient level, succulence of host tissues, tree vigour, and susceptibility
to bacterial diseases have been known through empirical observations for a
long time.

For example in the Therain Valley of northern France, numerous poplar
plantings are generally distributed on 2 types of soil. One of them consists
of a thin layer of arable soil on a mixture of clay and turf, with brown
turf deeper and incompletely decaved organic matter -~ plant associations
Cirsium, Eupatorium, Juncus, and Molinia - pH 6. The other is a deeper
arable soil (60 cm) on a black turf and-pH varying between 6.5 and 7 -
plant association Phragmites, Epilobium, Consclida, and Spiraea (Ridé &
Viart, 1966). Poplar growth is very poor on the first soil which is associ=-
ated with low activity of X. populi. In contrast, canker expression is ex-
cellent on the second type of soil.

Concerning Pseudomonas diseases of fruit and forest trees and fre-
quently alse fire blight, heavy, poorly dréined, or highly acidic soils
sustain more extensive and severe damage. Relationships between tree nu-
trition and shoot succulence particularly with respect to fire blight
susceptibility were perceived by Parker et al. (1961). Extra applications
of nitrogen induce an increased susceptibility to fire blight, often exacer-
bated by excesses of potassium or phosphorus. The bhest theoretical work was
probably done by Lewis & Kenworthy (1962}: various combinations of nutrients
were supplied to potted trees growing in quartz sand in a greenhouse and
artificially inoculated with Z. amylovora. Just as Parker et al. (1961)
observed, these authors noted that trees supplied with an excess of nitrogen
were more susceptible than control trees which received balanced nutrients.
But nitrogen deficiency also increased susceptibility to fire blight resul-
ting from deficiencies of various cations: calcium, copper, iron, magnesium,
manganese, molybdenum, ©r zinc. When a five-foid excess of calcium was
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supplied, tree sheoots could not be infected. Unfortunately, nutrient inter-
actions in natural soils would limit the transfer of results cbtained in
sandy soil to the orchard.

Similar results were obtained more recently by Vigouroux & Huguet
(1977) on the bacterial blight of peach caused by Pseudomecnas persicae.
This bacterial disease i1s mainly distributed on more or less acidic soils
and granitic arena cr diluvium sand, generally poor in organic matter.
Trials on various sites and potted plants demonstrated the beneficial
effect of calcium on the decrease of susceptibility to bacterial blight,
Ca++ effects on membranes, enzymes, cell walls, and Ca-phytochrome interac-
tions are now considered important, and they probably interfere with the
host-bacteria relationship. Nevertheless, the influence of nutrition and Ca
balance with other nutrients remain always difficult to interpret in nature.

INTERACTIONS OF HOST, EPIPHYTIC MICROFLORA, LEACHED SUBSTANCES, ENVIRONMENT
AND PARASITE

During spring, bacterial poplar canker caused by Xanthomonas populi
Ridé is characterized by production of bacterial slime which is mainly
dispersed by rain, wind, and insects and constitutes an infection source on
the new shoots. Infection success depends on the concordance hetween tissue
receptivity, entry ways open to X. populi, and gquantity of inoculum avail-
able on aerial structures of poplar (Ridé et al., 1978). Many factors may
contribute to eliminate X. populi during its temporary epiphytic stage, and
these have implications in the epidemiology of the disease. It is important,
for example, to know if the bacterium is present for a long time and at a
population level high enocugh to instigate an effective infection when host
tissues become physiologically receptive.

Investigations were undertaken on the evolution of an artificially
introduced population of X, populi on a susceptible clone (§. 6-2) and on a
resigtant one {(P. nigra cv. Italica) during 2 vears, 1975 and 1976, the
latter vear being characterized by drought and very high temperatures
during spring and summer. Groups of saprophytic and epiphytic bacteria,
yveasts, and yeast-like organisms were evaluated perijodically and their role
considered in limiting the evolution of X. populi (Table 2)}.

i In 1975, X. populi rapidly decreased on P, nigra after 30 days (it dis-
appeared completely after 60 days); it remained appreoximately at 106 per
leaf on the susceptible clone S. 6-2 (its population was still high, 104,
at the end of September). During the same pericd, populations of fluores-

; cent pseudomonads (mainly P. syringae) were always very low on S. 6-2, and
; not even detectable at the end of June. In contrast, they varied from 105
3

in June to 10~ in July on the resistant clone (in vitro this Pseudomonas
exerted a clear activity against X. peopuli). In 1976, in the drastic condi-

tions mentioned, X. populi decreased as slowly on the resistant clone as on
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Table 2. Evolution of the numbers (x1000) of epiphytic bacteria (resp. yeast
cells) per leaf on a susceptible and a resistant clone of poplar after
spraying with X. populi on 28.5.1975 (upper table). and 24.5.1976 (lower
table).

Fluo. pseudo. = fluocrescent pseudomonads including Ps. syringae, Ps. viridi-
flave and Ps. fluorescens types. Y. like = yeast-like microorganisms (main-
ly including Aurecbasidium pullulans). S = susceptible clone (S. 6-2}.

R = resistant cleone {cv. Italica}.

Date of X. populi Fluc. pseudo. Yellow bact. Yeasts + Y. like
samplin
poing R S R s R s R
1975
28-5* 3.3 1lo 0 5.5 24 56
29-5 4700 2300 2. 830 4} 130 33 200
30-5 12000 5900 22 256 9.4 11 55 150
2-6 5700 1700 o] 55 o] 48 30 100
5-6 2200 600 6, 150 0 130 15 72
12-6 860 320 3.3 490 25 60 - 150 18¢
18-¢6 1100 300 0 880 0 110 150 330
25-6 149¢0 35¢ 0.55 840 0.55 <0.1 93 310
9-7 1300 5.6 0 1300 Q 150 140 260
24-77 1200 1.0 © 2300 11 260 1100 490
1976
24-5% 0 0 4] 0.34 3.8 25
25-5 35000 22000 0 3.0 o 0.7 4.4 5.9
26-5 25000 12000 0 0.34 '0.50 0.34 5.0 8.
28-5 46000 210Q06 Q 0 <0.1 0.26 7.0 9.
1-6 24000 10000 0 3.6 0.33 0.52 3.7 17
8-6 40000 15000 0 22 0.40 0.83 9.0 22
21-6 14000 3000 0 2.7 1.9 0.34 24 86
8-7 8000 5300 0 0.26 1.6 2.6 130 480
27=7 1400 1400 0 2.6 Q 34 130 340
* Counted before spraying.
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the susceptible one. During the same pericd, pseudomonads were not detect-
able on 8. 6-2 and their populations were very poor on P. nigra and not
high enough to exert an antagonistic effect against X. populi; yellow
bacteria were also affected by drought and temperature on both clones, and
yeasts and yeast-like organisms to a lesser degree. The lack of rains
during the last experimental period could partially explain why X. populi
was not eliminated from the leaf surfaces. Moreover, it is possible that
the mucoid polysaccharide of X. populi exerts a protective effect against
drought conditions, similar to other xzanthomonads. Although the role of
some other components of leaf microflora is probably not negligible in the
regulation of X. popuii, in 1976 pseudomonad populations were not high
enough to exert an antagonistic effect against X. populi.

The qualitative evolution of microflora also depends on other factors
which influence quality and guantity of substances leached from foliage;
genetic constitution, climatic conditions, but also physiological age of
the leaves, soil, and fertilizers may influence leaf surface nutrients and
canopy microclimate, and thereby may alter phylloplane microflora. Initial
investigatiocns undertaken on balsamsg produced by epidermic cells of stipules
and leaf exudates during the first stage of the new shoots show these sub-
stances contain flavonoid aglycones and terpenoids and are likely to inhibit
X. populil on P. nigra. In addition to inhibiting compounds localized on the
yvoung shoots during the fast growing period, some nutrients are excreted at
the same time which are favourable to various components of microflora:
carbohydrates, growth substances, and arcmatic acids. Pseudomonas spp. are
able to use some aromatic compounds as carbon sources in degradation in a
mixture of phenolic substances. Accordingly these bacteria could have a
complex role in the regulation of epiphytic microflora and coculd be of
decisive importance to the natural control of pathogenic populations.

CONCLUSION

Ecclogical and epidemiological data concerning phytopathogenic bacteria
generally reguire a lot of effort to obtain. One of the main difficulties
of a bactericlogist's work is probably the absence of a macroscopically de-
tectable reference stage of the bacterial pathogens, unlike fungi posses-
sing some perfectly defined stage and form of fructification and ripening:
ascospores, conidial forms, uredospores, aecicspores, etc.

Twenty years ago the evolution of bacteriological techniques using
replication on specific culture media and more sophisticated methods, such
as immunofluorescence or immuncenzymology, made it possible to detect
pathogenic bacteria in various complex microbial ecosystems: evolving
lesions, microflora of aerial structures of trees, and the rhizosphere.

After Crosse (1963), many research workers have been interested in
phytopathogenic bacteria population dynamics. Impacts of climatic and
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edaphic factors on host-bacteria relationships are just beginning to be
understood. Genetic background of the host and components of phenotypic
expression of the resistance to bacterial diseases of forest trees will be
explored more and more in the near future, requiring gooa cooperation be-
tween phytopathologists, physiclogists, climatologists, and geneticists.
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Biological and physical modifications of the environment and the resulting
effect upon the host-parasite interactions in short-rotation tree cropst

-

Harold $. McNabb Jr., Richard B. Hall & Michael E. Ostry2

ABSTRACT

Environmental factors of the atmosphere and soil are pre-
sented in relation teo their effects upon incidence of disease
in sheort-rotation, intensive plantation culture of Populus.
Envirconmental modifications inherent for this cultural system
and added for pest management schemes are discussed. Tree
density, a measure of spatial relationships within stands, is a
recurring stand characteristic in the discussion. The term,
spatial resistance, is proposed for the summation of the com-
plicated interactions of the many envirommental factors asso-
ciated with stand density that affect disease expression toward
decreased disease incidence.

INTRODUCTION

The continued increasing demand for wood fiber in North America has
caused silviculturists to study the management of short-rotation intensive
forest systems (Larson & Gordon, 1969) that approach the intensity of
present-day agricultural systems. The pronounced reduction in rotation age
with an accompanying increase in annual wood fiber yield per land unit
allows increased management inputs that can make the short-rotation, in-
tensively managed forest ecosystems profitable for industries utilizing
wood fiber (Isebrands et al., 1979); i.e., paper and fiberboard, or for
energy production.

1. Journal Paper No. J-10120 of the Iowa Agriculture and Home Eccnomics Experiment
Station, Ames, IA 50011 USA. Projects No. 2210, 2294, 2295. Also contributijon from the
North Central Forest Experiment Station, USDA Forest Service, 1992 Folwell Ave., St.
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2. Professor of Forest Pathology, Associate Professor of Forest Genetics, Iowa State
University, Ames, IA 50011, -and Associate Plant Pathologist, USDA-Forest Service, North
Central Forest Experiment Station, St. Paul, MN 55108, respectively.
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Selections and hybrids of the genus Populus have been considered ideal
for short-rotation, intensively managed systems because of their rapid
growth, ease of establishment through stem or root cuttings, apparent ease
of coppice regeneration, and wide genetic diversity within the genus.
Populus spp. are considered pioneer species in indigencus forest ecosys-
tems, developing dense, even-aged, pure species stands during the early
years of the stand. Dﬁring the first decade of natural stand development,

' at least 2 overlapping periods of natural thinning occur in which pathogens
and insects are involved (Graham et al., 1963). Our paper considers the
relationship of environment to these host-parasite interactions as this

environment is modified in the short-rotation, intensive culture of Populus
spp. and how this environment can be further modified in the development of
integrated pest management systems.

We will divide the environment into two broad categories, atmogpheric
and soil environments, fully realizing that these two environments interact
closely, but their separate categorization will allow more critical discus-
sion of the individual factors involved. The discussion will include both
biological and physical modifications of the environment.

THE ATMOSPHERIC ENVIRONMENT

Natural repreduction of an aspen (Populus tremuloides Michx.) stand
after clear-cutting or fire is by root sprouts, producing an initially
dense stand of relatively few genotypes. Seedling reproduction of
P. delteides Bartr. in open, moist, bottomlands alsc is dense initially.
During the 2 decades after reproduction, natural thinning drastically
reduces stand density. Short-rotation, intensively managed systems of
! Populus selections and hybrids are based upon the premise of how efficient,
in terms of time and economic benefits, the silviculturist can manage the
photosynthesizing area of trees to produce maximum guantity of wood fiber
per unit area of land. Thus density of such intensively cultured stands can
approach initial densities of naturally reproduced aspen and cottonwood
stands. Little research directly relating stand density of poplars to
disease incidence is available, but many studies have been conducted re-
lating environmental conditions to production and germination of propagules
of poplar leaf and stem pathogens. These latter studies can be used in
development of models relating stand density to pathogen incidence and
disease development.

In Schipper's (1976a) study with 4 clones of P. x euramericana Guinier
! considered to be moderately to highly resistant to leaf rust (Melampsora
madusae Thum.), 3 tree densities were used: 5 000 (1l.4-m spacing), 10 000
(1.0-m spacing), and 15 000 (0.8-m spacing) trees/ha at 2 geographical
locations. Ratings of rust severity and resulting recommendation for clonal
use were based on Schreiner's {(1959) work. At Rhinelander, Wisconsin, where
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the alternate host, Larix laricina (Du Roi) K. Koch, is present, rust
ratings for 2 clones were high enough at all densities to exclude them from
future plantings at that location. The.other 2 clones would have been
excluded from future plantings only on their rust ratings at the 15 Q00
trees/ha density, trees at 10 000 and 5 000/ha densities giving ratings
below the arbitrary limit set by Schreiner. Results at the Ames, Iowa,
location, where Larix spp. are scarce, were similar but less severe for
rust disease. In addition, observations on incidence of Marssonina brunnea
{Ell. & Ev.) P. Magn. paralleled rust cbservations. Altered disease sever-
ity at different planting densities was related to leaves remaining wet for
longer periods after rain, dew, or irrigation. This longer period of leaf
wetness resulted from reduction of air movement in denser stands with high
canopy density. Thus, although actual inherent tree resistance may not be
altered, leaves on trees grown at narrov spacing are exposed to longer
periods of ideal infection conditions than are trees grown at wider spa-
cing. Further, such interactions may be different for different cleones.
These cbkservations were made before first coppice cut in these poplar
stands. Our observations on sprout growth after first coppice cut indicate
that the first coppice generation is even more dense than the original
planted density because of multiple stem sprouting. '

This example illustrates the relationship of cancopy and stand densities
with air movement within the stand and resulting disease incidence. In
attempting to use results of other research that consider individual envi-
ronmental factors and their effects upon-pathogen growth and reproduction,
these individual factors within poplar stands must be separated and related
to canopy and stand density. Moisture and temperature are the 2 factors
most involved with production and germination of propagules of pathogens
and, thereby, intensity of diseases in stands (Anselmi & Cellerine, 1980;
Spiers, 1978:; Heather & Sharma, 1977; Pinon & Poissonnier, 1975; ,
Castellani, 1966). ‘

Moisture is in 2 forms, free water on leaf and stem surfaces and rela-
tive humidity of the surrounding atmosphere. Rainfall, dew, guttation, and
irrigation all contribute to leaf wetness. Duration of this free water
depends upon a series of complicated interactions among the vapor pressures
within plant tissue, the boundary layer, and the surrounding air. In gener-
al terms, air movement, temperature, and relative humidity directly affect
the duration of leaf wetness. For most pathogens, free water is considered
necessary for germination of spores and host penetration by the germ tube.
For certain pathogens, relative humidity values above 80 % will allow spore
production while relative humidities of 98 % or greater are needed for
spore getmination.

Temperature directly affects the metabolism of the pathogen, thereby
allowing us to determine lower and higher limits for spore production and
germination. In addition, for Marssonina brunnea, Castellani (1966) has
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shown an interaction between temperature and rainfall. At higher tempera-
tures, more rainfall is necessary for serious disease incidence. We believe
this interaction to be directly related to duration of leaf wetness. Both
light and air movement directly affect temperature, but under stand con-
ditions, tend to counteract each other. Denser stands allow less light,
thereby less radiant energy making for cooler cenditicns. Dense stands,
however, have less air movement and moisture evaporation and, thus, reduced
heat loss to the atmosphere. Under usual growing conditiong in these dense
Populus stands, moisture relationships thereby affect the host-parasite
interactions to a greater degree than temperature.

when discussing the characteristics of stand density, mention should be
made of clonal and species mixtures. An exampie of a species mixture will
be discussed later under scil environment. Clional mixtures could modify the
atmospheric enviromment by using mixtures representing different crown
architectures. The intensive culture system using Populus could vielate ocne
of the important forest pest management principles: maintenance of genetic
diversity within stands. On the other hand, by judicial choice of clones or
selections, we can incorporate a wider range of genotypes than yould be
present in natural stands that arise by root sprouting or seed dissemi-
pation from a restricted local population.

Although much research has been done on measuring atmospheric envi-
ronmental factors in crop fields and relating them to disease incidence,
little has been done in intensive forest culture for the determination of
relationships among environmental effects and disease intensity. New in-
strumentation is now available that records leaf wetness, air temperature
and movement, and relative humidity that will greatly aid such research. We
are beginning studies of these relationships in our short-rotation, inten-
sively managed Populus stands {Young et al., 1980) so that we will be able
to better understand the effects of stand density as it is manipulated by
tree spacing, clonal crown architecture and pest resistance, pruning (nat-
ural and artificial}, coppice treatments, species and clonal mixture,
rotation age, and the artificial addition of physical, chemical, and bio-
logical factors (fertiligation, irrigation, pesticides, and biological
contrel agents) on disease incidence.

Before leaving the physical atmespheric eaviromment, further mention
should be made of moisture, air movement, and light. Either overhead or
ground irrigation may be used to supplement natural rainfall in these
intensive-culture systems, especially if pulping effluent is available.
Overhead irrigation will maintain longer periods of leaf wetness; however,
it may have one benefit in a pest relationship. The cottonwood leaf beetle
(Chrysomela scripta F.), a sericus pest in plantation establishment and
clonal nurseries, is effectively managed by periodic rains that physically
dislodge larvae and adults from leaves {Caldbeck et al., 1978). Cverhead
irrigation has the same effect. Any irrigation practice will need to be
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integrated inteo pest management systems that consider all pests.

Air movement also is involved with movement of propagules of pathogens.
Both spore movement from within and from without the stand are of concern.
Primary inoculum may be initiated within the stand from overwintering
pathogen on dead leaves {usually sexual reproduction) or from cankers or
lesions on stems (usuzlly asexual reproduction) and from outside the stand
from natural stands in the locality or from stands some distance away {(Kam,
1973, 1975; Kobayashi & Chiba, 1962; Chiba & Zinno, 1960; Waterman, 1954).
Convection air currents within stands contribute greatly to movement of
spores, especially in the elevation of spores into the horizental air
stream. Air movement is especially important in poplar culture because of
the possibility of geographical isclation of specific pests. We find that
Melampsora medusae, in areas where the alternate hests, Larix spp., are
scarce, may not become serious until .late season. Thus, for Iowa, where
Larix is not native, this disease is not significant, but for northern
Wisconsin, growth loss may reach 20 % (Widin & Schipper, 1976). wWind move-
ment of urediospores northward from southern cottonwood areas and southward
brings the primary inoculum into Iowa.

Thirteen poplar planting sites containing 33 clones replicated three
times at each site were planted throughout the north-central United States
in an attempt to determine the geographical distribution of poplar patho-
gens and insects (Ostry, 1979). Initial disease readings indicated specific
area distribution of certain leaf diseases (Schipper, 1976b). Iowa
plantings were most seriously diseased with Septoria musiva Peck and
Marssonina brunnea. Septoria musiva was found for the first time in Rhine-
lander, Wisceonsin, plantings in 1980 even though this pathogen is common on
leaves of Populus balsamifera L. in natural stands in northern areas of
Wisconsin and Michigan. Marssonina brunnea was not common in the S$t. Paul,
Minnesota, plantings from 1975 through 1978, but in 1%80, this leaf disease
has become serious at this location. This situation is typical of many of
the diseases that we found initially only at a few locations. As poplars
are grown in an area over time, the more serious the poplar leaf and stem
diseases become. Scme of this spread into new areas probably is associated
with distribution of diseased poplar cuttings, but we believe that the
spread also is by aerial movement of spores from native and locally grown
Populus spp. in ornamental plantings. We should mention, though, that 2
leaf pathogens have remained somewhat localized, Phyllosticta sp. in the
southern sites and Septotinia populiperda Waterman & Cash in the northern
sites (Ostry, 1979). We believe that leaf rust is the only serious disease
for which geographical distribution of the pathegen can be used as a factor
in development of pest management systems. For example, moderately suscep-
tible clones can be safely planted in Towa.

Light, begides interacting with temperature, also has direct and indi-
rect effects upon disease resistance. High light intensities, such as those
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found at high elevations, caused a breakdown of resistance in cats to
Puccinia graminis avenae (Browning et al., 1964). Higher incidence of the
serious canker of Populus tremuloides caused by Hypoxylon mammatum (Wahl.)}
Miller has been associated with stand openings and edges (Anderson &
Anderson, 1968) and unpruned trees in these locations (Ostry & Anderson,
1979). Aspen is shade intolerant and, in dense stands, self-prunes, re-
ducing the number of lower branches that otherwise might serve as infection
sites for the pathogen. Recently, 2 insects that desire high light condi-
tions for oviposition sites on trees {Saperda incrnata Say and Nagicicada
septendecim 1,.) were found associated with the incidence of Hypoxylon
canker (anderson et al., 1979). Such oviposition wounds and possible bird
feeding at these oviposition sites seem to be entrance points for the
rathogen. Thus, light and, therefore, an open stand may cause trees of the
stand to be more susceptible to specific diseases associated with light-
regquiring insects.

Light interacting with temperature also may predispose trees te stem
canker and decay pathogens. We observed for the first time in 1980, in
exposed situations within poplar stands, serious sunscald woun@g on certain
poplar clones. This sunscald damage was colonized by canker fungi (i.e.,
Cytospora chrysosperma Pers.) and decay fungi (i.e., Armillaria mellea
(Vahl.) Quel.). Thus, when making pest management decisions as well as
silvicultural and economic recommendations for a short-rotation, inten-
sively managed system, limitations on both ends of the stand-density
spectrum are present.

We have discussed physical effects of the atmosphers on pathogen activ-
ity. There are chemical and biological factors that should be included.
Among the chemical factors are pesticides. Under field and nursery condi-
tions, leaf diseases have been managed with fungicides (Sheridan et al.,
1975; carlson, 1974; Cellerino & Freccero, 1970). Preliminary results
indicate that the canker disease caused by Septoria musiva in an experi-
mental poplar plantation in central Iowa planted to a density of 10 000
trees/ha was managed with the fungicide captifol (McNabb et al., 198C). A
resistant poplar clone was included with 3 moderately to highly susceptible
clones. Captifol reduced the incidence of canker in these susceptible
clones to the level of the resistant clone. In addition, when a surfactant
was added to another fungicide, a slight indication of increased suscepti-
bility was noted for all clones, including the resistant one. The use of
fungicides in modifying the chemical atmospheric environment is being
investigated further for these Populus culture systems.

Relatively little is known about the above-ground biological environ-
ment. Both insects and small animals are known to predispose trees to
disease. Mice and rabbit feeding wounds are entrance points for canker and
decay fungi. In addition, animal feeding c¢an cause tree stress that, in
turn, increases the incidence of stress-related cankers caused by Cytospora
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chrysosperma, Dothichiza populea Sacc. & Br., and Phomopsis macrospora
Kobayashi & Chiba. One insect-breeding predisposition, that for Hypoxylon
canker, was discussed earlier. Other types of insect predisposition include
feeding on leaves and stems that range from puncture wounés to tissue loss
(Palmberg, 1977), including branch and stem breakage. Wound pathogens
regularly colonize such feeding and breeding sites but have not been impor-
tant except for Hypoxylon mammatum.

Other fungi and bacteria also are part of this bioclogical environment.
A number of workers have suggested using leaf fungi that parasitize poplar
leaf-rust urediospores as biolegical control agents (Omar & Heather, 1979).
A current study in Poland associates specific leaf bacteria with rust-
resistant poplar clones (Danilewicz, 1980). This approach in modifying the
biolegical atmospheric environment should be pursued.

THE SOIL ENVIRONMENT

As with atmospheric enviromment, stand density has an important influ-
ence on the effects that soil environment has on disease incidence. During
a drought pericd from 1975-77 in central Iowa, .stress-related canker fungi,
Dothichiza populea, Phomopsis macrospora, and Cytospora Ghrysosperma,
caused serious disease in intensive culture poplar plantings (Schipper et
al., 1977). Observations made in 1976 in poplar stands containing 4 P. x
euramericana clones planted at 3 different initial densities (5 000,

10 000, and 15 000 trees/ha) indicated greater stem death from girdling
cankers for 2 of the clones as stand density increased. The plantings were
of 2 types, pure clonal blocks randomly distributed within each density
plot, and alternating clonal rows {(only 2 of the 4 clones used) within each
density plot. The same pattern of clonal susceptibility as influenced by
spacing was observed in both cases. Therefore, we concluded that 2 clones
had inherent resistance to stress-related cankers. '

Previcus studies with these siress-related cankers have indicated a
close relationship between bark moisture levels and resistance t¢ these
fungi (Butin, 1956). Bark moiéture was related to wound periderm develop-
ment and, therefore, to host ability to isclate pathogens and to callus
injured tissue.

Further observations on the alternate-row plantations during the next
2 years (1977 and 1978) differed from the 1976 data. The clonal differences
of 1976 disappeared (Haywood & McNabb, 1979). Greenhouse and growth-chamber
studies with these 2 clones indicated no differences in bark moisture
relationships. The only possible known differences between these 2 clones
that could account for our observations are root geometry and amount of
root growth. Simply stated, the seemingly more resistant clone in 1976 had
deeper roots. As drought conditions persisted during the second year,
1976=77, scil moisture continued to be depleted to a lower depth. There-
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fore, when all roots of the seemingly resistant trees became associated
with moisture-deficient soils, stress-related pathogens were able to cause
disease.

Although differences among densities continued during 1977 and 1978,
such differences became less significant over this period. Prolonged
drought conditions, especially those that cause continued fall and early
winter soil-moisture deficiency, seemed to even the density and clonal
effects with our P. X euramericana clones, with the result being serious
stem kill of all clones by canker fungi.

As discussed earlier, irrigation may become an alternative in these
intengive-culture systems. Under irrigation, soil-moisture deficiencies are
eliminated during periods of drought and on drier planting sites. Again,
caution is needed so that adverse effects of higher moisture on leaf and
stem diseases are minimized.

with the high densities and coppice rotations that are characteristic
of intensive culture, the potential for tree-to-tree root grafting is
gubstantial. This may have a significant role in disease transmission in
such stands. Alternatively, root grafts might be beneficial in this type of
forestry if they protect the original spacing and composition of the stand
by allowing cross-feeding between root systems. Our investigations have
demonstrated the possibility of such cross-feeding but have been inconclu-
sive on the possibility of wetwood bacteria transmission (Paarmann, 1980),
and have demonstrated genetic barriers Lo root graft formation in Populus
hybrids.

As would be expected, stand density interacts with other soil factors
invelved in predisposition of trees to pests. Obviocus factors are the many
so0il nutrients absorbed by plant roots. Drain on such nutrients becomes
greater as stand density increases. Although literature is available on
nutrient reguirements for growth of poplars (Burg & Schoenfeld, 1978;
Zoltan, 1978), there are few confirmed examples of disease modifying ef-
fects of specific nutrients with Populus {Bruck & Manion, 1980; Garbaye &
Pinon, 1973; suzuki, 1973; Gremmen, 1964).

Reports concerning the effects of nitrogen on another forest tree
suggest possible modifying effects that nutrients may have in host-parasite
interactions in Populus plantations. High nitrate levels were associated
with a decrease of Poria weirii root rot in Douglas-fir in Oregon (Shea,
1970). when red alder, a nitrogen-fixing (actinorhizal) species, occurred
Wwithin Douglas-fir stands, this root rot was relatively scarce (Tfappe,
1971). Thus, besides applications of nitrogen fertilizer, another option is
indicated; biological modification of the soil chemical environment with
nitrogen-fixing organisms.

Manipulation of soil microcrganisms, especially those associated with
tree roots, actinorhizal bacteria, and mycorrhizal fungi, is an approach
that we believe to be promising for modifying nutrient relationships in
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intensive, short-rotation systems (Hall et al., 197%). In addition, the use
of actinorhizal species in mixed plantings may have beneficial modifying
effects on spatial interactions within the stand atmosphere. Tests have
begun using European black alder {Alnus glutinosa (L.} CGaertn.) in mixtures
with Populus (Borders, 198¢). Careful monitoring of both se0il and atmo-
sphere will be essential for critical assessment of the effects of such
stand mixtures.

During the past decade, knowledge cof mycorrhizal fungi and the rela-
tionships that they form with trees has increased to a level that allows
possible manipulation of these organisms under nurgery and stand condi-
tions. Poplars develop both ectomycorrhizae and endomycorrhizae {Walker,
1979). Ectomycorrhizae may prevent infection of roots by certain root-rot
organisms. The endomycorrhizal relationships also seem to modify disease

interactions. Interpretation of studies with endomycorrhizae are difficult

because these structures increase the efficiency of phesphorus uptake by
trees.

Interactions among soll organisms indicate other ways that these root
pathogens can be manaéed. In soils below pH 6 in East Anglia, England,
Fomes annosus (Fr.) Cke. is not able to compete successfully with other
soll fungi, thus causing only minor root-rot incidence :in Scots pine plan-
tations on such sites (Rishbeth, 1950). Once an understanding of such soil
interactions is available, specific soil treatments may be possible for the
manipulation of soil microbiological populations. Indeed, we may be doing
such now without realizing it. Although direct herbicidal injury to poplars
has been noted (Anselmi, 1978), eifect of herbicides on soil crganisms in
poplar-plantation site preparation has not been examined thoroughly
(Walker, 1979).

CONCLUSION

Our discussion of the atmospheric and s0il envirenments within the
intensive short-rotation culture systems ¢f Popufus has indicated a number
of environmental modifications resulting from the system itself and cthers
suggested for stand management. One stand characteristic has recurred in
our discussion, tree density. This characteristic is a measure of the
spatial relationships within the stand. Practical modification of stand
environment is directly or indirectly associated with these spatial rela-
tionships. The fact that tree density has been associated with reported
changes in host-parasite interactions in Populus stands indicates the
importance of density modifications in the development of pest management
schemes .

The complicated interactions among the many environmental factors
associated with the spatial relationships of stand density present a chal-
lenge for present and future research efforts. If the basic factors are
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chosen properly, the summation of these interactions affect disease expres-
sion preducing a type of stand resistance. We propose the term, spatial
resistance, for this stand effect. Spatial resistance should not be over-
locked when evaluating genetically controlled host-parasite interactions.
In addition, the concept of spatial resistance will help to organize obser-
vations on stand-host-parasite relationships found in other forest stands.
Such a systems approach will promote & better understanding of one of the
many complex phenomena associated with ferest and plantation ecosystems.
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Genes for resistance to insects in agriculture with a discussion of host-parasite
interactions in Carya
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ABSTRACT

Information concerning the genetics of resistance in in-~
sect/plant interactions'in agriculture ig available for only
some plants and a minuscule number of insects. The scanty data
presently available allows numerous interpretations, one of
which is that agriculturally useful resistance to insects is
usually an artifact of plant domestication rather than a capi-
talization on a coevolved product of insect and plant. Closer
study of natural defense mechanisms in indigenous systems,
particularly systems undergoing domestication, can provide new
evidence to develop a holistic theory of host plant resistance
to insects. Greater emphasis on ingect/plant genetics and
insect/plant biocgeography would help provide the necessary
framework for intra- as well as interdisciplinary communication
of ideas concerning host plant resistance; and, assist in
designing strategies for using this tool in pest management.

ORIGIN AND PERMANENCE OF RESISTANCES

A knowledge of the genetics of host-plant resistance to arthropods and
the reciprocal (virulence of arthropods to plants) is important because of
the role it can play in discovering, incorporating, depleying and main-
taining resistant plants for use in agriculture. Numerous recent publica-
tions provide significant space to this subject (Day, 1977; Harris, 1980a;
Maxwell & Jennings, 1980; Russell, 1978).

A close inspection of Table 1 and the plant/insect interactions sug~
gests some generalities (also noted by Russell, 1978; Gallun & Khush,
1980). First, dquantitatively inherited resistance is stable. Second, bio-
type development, if it occurs, will be primarily against antibicsis mech-
anisms when arthropods are exposed to monogenic resistance. Third, mono-
genic resistance has been quite stable in some plants against some insects.
Fourth, agriculturally useful resistance may in general be found in any of
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Table 1. Inheritance, numbers of genes involved in resistance, and prior
relationship of resistance, of crops to insects (compiled from reviews by
Carpenter et al. (1979), Gallun & Khush (1980), Harris (1975), and Russell
(1978)).
crop Insect _ Resistancel, number of genes Biotypes Pricr
known relation-
domi- re- quanti- ship2
nant cessive tative
Rice
brown planthopper 2 2 + 57
green leafhopper 4 1 A
white-backed
planthopper 1 u
gall midge X X? + u
Sorghum
corn leaf aphid X + U
greenbug 1% + A
shoot fly X U
chinch bug X A
s
wWheat
hessian fly 7 1 + A
greenbug 1 1 57
cereal leaf
beetle ? ? X 57
stem sawfly 1* 2 A
Barley
hessian fly 1 04
cereal leaf
beetle 1 s?
greenbug 2 +! 57
Corn
european corn
borer X A
corn earworm X u
fall armyworm X 87
Cotton
bell weevil 3 1 u
thrips 3% u
tobacce budworm 2 u
Empoasca spp. 1% X u
Apple
Dysaphis devecta 1 A
rosy apple aphid 1 A
woody apple aphid 1 A
; Raspberry
Amphoraphora rubi X + A
Amphoraphora
agathonica X A
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Table 1. Continued

Muskmelon
melon aphid 1 " u
red pumpkin
beetle 1 57
Squash
striped cucumber
beetle X g7
squash bug X 57
Sweet clover
sweetclover aphid 1 u
Aifalfa .
pea aphid 1 + U
spotted alfalfa
aphid X? x? + U
Pear ' .
pear psylla X A
Pecan

pecan twig
phylloxera X2 X? +7 S

1. X = number of genes unclear; * = incomplete dominance; ? = status
questionable. '
2. S = sympatric; A = allopatric; U = unknown.

the categories of inheritance. Fifth, genes for resistance may be obtained
both from plant germ plasm which has coevolved with the arthropod as well
as from that which has not ccevolved with the arthropod.

The stability of quantitatively inherited resistance has been an indi-
cation tc some, most notably Robinson (1980), that resistance breeding
efforts should be concentrated primarily in this direction due to the
instability, with occasionally catastrophic consequences, of some monogenic
resistance {exhibited primarily in diseases and in insects with pértheno—
genetic reproduction).

Russell (1978} suggests that pest resistance based on monogenically
inherited morphological characters such as pubescence or s0lid stems con-
fers durability, citing wheat stem sawfly, cereal leaf beetle and Empoasca
sp. as examples; and also argues that other types of monogenic resistance
may have been insufficiently exposed to pest attack to allow biotype ex-
pression to occur, or even if biotypes have occurred, their ability to
disseminate may be low and thus they have so far escaped discovery. Agree-
ment with Russell (1978) would allow including morphologically based resis-
tant monogenes to the propeosed plant archetype. Even this seemingly
straightforward generality requires some qualification in that many, per-
haps most, morphological characters are polygenically controlled in the

plant.
Data in Table 1 summarize most of what has been reported regarding
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genetics of resistance to arthropeds in agriculture. There are 3 major
problems with interpretation of these data.

1. Quantity: The genetic bases for most agricultural resistances to
arthropods have yet to be described and subsequent studies may change
present trends. There are 33 insects attacking 14 crops included in Table
1. The total number of insect species known is about 3/4 million of which
only a few thousand or so are considered to be crop pests (Metcalf et al.,
1962). Total plant species known number a few hundred thousand of which
only a few thousand are considered to be economically important (i.e.
Hedrick, 1919). Thus, present knowledge regarding genetics of resistance to
insects in agricultural plants has been obtained from less than 1 % of the
gpecies in each category.

2. Quality: Furthermore, no complete characterization of the genetics
of resistance has been conducted for even 1 insect or plant so that even
the best studies of insects on the most well investigated crops are as yet
incomplete. Also, resistance genes which are known have often not been
characterized as to their origin (allopatric, sympatric-coevolved and
sympatric-unselected, would be one such system of classification (Harris,
1980a)). This is alsc true for the majority of resistances in géneral
(Leppik, 1970; Harlan, 1977; Harris, 1980a) so that even when their
genetics are described, this deficiency is likely to remain.

3. Perspective: Information presented in Table 1 was primarily obtained
by agriculturists whose major goal was obtaining plants which would produce
high yields of'good quality of a desired resource on a regular basis at an
acceptable cost in the presence of the insect. Browning (1974) addresses a
similar problem of perspective in pathology. Painter {1%68) observes in
regard to past successes in breeding for Hessian fly resistance that 'these
goals have been reached without exact knowledge of the mechanism of resis-
tance and, in the early stages, without exact information about the genetic
factors involved'. Increased attention to the genetics of resistance hag
been made during the past decade or so on crops like wheat, raspberries,
rice, alfalfa, sorghum, etc., and hopefully a better overall understanding
will be obtained in the future. The inclusion of both plant and arthropod
population geneticists in teams breeding for resistance would improve the
perspective from which data have been gathered in the past {see Gallun &
Khush (1980) for methodology).

Data in Table 1 represent a very small sample size from as vet incom-
plete studies carried out with the primary intent of producing better
agricultural plants rather than understanding the genetics of resistance.
Thus, whatever interpretations are made must be of a speculative nature and
tentative pending further studies.

Harlan & Starks (1980) observe that 'Biological theory would suggest
that the most likely region in which to find resistance to a given insect
would be where the insect is endemic... In actual practice, there may or
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may not be a correlation'. Presumably, the biological theory referred to
implies that sufficient natural selection pressure was exerted on the plant
population by the arthropod population through the course of coevolution so
that the present situation has resulted in plant individﬁgls and popula-
tions which are both biologically and agriculturally fit. Biologically fit?
Yes. This is self-evident because of the continued presence of hoth species
in the same habitat. Agriculturally fit? Neo or maybe. Agricultural wvalue is
dependent upon plants or plant parts relating to human resources which need
not be related to plant characters important for survival at zll. In fact,
nunerous defense mechanisms in plants involving escape in space and time
and bioclogical associations may be extremely important in the wild for the
production of fertile offspring, and completely unacceptable in agriculture
(Harris, 1980b). Of the 69 resistances (Table 1), 27 rely primarily on
allopatric resistance, 1 on sympatric resistance, 16 on possibly sympatric
resistance and sources of 25 are unknown. Allopatric resistance has been
heavily relied upon in agriculture for the construction of genetic defenses
against arthropods and this shows that practice has not been consistent
with the 'biological theory' addressed above.

There are additional factors which should be considered if one were to
investigate biological foundations of resistance in agriculture. For exam-
ple, resistance should be most abundant for these arthropods which have
exerted the greatest natural selection pressures on the plant through time.
Genes for resistance should be dominant, linked and consist of multiple
alleles to facilitate and stabilize inheritance. Where multiple selection
pressures are consistently experienced by the plant through time, as from
an associated arthropod complex, again linkage among genes and multiallelic
inheritance would appear to be expected as the progeny of generation after
generation of the plant are selectively attacked and their ability to
produce fertile offspring is affected by these selection pressures. Fur-
thermore, arthropoeds which are exposed to these defenses should reflect
similar genetic makeups as their own abilities to produce fertile progeny
are affected (see Person, 1959, 1966; Person & Mayo, 1974; Groth & Person,
1977, for discussions in plant/pathogen systems, and Lewontin, 1974).

Agriculturally useful resistance has not been associated with arthro-
pods which are or have been observed to exert the greatest selection pres-
sure on the plant population. Genes for resistance to a given species are
seldom linked and rarely if ever is resistance to more than one species
obtained from a single gene. Multiple alleles for agriculturally useful
resistance to arthropods are unknown. Furthermore, arthropod biotypes
inherit their virulence recessively. Only in the matter of dominance of
plant inheritance of resistance does biological theory agree with agricul-
tural experience. This can alsc be explained through traditional plant
breeding practices and host plant resistance investigations preferentially
identifying dominant plant genes rather than recessive ones, thereby bi-
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asing these results.

If one postulates that resistance can be an artifact of agriculture and
represents a new genotype to which the arthropod has not previcusly been
exposed, then virulence genes will endow individual arthropods possessing
them with suddenly increased fitness in this new circumstance. By a rapid
presentation of resistance genes, corresponding virulence genes (if they
exist at all), could increase in frequency in the arthropod popﬁlation with
almost egual rapidity and result in homozygous recessively virulent bpio-
types which still possess modifiers evolved for the dominant but now aviru-~
lent alleles at these loci. Further, if both the 'avirulent’® population and
the fvirulent' population are mixed and exposed to a host that is suscepti-
ble to both, the 'avirulent' population should exhibit greater fitness and
predominate (see MacKenzie, 1980, for further discussion). Reduced fitness
of bacterial 'biotypes' resistant to antibictics (i.e. McVeigh & Hobdy,
1952} and arthropods resistant to pesticides as compared to populations in
antibiotic and pesticide-free environments, respectively, indicate this is
a genecral phenomenon associated with man-manipulated selection forces.
MacKenzie (1980) observes that 'more research emphasis on differential
survival ... is needed'. ‘

This becomes particularly important when one considers taking an indig-
enous plant and selecting an archetype to be produced in even-aged monocul~
tures in the presence of its coevolved bicta for an extended period of
time. Henry Ford's 2.5-million-acre rubber plantation failure in its®
native Brazil in the 1930's provides a bitter example of the problem and
may be contrasted to the more recent multimillion acre endeavor of Daniel
Ludwig at Jari, Brazil, where non-indigenous Gmelina arborea Van Hics and
Pinus caribaea Morelet tree plantations are being grown successfully for
the time being on an equally vast scale. The latter effort is more typical
of traditional agricultural approaches in that centers of production are
usually removed from plant centers of origin. This is true for other tree
crops as well such as coffee, cacac, apple, banana, coconut, almond, and
rubber. Only a few important tree food crops have not followed this pattern
and, of course, tree fiber-crops are only recently moving toward exotic
plantations.

Considering the mongrel origins of most of our agricultural plants and
the often unclear relationships these plants have had with their attendant
biota (Harris, 1980b), a better understanding of what does happen in plant
domestication te influence susceptibility to arthropods may be obtained
from a closer inspection of a plant as cultivation of it proceeds within
its original habitat.
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RESIBTANCES IN THE PECAN: A PLANT UNDERGOING DOMESTICATION

The pecan, Carya illinoensis (Wang.) K. Koch (Juglandaceae), is indige-
nous to the southwestern U.S5. {(Little, 1971), as are the arthropods which
commonly attack it (Harris, 1980b, 1980c). The pecan is also the most
important horticultural crop native to the U.S. (Brison, 1974), and is
presently undergoing domestication so¢ that experimental situations exist
varying from wild ecosystems to monocultures of single cultivars growh over
hundreds of hectares. Nuts produced from wild trees are highly palatable
and present estimates indicate that ca. 85 % of the hectarage in Texas (ca.
300 000) consists of trees nature planted and ca. 75 % of the nuts sold in
an average year are produced by such trees. Thus, in this spectrum of wild
ecosystem to monoculture, the 'managed native' (wild pecan trees which have
been cleared of competing trees and brush, thinned, pruned, fertilized and
sprayed with pesticides in varying dégrees) presently predominates. Consid-
ering that scarcely a century ago, wild trees in the natural ecosystem
exclusively reigned, the present status of the pecan appears to represent a
dramatic change; however, the next few decades are likely tc witness an
even more rapid transition toward the managed cdultivar in monoculture as
'‘managed natives' are replaced by deliberately planted monocultures of
selected pecan cultivars and other crops such as soybeans,

The walnut caterpillar

Three insects which attack pecan provide some insight into pecan de-
fense mechanisms. The walnut caterpillar Datana integerrima G. & R.
(Lepidoptera: Notodontidae) is & leaf feeder of plants in the Juglandaceae.
It is distributed east of the Rocky Mountains from Canada to Mexico and is
univoltine into the latitude of Illinois, bivoltine to Northern Texas and
trivoltine farther south. Massive widespread defoliations have been
reported caused by walnut caterpillar since the early 1900's (Cutlef, 1976;
Haseman, 1940; Hixson, 1941). One such infestation in Texas was observed in
1973 and documentation of part of the affected area was made using aerial
infrared photography {(in cooperation with Bill Hart, USDA-SEA, Citrus
Insects Laboratory, Weslaco, TX). Studies at the time throughout the area
and follow-yp studies using the film indicated no trees {(unless sprayed
with pesticide) in the Juglandaceae in the area were able to withstand
attack and complete defoliation resulted (Harris, 1980c). This was a severe
disappointment to the investigators who had hoped to identify sources of
walnut caterpillar resistant pecan germ plasm from the affected area. All
indications from this study and follow-up investigations indicate that no
significant biological differences occur ameng the thousands of pecans
examined which could be used as a source of resgistance. We concluded that
pecans are, for all practical purposes, universally susceptible to walnut
caterpillar and, conversely, walnut caterpillar are universally virulent on
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pecan. Harris {1980c) has speculated that this situation may have been the
result of previous selection; and, if this is true, the pecan gene pool
would not contain genes for resistance (agriculturally speaking). In fact,
individuals containing 'resistance' genes would be less reproductively fit
than the preponderantly susceptible individuals and the culling of resis-
tance would be a continual and ongeing process even today.

The pecan weevil

A second insect which attacks the pecan is the pecan weevil, Curculio
caryae (Horn) (Coleoptera: Curculionidae). This predominantliy biennial
cbligatory nut feeder infests pecan and hickory in the plant genus Carya
(Gibsgon, 1968). Pecan nuts in the water stage of development are destroyed
by adult feeding, and subsequent oviposition in more mature nuts results in
nut destruction by the larvae. Estimates of damage capacity indicate that
one pecan weevil can destroy about 6 nuts by feeding, with the female
destroying an additional 22 or so through oviposition and progeny develop-
ment during ene generation (2-3 year life cycle). This attack occurs about
120 days after flowering when the nut has reached full size and begun to
fill with energetically expensive oils, fats and proteins. No flacro-
structure of the pecan tree contains such a large amount of energy in so
small a package nor represents a more important element in the effort to
continue the species. Tt appears self-evident, given this expenditure of
energy and the biological importance of the nut te the pecan, that the
pecan weevil should represent cne of the most important biotic selection
pressures on the pecan. Consequently, this interaction has been examined in
order to identify the nature and extent of pecan defense mechanisms with
regard to pecan weevil.

Defense mechanisms are present and appear to consist of escape in time
and space exemplified at the nut cluster, the individual plant and the
population level. Pecan nuts are susceptible to pecan weevil oviposition
based on their phenolegy. The period from gel stage to shuck split is the
window in time when successful oviposition is possible (Harris & Ring,
1979). Nuts attacked during the water stage, just prior tc the onset of the
gel stage, are shed by the tree and it is questionable if oviposition isg
ever seriously attempted in such nuts although adult feeding and subsequent
nut shedding c¢ertainly occurs. All pecan nuts studied have been found to be
acceptable for oviposition between gel stage and shuck split and to sustain
larval development once oviposition has occurred. Confrontive defense
mechanismg to prevent pecan weevil oviposition between gel stage and shuck
split have yet to be found and I believe they do not eccur in any biologi-
cally meaningful capacity, if at all. Given stable supplies of nuts each
year, the pecan weevil appears capable of infesting most if not all of them
s¢ that few if any nuts escape (see Harris & Ring, 1980; Harris et al.,
1981, for more discussion).
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However, nut supplies are not stable from year to year. In fact, nut
numbers vary widely through time in wild and native -populations of trees
from no measurable production in some years to production .dn excess of
100 000 nuts/hectare in others. Furthermore, nut production and barrenness
appear to be relatively synchronized from tree to tree over wide areas
(100 kEm2 or more) so that whole areas tend to produce nuts in a given year
followed by 1 or more barren years, etc.

The magnitude of this fluctuation and its effects on the pecan weevil
are readily apparent when wild trees are examined for pecan weevil. Typi-
cally, such trees have few if any pecans and thus weevil populations are
quite low. The few pecan weevils present in the area when a mast year
occurs are guite successful in increasing their population since oviposi-
tion sites are temporarily non-limiting, but the synchronized low nut
production which follows starves the population back to low leveis. Effects
on the pecan are that production is sufficient in mast years to satiate the
nut predator with only a small porticon of the nuts produced, while the rest
escape. No doubt this defense mechanism alsc reduces selection pressures
from other nut feeders.

The pecan phylloxera

A third insect, the pecan phylloxera Phylloxera devastatrix {Peryq.)
(Homoptera: Phylloxeridae) produces conspicuous galls on pecan petioles,
leaflet midribs and occasionally nutlets. These galls are formed by nymphs
hatching from overwintering eggs shortly-after budbreak when they settle
and feed on the young rapidly growing tissue which 1s then induced tc form
a gall around them. Galls split open 75 days or so after budbreak and
affected leaves begin to dehisce from the tree leaving only a few galled
leaves until leaf drop in the fall. Heavily galled trees have less leaf
surface and where flowers or flowering shoots are galled, nut produgtion is
reduced or eiiminated, but high nut reduction due to infestation only
occurs in the severest outbreaks. Wild trees rarely can be found to be
infested with P. devastatrix although close inspection will sometimes
reveal a gall now and again. Only twice in the past 8 years of observing
several thousands of genetically different pecans have I found a wild tree
to be heavily infested and then the infestation was limited to 1 tree.
Vegetatively reproduced cultivars, however, are another matter. The culti-
vars 'Stuart', 'Schley' and 'Success' are reported suscepiible by some
authors and resistant by others (Table 2). J.W. Stewart (TAEX Area Entomol-
ogist, Uvalde, TX) has observed a tree grafted to 'Texas Prolific' and
'success' in which the 'Texas Prolific' has been heavily galled year after
year, yet the 'Success' is virtually gall—freet These kinds of findings
suggest a differentiation of the pecan by the phyllozera and a differentia-~
tion of the phylloxera by the pecan as has been reported in numerous
plant/pathogen interactions, (Wood & Graniti, 1976; Day, 1977) as well as
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Table 2. Responses of various pecan cultivars to Phylloxera devastatrix
from various locations at various times.

Location Cultivar Resistant Susceptible Reference

Georgia Stuart X Moznette et al.
Schley X (1940)
Success X

Louisiana Stuart X Baker (1935)
Schley X

Louisiana Caspiana X Calcote &
Schley X Bagent (1974)
Success X
Stuart X

Louisiana Caspiana X Boethel, in:
Stuart X Carpenter et

al. (1979)

Texas Texas Prolific X Stewart (pers.
Success X COmm. )

Texas San Saba Improved X Calcote (pers.
Western Schley X comm. } and per-
Eastern Schley X sonal investi-
Caddo X gations at Big
Cheyenne X Valley, TX
Mahan X {see text)
Sioux X
Ideal X
Burkett X

wheat/Hessian fly, Rubus/raspberry aphids, alfalfarsalfalfa aphids (Maxwell
& Jennings, 1980); and conifer/scale (Edmunds & Alstad, 1978) interactions.

DISCUSSION

Summarizing resistance tec walnut caterpillar, pecan weevil and P.
devastatrix in pecan: walnut caterpillar susceptibility appears to occur
among all trees at similar levels so that when an outbreak occurs, defe-
liation is evenly spread across the trees; pecan weevil susceptibility
appears to be mitigated primarily by the capacity of individual trees to
synchronize extended barren periods with years of high nut preduction
across the tree population so that entire areas are producing nuts or are
relatively barren at the same time. Additionally some within tree and
between tree escape is possible in bearing years due to the number and
manner in which clusters are produced and the distribution of onset of gel
stages from tree to tree, respectively, but this is minor compared to the
contribution masting makes to escape from pecan weevil attack; P. devas-
tatrix resistance appears to be under the control of major genes and sub-
ject to biotype development in the insect.

81



The pecan defense mechanism to each insect discussed appears to be
phenctypically and, presumably, genotypically different and only resistance
to P. devastatrix would fall within the realm cof traditional host plant
resistance to insects commonly selected for use in agriculture. Further-
more, this classic kind of resistance has already been shown to be vulner-
able to what appears tc be biotype development, and the likelihcod of
developing a single cultivar which would remain resistant for 100 years or
50 seems extremely optimistic.

In a recent review of host plant resistance of pecan to insects and
mites, Carpenter et al. (1979) summarize reports from 1917-197% on 22 in-
sects and note: 'Partial resistance to the pecan weevil ... was demon-
strated to result from host evasion. No basis for resistance to other
pests had been confirmed'. This indigenous plant population has yvet to
provide us with agriculturally useful resistance to most endemic arthropods
associated with it. However, major production of this commodity within its
native range still relies primarily on managed natives and as this 'indige-
nousness' (Browning, 1974) is lost, greater problems like P. devastatrix
can be expected to emerge and better understanding of mechanisms of pecan/
arthropod interaction will, of necessity, resulj. Close attention to these
harbingers of potential devastation may allow better anticipation of future
problems and will certainly contribute tc a better understanding of
plant/insect/agriculture interaction in general.
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ABSTRACT

Balance between host and parasite may have come about in a
process of co-evolution, in which many genes for resistance and
virulence respectively accumulated, The distinction between
major and minor genes is artificial: whether a gene acts
'major! or 'minor' depends on the genetic background, It is
shown that resistance genes that have been cvercome by the
pathogen can still be useful for the plant and its breeder.

INTRODUCTION

The Organizing Committee for this Waorkshop has asked me to provide a
summary presentation about the current thinking in the area of host-
parasite interactions and genetics on the individual plant level. The
Committee viewed my presentation as cne that would help to set the stage
for your later discussions on breeding for balance to certain pests of
forest trees. Although I am indeed honored to play an active role in this
Workshop, I must confess that I approach my task with considerable trepida-
tion. As a matter of fact, it has become extremely difficult in recent
vears to speak or write about genes for disease resistance in plants. There
is an enormous amount of confusion and disagreement about terminology and
concepts. There is a strong undercurrent of dogma generated by many, in-
cluding myself. We rely on dogma because the dogmatic approach reguires
few, 1f any., facts; and we have generated remarkabily few facts. We hear so
much about weak genes and strong genes, major genes and minor genes, dura-
ble genes and defunct geneg, race specific genes and race non-specific
genes, vertical genes and horizontal genes, and so on. For example, more
than 20 terms have been or are being used to characterize a rate-reducing
form of disease resistance e.g. horizontal, partial, durable, non-specific,
generalized, uniform to mention but a few. 1t seems to me that all of the
terms are essentially, if not absolutely, synonymocus. T¢ make matters
worse, the list seems to grow rather than diminish. We generate theory
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after theory, but rarely conduct appropriate or adeguate research to test
their validity. The ultimate highlight of the present state of confusion,
if not conflict, is the saddening fact that we can't even agree to dis-
agree. This rather sobering state of affair will not deter me from at-
tempting to summarize the current thinking on genes for disease resistance
in plants. I appreciate that some of my remarks may have no direct rele-
vance to those of you who serve as keepers of the trees. If my chapter
whets even a single scientific appetite, my efforts will have been worth-
while.

Plant scientists have found it convenient te arbitrarily characterize
disease reslstance genes into 2 major categories even though we acknowledge
that resistance and susceptibility are merely extremes of a broad continuum
of host-parasite interactions. The difference between a hypersensitive
reaction and a small necrotic lesion is a relative indication of host
response tc a parasite. The difference between a swall necrotic lesion and
a somewhat larger one is just as relative. Different scientists classify
the same host response as being a resistant or a susceptible reaction
depending upon their personal, if not arbitrary, opinion of what is resis-
tance and what is susceptibility. ,

At any rate, one category of resistance genes embraces those genes that
are said to enable the host to restrict the successful establishment of
infection sites and, thus, inhibit the infection process. From the gtand-
point of population dynamics, these genes are said to be extremely effec-
tive against certain races, but totally ineffective against other races.
Placed in an epidemiological framework, these race-specific genes are said
to affect the extent of disease onset by restricting the amcunt of effec-
tive initial inoculum. Races lacking virulence genes to overcome race=-
specific resistance genes are disqualified from epidemic encounters. Race-
specific genes are considered to be of no value when confronted by pathogen
populations with matching virulence genes. From a genetic standpoint,
race-gpecific resistance is usually, but not necessarily, conditioned by a
single gene and a major gene at that according to current belief. Playing
the word game, resistance conferred by this category of genes has been
termed variably as hypersensitivity, race-specific, non-uniform, major
gene, vertical, and so on.

The other category of resistance genes is said to enable the host to
resist and retard the colonization and reproduction of the parasite follow-
ing successful infection. From the standpoint of population dynamics, the
genes are said to retain some degree of effectiveness regardless of racial
exposure. It would be naive, however, to assume or expect that non-specific
resistance would be uniformly effective against all races or sub-popula-
tions of races in light of the known ability of racial populations to
differ in wvirulence and parasitic fitness.

Fpidemiologically, non-specific resistance is rate-reducing in nature;
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it affects the rate of disease increase (measured in one way by the appar-
ent infection rate) and, thus, the terminal amount of disease. Reduction in
the amount and rate of disease increase is accomplished by host mechanisms
that restrict the number of successful infections, extend the latent period
(the time required from infection te the subsequent production of inocu-
lum), restrict the amount of tissue that is colonized from a single infec-
tion site, and reduce the amount and duration of inoculum production or
sporulation.

From a genetic standpoint, non-specific resistance is usually, but nect
necessarily, conditioned by several genes and minor genes at that according
to current acceptance. .

My case for the 2 kinds of resistance has been made in a simplistic
fashion by design. Naturally, all forms of resistance which allow some
level of sporulation are not race-non-specific. Race-specific resistance
deoes occur in which sporulation is not inhibited entirely. Tn a similar
vein, hypersensitive infection sites are known to increase in size and
sporulate on more matqre plants when the host's resistance mechanism ap-
pears to erode. It is further evident that pre-infection factors play a
role in some forms of rate-reducing resistance. Thus, rate-reducing resis-
tance is not just a resistance to growth and sporulation; there are many
examples in which non-specific resistance can be characterized partially by
the presence of fewer lesions.

STABILIZING SELECTION: The saga of weak. and strong genes

Some populations of plant parasitic fungi are more fit than other
populations. Such a biological principle stands without challenge. Why some
populations are less fit than others merits some discussion. It is tempting
to de-fuse the topic by simply stating that populations are less fit be-
cause they are less fit; that they are less fit because they lack certain
vital genes for fitness. Some developments in recent years have placed
certain complications in opting for such a convenient dismissal of the
subject.

There is a school of thought that believes that nature tends to place
scme constraints on parasitic peopulations munching happily towards un-
bridled virulence. Nature favors the more rational populations who conserve
their energies for better endeavorsg; or sc the argument goes. The same
schoel of thought concedes that nature has no contrel, before the fact,
over populations accumulating more virulence genes than are necessary for
survival and reproductive success. What nature does, the school contends,
is see to it that they are less fit to succeed than their less precocious
relatives. Thus, the derivation of the Vanderplankian axiom that popula-
tions with unnecessary genes for virulence are less fit to survive.

There are at least 2 theories regarding the ultimate fate of unnecess-
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ary genes of any kind. One theory presumes that genes that are not called
upon to perform in a vital function will drop out of the population or
remain at best in very low frequencies. The other theory, which I have come
to support, contends that the issue is not whether a gene is unnecessary,
but rather whether its presence in a genome igs a detriment to the popula-
tion carrying it.

The matter of whether or not populations carrying unnecessary genes for
virulence are less fit to succeed has become something more than a mere
exercise in intellectual jousting. It has become a controversial issue in
plant pathology, particularly among those who are concerned with plant
disease control by means of disease resistance. The idea that populations
with a few {if any) wvirulence genes are more fit to succeed on hosts with
few (if any) resistance genes than are populations with unnecessary viru-
lence genes (in context with the same hosts) has penetrated our thinking on
the potential value of gene deployment and on the genetic composition of
multilines. Much has been said and written, pro and con, about the hypoth-
esis of stabilizing selection. Some, including myself, have given up all
hope of testing the hypothesis, since the built-in escape hatches preclude
any valid test. Nonetheless, the idea of stabilizing selection {é used by
some who reflect on population dynamics and parasitic fitness. It has been
theorized that within all parasitic species there are populations of super
races that carry virtually every virulence gene the species has ever manu-
factured. It lies there in nature as a slumbering giant in minute frequency
because its gamut of virulence genes has rendered it less fit to succeed on
host populations that are no match for it on a gene-for-gene basis. There
are those who believe that a substantial porticn of a multiline must con-
sist of known susceptible tissue so that stabilizing selection can protect
the rest of the multiline from the ravages of a complex race. The pro-
ponents of deploying different resistance genes in different but contiguous
regions believe that complex races will be stabilized against and would be
unable to continue their travels to the next region.

Let us suppose, for the moment, that there are genes that function teo
induce disease and that there are other genes that condition overall fit-
ness. It is really not an unreasonable tenet; in fact there is some evi=-
dence for it. Let us further suppose that at least some of these different
kinds of genes are inherited independently of one another. Again, not an
unreasonable tenet; in fact there is some evidence for it. If these suppo-
sitions are true, as I believe them to be, then one might expect to find
populations with few genes for virulence that are fit and other such popu-
lations that are unfit to succeed. One might also expect to find popula-
tions with many virulence genes, some or many of which may be unnecessary
by our criteria, that are fit and other such populations that are unfit to
succeed. There 1s no reason, to my way of thinking, why all of these combi-
nations of wvirulence and fitness genes should not exist in natural popula-
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tions at some point in time. If this is true, as 1 believe it is, then I am
forced to reject the eguation that simplicity eguals fitness and return to
the tenet that fit populations are fit because they are fit, pathogenic
simplicity aside.

NON-SPECIFIC RESISTANCE AND GENETIC EQUILIBRIUN: The natural way of life

Race-nonspecific resistance, when viewed as a rate-reducing resistance,
appears to be conditioned by several to many genes in most instances.
Intensity usually is a quantitive trait. A quantitive trait is conditioned
by many genes because 1 gene cannot accomplish the task. Each of the genes
conditioning a guantitative trait contributes something to a collective
venture that none can accomplish alone. Removing a single gene from a
many-gene system should not drastically alter the expression of the trait.
To what degree the trait may be altered would depend on the relative im-
portance of the gene in the collective venture and the total number of
genes controlling the trait. Greater fluctuations in the reaction of a host
to different races should occur as more and more genes are removed. As all
but 1 gene are removed, the host probably would react quite differently
than it had before to the same races. It would react sd differently, in
fact, as to perhaps simulate a race-specific reaction to the races, i.e.,
resistant to some and susceptible to others.

A reverse of the sequence of events just described would, as I see it,
represent the evolution of genes for disease resistance in plants. Co-
epicenters, geographic areas in which both host and parasite have co-
evolved, most accurately depict the story of the evolution of genes for
virulence and resistance. The story is an incredible Darwinian classic.
Solanum demissum Lindl. and the late blight fungus in Mexico, Tripsacum and
teosinte and the northern leaf blight fungus in Mexico, and the old land
racas of rice and the rice blast fungus vividly depict the classic saga of
the co~evolution of host and parasite. The relationship today between each
of these host-parasite combinations is not sharply antagonistic. Each of
the hosts sustains modest levels of disease, but disease is of no major
concern to the host insofar as its ultimate reproductive success and per-
sistent survival are concerned. Both host and parasite had learned that the
price of co-existence was preferable to the alternating thrill of victory
and the agonies of defeat. A relaxation of selection pressure for both
species highlighted their new relationship. Neither was or is today in
serious jeopardy of extinction. They had become, in a sense, the ‘odd
couple' of the biclogical world.

Philosophical or teleological as these speculations may seem, they
would seem to represent the scientific explanation embodied in the co-
evolution and co-existence of host and parasite in natural ecological
niches. We can return to the beginning of their unigque affair to learn how
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they arrived at their current status of equilibrate co-existence. The
initial resistance of a host toc a 'new' parasite probably was accomplished
by a genetic change at a single locus. Plants with that resistance gene
probably reacted to the parasite in a hypersensitive manner; probably like
a modern-day cultivar whose resistance is conditioned by a single gene. It
is unconceivable to me that they reached equilibrium at the very beginning
of their co-evolution. Subsequently, new populations of the parasite
evolved and strains pathogenic or virulent to the then resistant host were
selected. The host, in turn, generated a new source o¢f effective resis-
tance; and so on. Such must have been the case, since both host and para-
site still exist.

The process of co-evolution proceeded, perhaps stepwise in a gene-for~
gene manner or perhaps in another way; it really doesn't matter. Host
genotypes with fewer genes for resistance and pathogen genotypes with fewer
genes for virulence probably were selected against and either dropped out
of their respective populations or remained in low freguency. There can be
little doubt that the most fit to persist would dominate both populations.
At any rate, it is difficult for me to imagine that all genotypes that
existed throughout the process of co-evolution remain a part of %he current
populations of host and parasite.

How long the process of co-eveolution has occurred and what stage of
co-evolution currently exists are not at all important. By the time the
host and parasite had reached a stage of acceptable co-existence, each had
accumulated a substantial number of resistance genes or virulence genes.
The fact that they now exist in relative harmony indicates that the last
resistance gene incorporated into the host genome did not confer a massive
or hypersensitive response against the pathogen. Nor did the last wvirulence
gene pose a serious threat to the host. There was and is noc immediate
selection pressure on either adversary. Each had found a mutual safety in
numbers of genes for resistance or virulence. Genes that once functioned
separately with only temporary success in the earlier stages of co-
evolution now function collectively with a more permanent success.

1f the assumption is correct that the long process of co-evelution
resulted in the ultimate accumulation of many resistance and virulence
genes in the hast and parasite, genetic probabilities suggest that subse-
gquent changes in the future course of their co-evolution will be largely
subtle ones. At least it seems unlikely that either opponent will enjoy the
massive superiority exhibited in the earlier stages of their co-evolution.

SOME THOUGHTS ON GENES FOR DISEASE RESISTANCE

Man has not only found it convenient tec characterize disease resistance
into 2 major types, but he has also found it convenient tc conclude that
the 2 types of disease resistance are conditioned by different kinds of
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genes. The implications, for example, in the terms 'major genes' and 'minor
genes' are reasonably obvious. If major gene resistance is the same as
race-specific resistance and minor gene resistance is the same as non-
specific resistance, the 2 different kinds of resistance must be condi-
tioned by different genes; or so the argument goes.

Several yvears ago, 1 proposed the concept that genes for race~-specific
and non-specific resistance are the same genes. The concept since has bheen
developed in greater detail. The 2 major kinds of disease resistance, wy
argument contended, are not indications of the action of different genes,
but rather are expressions of different actions of the same genes in dif-
ferent genetic backgrounds or when faced with different genotypes of the
parasite. There are, in fact, no major genes and minor genes. There are
only genes for disease resistance. Certainly, different genes may confer
varying levels of expression or effectiveness and the expression of resis-
tance genes may be influenced or modified by other resistance genes in
different genetic backgrounds; background is the key to gene action.

The implication of the concept is that we recognize and characterize
genes as being 'major' when they are separate and race-specific and charac-
terize the same genes as 'minor' when the hos£ response suggests a non-
specific or rate-reducing type of resistance. '

I again submit that genes function one way when they are separate and
anocther way when they are together. Again, the Sclanum demissum--potato
late blight story has a relevance. Niederhauser stated, 'In Mexico we were
forced to concentrate on the multigenic field resistance when it was found
that no tuber-bearing Solanum species was immune or hypersensitive to the
pathogen when exposed in the field'. He alsc stated, 'Field resistance is
characterized by slow-spreading lesions in which sporulaticn is sparse. The
lesions per plant are fewer, and tend to be on older, lower leaves'.
Niederhauser apparently was discussing a resistance identical to what is
now considered to be a rate~reducing type of resistance.

Man attempted to make use of the impressive resistance demonstrated by
8. demissum to a multitude of races of Phytophthora iInfestans (Montagne) de
Bary in the Toluca Valley of Mexico. Although 8. demissum displayed a
rate-reducing resistance, genes were extracted singly from the species and
a race-specific or hypersensitive resistance was the result. Thus, the
birth of the R-genes which were considered major genes because man has been
gcientifically and philosophically schocled to react with major favor to
genes eliciting such a dramatic host response. It is difficult for me to
comprehend how man c¢an extract a major gene from a host genotype expressing
minor gene resistance.

The first R-gene, Rl’ soon fell prey to a race of P. Infestans and man
went back to 5. demissum and extracted another R-gene, R,. That gene broke
down and man went back for ahcther. And so on. One gene could not contain
the highly variable late blight fungus. If man had wanted his cultivated
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potato, $. tuberosum L., to behave like 3. demissum against P. Infestans,
he should have taken all of the genes that protected 5. demissum and put
them back together again. Major genes have been obtained from wild land
varieties of rice that exhibit generalized or slow-blasting traits.

One final comment. If a race-specific gene is ineffective against a
race, it is assumed not to function at all in resisting that race. Simi-
larly, if 5 race-specific genes are all ineffective against a race, they
are all presumed to be functionless against the race. It seems more reason-
able to me that 5 singularly ineffective genes can be collectively func-
tiocnal and effective. If each contributes something in the way of resisting
the parasite at some point after infection, the net, collective result log-
ically should be a collective resistance to growth and/or reproduction.

SOME THOUGHTS ON 'DEFEATED’ RESISTANCE GENES

The periodic arrival of pathogen populations with a virulence gene to
overcome single, race-specific resistance genes has sent many such genes to
the biological cemetery. They rest there with full honors having done their
task gallantly if not indefinitely. It seems implicit that the tendency to
bury defeated resistance genes is done with the presumption that they no
longer are of any value at all; why else would they be buried.

My colleagues and 1 have been working with the winter wheat - powdery
mildew system to evaluate the merits and demerits of certain genetic strat-
egies to manage plant diseases at some acceptable level. Having access to
the near-isogenic lines developed by Briggle in a Chancellor background,
each containing a single, different powdery mildew (Pm) resistance gene, we
have bred 2 four-gene pyramids to test the theory that the additive effect
of several defeated resistance genes would create an equilibrium with a
pathogen genctype possessing all the virulence genes needed to match all of
the resistance genes in the pyramid. The unbounded, if not biased, faith in
the validity of my pyramid theory prompted us to assume that the pyramided
resistance genes would create an equilibrate, sliow-mildewing relationship
with the pathegen. If such were the case, it would be necessary to evaluate
each resistance gene and all possible two-gene combinations to ascertain
what each gene may be contributing, if anything, to the successful collec-
tive wenture. On the surface, it may seem naive to evaluate single, de-
feated genes since it is assumed that they are of no value when once de-
feated. Nonetheless, 5 near-isogenic lines with different Pm genes were
compared to the susceptible recurrent parent, Chancellor, for their reac-
tion to a pathogen isolate possessing all of the virulence genes needed to
overcome the 5 Pm resistance genes. Three of the 5 isogenic lines, contain-
ing genes Pm3c, Pm4, or a gene identified as Michigan Amber, exhibited a
dramatic residual effect expressed as reduced number of lesions and re-
duced sporulation when compared to Chancellor. These defeated genes were
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not totally overcome as one might have assumed.

why did such a discovery remain undetected for so long? Defeated genes
are diagnosed as being defeated based cn a qualitative regction. If a
susceptible type reaction is observed on a genotype, it is assumed that a
genotype is susceptible. The presumed all or nothing syndrome associated
with race-specific genes dictates that such genes cannot have an inter-
mediate reaction or some degree of residual effectiveness.

The residual effects of defeated resistance genes provide a beautiful
and soclid explanation to account for the fact that defeated genes were
retained in wild populations, even after their defeat at some early point
in the co-evolution of hest and parasite. They were retained because they
contribute something of wvalue.

THE EFFECTS OF GENE DOSAGE ON THE RESIDUAL EFFECTS OF DEFFEATED RESISTANCE
GENES

The F1 of the crosses between each of the Pm i1solines and the recurrent
parent Chancellor were heterozygous for each of the Pm resistance genes.
The availability of that F
dogsage on the residual effects of certain defeated powdery mildew resis-
tance genes. Three-way comparisons among Chancellor, the homozygous
isoline and the heterozygous Fl lines revealed that the lines heterozygous
for Pm genes 3¢, 4, or Michigan Amber displayed approximately half of the
residuality demonstrated by the isolines homozygous for those genes.

Vanderplank states that race-gpecific, vertical resistance genes

seed pernitted us to assess the effect of gene

function against epidemic development of plant diseases by reducing the
amount of effective initial inoculum (Xo) available for disease onset.
Vanderplank further states that vertical resistance genesg have no influence
on disease increase by races with virulence gepes to match them. Mathe-
matical analysis and modeling of plant disease epidemics are conducted
with those assumptions of the role of vertical resistance genes. The
dramatic effect on disease efficiency and sporulation by certain vertical
Pm genes against races with virulence genes to overcome them clearly
demonstrates that race-specific resistance also may have an effect on
disease increase and can indeed influence the apparent infection rate (r),
a trait heretofore attributed golely to genes for horizontal resistance.
Any researcher working with the genetic lines of winter wheat used in
this study, but not knowing that the lines were isogenic for so-called
'major' Pm genes, would have concluded quite logically that the lines
carrying genes Pm3c, Pm4, or MA possessed some level of rate-reducing or
rate-limiting resistance. And yet, rate-reducing resistance, with rare
exception, is considered tc be under the control of so-called 'minor!
genes or polygenes. The present research demonstrates that a gene may
perform in a qualitative or a gquantitative manner depending upon the
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genotype of the pathogen that confronts it.
CONCLUDING REMARKS

As keepers of the trees, you have pondered the guestion of breeding for
balance. There is no simple, universal answer to the guestion. Breeding for
balance or equilibrium is essentially a compromise between feast and fam-
ine. There is no need to compromising to those parasites which can be suc-
cesfully contained by imbalance. No one, for example, would suggest that
a workshop be convened to discuss breeding for balance with a parasite for
which a single resistance gene has successfully controlled it out of ba-
lance for 65 years. My best advice on breeding for balance.would be to do
so if breeding for imbalance doesn't work. My treatise ends on that pro-
found thought.
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Non-specific host-tree processes occurring in bark in response to damage and
their role in defense

George 5. Puritch & Garry D. Jensen

Environment Canada Pacjfic Forest Research Centre, 506 W. Burnside Rd., Victoria, B.C.,
Canada

ABSTRACT

Investigations of host-pathogen interactions and wound
healing in conifer bark by the late Dr. D.B. Mullick led to the
concept of 2 distinct categories of periderm. Periderms in the
exophylactic category function as the normal ocuter covering of
stems and branches, protecting living tissues from the external
enviromnment. Those in the necrophylactic category serve as
barriers between necrotic and living tissues. The unique asso-
ciation of necrophylactic periderm with successful healing
following bark necrosis, regardless of the nature of the exter-
nal casual agent, indicates that a common host process occcurs
in response to diverse stimuli. The same process must also
occur endogenously at abscissicn sites and in rhytidome forma-
tion. This common, endogencus process called phellegen restora-
tion, is triggered by the loss cof a functional phellogen, and
is viewed as a major non-specific component of host defense.
The non-specific healing process can serve as a basis for
unravelling the complexities of host pathogen interactions.

One of the major obstacles to genetic selection of trees resistant or
tolerant to pathogens1
pathogen attack. Invasion of a pathogen through bark normally triggers a

is the meager knowledge of the host response to

sequence of complex physiological, chemical and anatomical events within
the living c¢ells of the tree. These events vary in both time and space and
are influenced by the specific pathogen and host, as well as by numerous
other factors including metabolic condition of both organisms, environmen-
tal conditions at the time of attack, time of year and nutrition. Identifi-
cation of this myriad of events and clarification of which events are the
dause or effect of resistance to the pathogen is a task that is monumental

1. Pathogen is defined as any agent microbe, insect, parasitic plant which causes chronic
physiological disorders {pathogenesis) in the hoest {(Treshow, 1970).
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but essential for the unambiguous selection of genetically resistant stock.

During the course of research at this laboratory. investigations by the
late Dr. D.B. Mullick provided new insights into the non-specific healing
reactions of trees and provided a valuable foundation for interpreting
host-pathogen interactions. This paper presents an overview of Mullick's
work and its contribution to the study of host-pathogen relationships.

Mullick's investigations began with an attempt to chemically categorize
Abies spp. susceptible and resistant to attack by Adelges piceae (Ratz.),
the balsam woolly aphid (bwa). This ‘aphid' is a tiny, parthenogenic insect
that feeds by inserting its stylet into living bark cells and extracting
their contents (Balch, 1952). During the course of its feeding, the aphid
secretes saliva which contains various compounds including an auxin-like
component (Puritch, unpublished data)}. As a chemical marker the reddish
purple pigments that occurred in the phellem of periderm arcund healed bwa
feeding sites were selected (Fig. 1)}. Utilizing new chromatographic tech-
niques (Mullick, 196%9a; 1969b) it was discovered that the pigments were a
new class of non-anthocyanic compounds that occurred as mixtures of several
distinct pigments (Mullick, 1969c¢). Further investigation revealed that
similar pigments occurred at a variety of other sites in the bark such as
dead resin blisters, leaf abscission zones, healed injuries and areas of
old pathogen attack (Mullick & Jensen, 1973b). In these sites, pigments
always occurred in the phellem of the sequent periderm. Thus, although the
pigments were not unigque to bwa attack, they did appear to be associated
with the healing process of the tree and particularly, periderm. Conse-
gquently attention was focussed on the peridermg and their role in wound
healing.

Literature (Fahn, 1967; Esau, 1977) identifies 2 basic types of 'na-
tural' periderm in gymnosperms: primary, which replaces the epidermis and
secondary or sequent, which occurs in deeper bark tissues and replaces the
primary. These 2 periderms were considered to differ only in their time of
origin. In addition, it was recognized that another periderm, wound or
pathological periderm, forms in response to bhiotic or ahiotic injury. In
many cases, wound periderms have been associated with specific interactions
with pathogens (Hare, 1966; &kal, 1959; Carter, 1962). Rhytidome, the dead
bark tissues external to the last formed periderm, (Srivastava, 1964) was
suggested to be caused by impermeability of the suberized periderms (Esau,
1977). The periderms were reported to arise by meristematic activity of a
layer of bark cortical cells, the phellogen {cork cambium) which produced
phellem {(cork)} towards the outer bark surface and phelloderm towards the
vascular cambium (Fig. 2). The periderms were suggested to play only a
passive reoie in defense because they were distant from the site of interac-
tion with the pest and were often absent at the time of pathogen inactiva-
tion or delimination (Wood, 1%67).

Mullick {1971) found that a distinct difference occurred in the pigmen-
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Figure 1. Cross section of balsam woolly aphid induced gout in Abies
amabilis. Dark areas within the swollen bark tissue are the reddish-purple
feeding sites (fs). Several of these have been isolated on the right {x 3).

Figure 2. Structure of periderms. The cork cambium {phellogen} produces the
cork (phellem) externally towards the outer bark surface and phelloderm
towards the vascular cambium. Dead phellem cells become distorted due to
growth stresses.

Figure 3. The 2 categeries of periderms in woody plants. The necrophylactic
category includes usual sequent, wound, pathological and abscission scar
periderm, while the exophylactic category includes the first periderm and
can occur as a seguent periderm. (FEP = first exophylactic periderm, NIT =
non suberized impervious tissue, NP = necrophylactic periderm, SEP = se-
quent exophylactic periderm, VC = vascular cambium).

Figure 4. Cross section of an area of Abies grandis bark 30 days after
mechanical wounding. The bark sample was F-F tested (see text) through the
cambial surface. The dye failed teo penetrate the NIT and necrophylactic

periderm (X 6).
4

Figure 5-8. Cryofixed sections photomicrographed using Carl Zeiss fluor-
escence exciter barrier filter combination I/53.

Figure 5. Radial section through the boundary (arrows) of a forming
rhytidome in 7. heterophylla. The cortical and outer secondary phloem
parenchyma are hypertrophied below a region where some of the phellogen
cells of FEP have develcoped fluorescent walls. Compare to the outer tissues
on the right of the figure (x 20},

Figure 6. Radial section through the central region of a 14 day old mechan-
ical injury to Abies grandis. The outer necrotic tissue {(nt) has collapsed.
A zone of hypertrophied cells internally abuts the necrotic tissue. The
innermost of the hypertrophied cells have developed Btrongly fluorescent
walls characteristic of NIT. The zone internal to these cells, which has
little fluorescence, is the site of NP phellogen formation (x 20).

Figure 7. Radial section of more advanced healing than in Fig. 6. NIT
formation has been completed including modifications producing fluorescence
in sieve cell walls (arrows). A non-fluorescent phellogen zone is present,
producing phellem centrifugally and phelloderm centripetally. The outermost
layer of phellem has develcoped wall fluorescence (X 20).

Figure 8. Late stage of NP formation at rhytidome in 7. heterophyila. Tiers
of maturing phellem with fluorescent walls are clearly seen (arrows). The
outermost phellem cells are becoming compressed and their contents are
developing the typical reddish purple pigment. The necrotic tissues exter-
nal to NP have desiccated to the point where intact cryostat sections could
not be obtained {x 20).
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tation of the primary and sequent periderms in 40 different conifer spe-
cies. A technique called cryofixation was developed whereby the bark was
fixed by freezing, sectioned on a cryostat and observed while frozen under
a microscope using fluorescence and other modes of illuminatien (Mullick,
1971). This cryofixation technique permitted the observation of the pig-
ments in their natural state. Detailed analyses of 3 conifer species showed
that the primary periderm was of one type, with a so0lid brown phellem
content whereas the sequent periderm consisted of 2 different types. The
most common type of sequent periderm was reddish purple in color with fluid
contents in its phellem while the other was identical in pigmentation and
characteristics to the primary periderm. On the basisg of '15 characteristics
revealed primarily by cryofixation, Mullick & Jensen (1973a) proposed that
the brown primary periderm and hrown seqguent periderm were essentially the
same and that the reddish-purple sequent periderm comprised another dis-
tinct type of periderm. Mullick & Jensen (1973b) subsequently verified this
hypothesis and advocated a new terminology and concepts for periderms in
woody plants.

The 2 brown periderms constituted a single gategory of periderms and
were termed exophylactic (exec, external; phylacta, a guard) {(Fig. 3). This
exophylactic periderm was considered to be the natural 'skin' of the trees
providing protection of living tissues from the external environment
{Mullick & Jensen,1973b}. Two exophylactic periderms were proposed. The
first exophylactic periderm replaced the epidermis of the stem and was the
first periderm formed, while the sequent exophylactic periderm was associ-
ated with exfoliation or sloughing of dead and diseased tissues and devel-
oped only rarely in trees with adhering dead bark.

The reddish purple periderm constituted a second category and was
termed necrophylactic (necrus, a corpse; phylacta, a guard) (Fig. 3).
Mullick & Jensen (1973b) considered that the prime function of the .
necrophylactic periderm was the protection of living tissue from the ad-
verse effects associated with death of cells. Whenever phellogen ceased to
function, regardless of the reason, necrophylactic periderm would form to
maintain the integrity of the outer stem covering. Formation of this
periderm was thus non-specifically induced, occurring through wounding,
digease, needle scars, and physiological disorders all of which damage the
phellogen. Damaged and dying cells therefore led to periderm formation and
not the opposite as suggested in the literature (Esau, 1977). Terminology
in the literature referring to sequent, wound and patholegical periderms
was also misleading since according to Mullick's results these periderms
were all one and the same.

The concepts of exophylactic and necrophylactic periderms were primar-
ily based on detailed studies of 3 Pinaceae species. To test the general
validity of this concept in relation to woody plants, Soo (1977) observed
15 species of trees including representatives from all conifer families as
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well as a few families of angicosperms. Without exception, all species
assessed contained only the 2 classes of periderms, exophylactic and
necrophylactic. Alsco, as suggested by Mullick & Jensen (1973b), the
necrophylactic periderms were always associated with wounds and rhytidome
while the exophylactic was associated with the normal first periderm.

Having clarified the types and characteristics of periderms in trees,
investigations were initiated on the process of necrophylactic periderm
formation in response to mechanical wounding and during rhytidome forma-
tion. In the latter case, Mullick (1977) considered rhytidome to be a
process of necrophylactic periderm formation at a pathogen-free, 'non-
induced' site. Early in these studies it was discovered that prior to
periderm formation, an impervious layer of tissue formed around the periph-
ery of the wounded site (Mullick, 1975). This impervious tissue was de-
tected by the failure of a ferric chioride-potassium ferricyanide (F-F)
golution to penetrate the impervious zone (Fig. 4).

Histological examination showed the F=-F solution stopped at a zone of
hypertrophied parenchyma cells which, in cryofixed section, showed a char-
acteristic yellow green wall flucorescence. Sieve elements crossing the zone
also showed wall Efluorescence. In living bark and in most of thg necrotic
bark in the injured area, parenchyma and sieve elements showed no intrinsic
fivorescence under blue light stimulation. Necrophylactic periderm occurred
in tissues internally abutting these hypertrophied cells. Histochemical
test for suberin showed the walls of the hypertrophied cells to be non-
suberized and the layer was designated non-suberized impervious tissue or
NIT.

Examination of necrophvlactic periderm at the various sites of occur-
rence showed that NIT was invariably present externally abutting the
phellem. In addition, developmental studies of mechanical injuries showed
that NIT preceded formation of phellem and developed specifically from
tissues internally adjacent to NIT. This led te the conclusion (Mullick,
1875) that NIT formation was a non-specific process that provided the
environment for necrophylactic periderm formation and was a prerequisite
for its formation. It was suggested that the process of NIT production was
the physiological basis of host response to pathogens in bark.

By examining the process of rhytidome formation in Tsuga heterophyila
(Raf.) Sarg. and healing following mechanical injury in 7. heterophylla
and Abies spp., the step by step sequence of cellular and morphological
changes that lead to necrophylactic periderm formation was delineated
(Mullick, 1977). Initiation of this process in rhytidome formation appeared
to be non-functioning phellogen that was distinguishable by its fluorescent
walls (Fig. 5). Following mechanical injuries, initiation was triggered by
the physical destruction of phellogen. Existing cortical and secondary
phloem cells adjacent to the altered phellogen or injured surface, under-
went structural and chemical changes (as indicated by fluorescent modifi-
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cations) becoming hypertrophied (Fig. 6). These cells then dedifferentiated
and some of the cells developed fluorescent reticulum although no fluor-
escence was observable in the cell walls. This retiéulum eventually dis-
appeared and the cells developed varied flucorescence inclﬁding areas in the
cell wall corners. A zone of cells near the internal boundary of the hyper-
trophied zone showed sporadic flucrescence in their walls (Fig. 7). This
zone developed into NIT. NIT formation, although encompassing a diversity
of cell types, 4id not involve any weristematic activity. On the cambial
side of NIT, the cells lost all fluorescence, became meristematic and
developed into phellogen. The phellogen divided, producing phellem cells
towards NIT which developed reddish purple pigments and produced phelloderm
cells towards the cambium (Fig. 8).

The process of necrophylactic periderm formation was thus found to be
very similar in rhytidome formation and in mechanically induced injuries
(Mullick, 1977). In both cases cellular reactions occurred following damage
te the phellogen following which NIT developed. NIT, however, did not form
at the same rate throughout the year and varied from about 15 days follow-
ing mechanical injurieé made in June and July to over 200 days for injuries
made in November (Mullick & Jensen, 1976). Stress conditions also adversely
affected this non-specific healing process. Drought stress delayed the
formation of NIT in direct proportion to the degree of stress (Puritch &
Mullick, 1975). Thus necrophylactic periderm formation was a dynamic pro-
cess dependent upon the physiological condition of the tree and was im-
paired under adverse conditions. )

Based on thege findings, Mullick (1977) presented a new concept of the
process of host-pathogen interaction in the stems of trees. Since the
process of phellogen restoration was autonomous and non-specific he con=-
cluded that it should have a common genetic mechanism in all woody plants
(Mullick, 1977). The primary step in establishing the nature of the host
response was the requirement for an understanding of the interaction of the
pathogen with the first layer of living cells, the phellogen. The reactions
might vary from rapid death to no response. If phellogen restoration was
triggered, resistance or susceptibility could be determined by how success-
fully the host completed the formation of necrophylactic periderm while
under the influence of the pathogen. For instance, resistance could result
from situations where the pathogen was unable to successfully prevent the
restorative process or was inactivated prior to or without activating the
process. Susceptibility could result from successful interference of the
pathogen with the process or failure to trigger it (Mullick, 1977). Once
pathogens initiated the process of phellogen restoration they would be
interacting not only with chemicals present in the normal bark but also
with a host of new chemicals produced during the cellular dedifferentia=-
tion.

In this regard, Mullick felt that since phytoalexins were non-specific
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{Vanderplank, 1975), they were components of the phellogen restorative
process, occurring in the dedifferentiating cells surrounding injury.
Following this suggestion, Rahe & Arnold (1975) found that the bean
phytoalexin, phasecllin, was located entirely in tissues abutting the
injured zone. Mullick {(1977) subseguently suggested that phaseollin as well
as other non-gpecific gompounds in wound healing, e.g. ethylene, cell-wall
degrading enzymes, early RNase, phenolics angd terpenoids, resulted from the
processes of dedifferentiation leading to NIT and necrophylactic periderm
formation rather than non-specific defense factors. He concluded that the
response to injury was not cne of defense but rather a response to the need
for phellogen renewal. Mullick (1977) considered that defense, in the
strict sense was only a fortuitous result of the restorative process. It
was only through the understanding of this non-specific process that a true
understanding of host-pathogen interactions could be obtained and the
components of specific interactions isolated and identified.

Mullick's research has provided major contributions to basic bark
anatomy, periderm physiclogy and wound healing. Besides the phellogen
restorative process described here he alsc discovered 2 other non=-specific
healing processes viz. vascular cambium restoration and sapwood blockage
(Mullick, 1977). These findings have given a sclid foundation to the inves-
tigations of host-pathogen relationships and are a major contribution
towards identifying the host component and genetic base of hogt-pathogen
interactions in trees.
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Trees resistant to spread of decay assoclated with wounds

Alex L. Shigo
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ABSTRACT

Trees are higly compartmented perennial plants. Normal
growth is dependent on shedding, walling off, and regenerating
new tissues. Trees cannot move. They have evolved under the
constant stress of wounds and a wide variety of organisms that
infect wounds. Trees cannot prevent wounds and infection. Trees
survive after injury and infection by also shedding: or walling
off the infected tissues and then by regenerating similar
tissues in a new position. Trees that have the ability to shed
or wall off rapidly and effectively, and to regenerate new
tissues rapidly, will survive for a long time under the stress
of many infections. Walling off processes in the bark and xylem
are non-specific to type of injury or organism. Therefore,
controlled wounding techniques where the response of the tree
can be measured accurately, may be an effective way tc deter-
mine a tree's genetic capacity to survive after injury and
infection by a wide variety of organisms. Preliminary results
from wounding experiments on several tree species indicate that
the walling off processes are under strong genetic control.
Some individuals in a species walled off decaved wood to very
small volumes while other individuals still walled off the
decayed wood, but teo much larger volumes. A large scale pilot
project using this information is now in progress to select
trees with strong resistance to the spread of decay associated
with wounds.

INTRODUCTION

Decay is a major cause of low guality in trees throughout the world.
The economic loss is extremely high. Decay is also a major cause of hazard
trees. When such trees fall they cause a great amount of damage to power
lines, property, and people. With all this damage caused by tree decay, why

103



has so little been done to produce trees resistant to decay?

The literature provides very little information on thé subject. The
textbock by Wright (1976) on forest genetics dces not discuss it. Boyce
{(1961), in his fine forest pathclogy text, gives only a few comments on
resistanqe to tree decay. Proceedings from past conferences on forest gen-
etics show that tree decay was not discussed. Several investigators have
mentioned decay resistance, but in wood products. It must be kept in mind
that root diseases are different in many ways from those initiated by me-
chanical wounds. For a current review and excellent background information
on resistance to root and butt rot in conifers, see von Weissenberg (1980).

The question remains, why sc little progress? The answer is that gen-~
eticists have not been given an accurate account of the decay process and
reliable simple methods to work with tree decay. Geneticists need to know
how a tree is set anatomically and bicchemically to resist decay, and how
the decay process operates. Geneticists need accurate methods for de-
tecting, measuring, and working with tree decay. Given these basics they
can progress rapidly with the many fine technigues and basic information
already well developed in the field of genetics.

Advances in science are made not on the pfesentation of new observa-
tions, hypotheses, and methods alone, but on the combination or connection
of these, whether they are old or new, in such a way that a new perspective
emerges, It is with this rationale that this paper is presented: it is
hoped that a new perspective will emerge.

BACKGROUND

Trees are perennial plants with well developed systems for shedding
parts after they have been used or injured. Trees shed fruits, leaves,
twigs, branches, bark, and roots. The openings left by the parts shed are
often where microorganisms attack. To defend itself, the tree must have
systems to close or to wall off the opening. Timing is extremely important.
If the shedding and walling off are not well synchronized, the pathogen
will gain the advantage to grow'into the tree. This process is seen best in
the shedding of branches. Trees also wall off injured and infected tissues
in bark (Mullick, 1977; see also the preceding chapter), trunk wood (Shigo,
1979b), and root wood (Tippett & sShigo, 1980). It is conjectured that the
same processes that became well developed through evolution for shedding
parts, were used for walling off injured and infected tissues that by na-
ture of their pesition in the tree could not be shed easily. Just as the
normal shedding processes are timed to best benefit the tree, there must be
times when the walling off processes induced by injury and infection func-
tion most rapidly and effectively, and times when they do not.

Trees are constructed as highly compartmented plants. After wounding
they wall off the injured and infected wood (Shigo, 1979b). After wounding,
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many types of microorganisms infect the wound surface and exert a force to
grow into the tree, and tec digest the wood. The microorganisms may spread
and determine the rate of decay, but the tree defines the limits of the
decayed wood. To understand the compartmentalization process more easily,
we developed a simple model, CODIT, an acronym for Compartmentalization OL
Decay In Trees (Shigo & Marx, 1977).

The CODIT model makes it possible to understand the 3-dimensional con-
figuration of the developing column of discolored and decayed wood. The
terms in the model - Walls 1, 2, 3 and 4 - must not be confused with the
real process of compartmentalization.

After wounding, the cambium begins to form ceils that differentiate in-
to a barrier zone, wall 4 of CODIT (Sharon, 1973; Moore, 1978; Mulhern et
al., 1979). once the barrier zone forms, the continued spread of the micro-
organisms is confined to tissues extant at wounding.

Summaries of work on decay resistance and a description of a non-
destructive method using the sShigometer for selection of strongly compart-
mentalizing trees in a species have been published (Shigo, 1979c; Schmitt
et al., 1978).

i

RESEARCH RESULTS

Anatomical features

Geneticigsts have shown that many anatomical features are under genetic
control (for a review see Hattemer, 1963).

vessel features were strongly related to the degree of resistance to
Dutch elm disease (Elgersma, 1970, and page 143 in this book; McNabb et
al., 1970; Sinclair et al., 1579). Vessel features were also strongly asso-
ciated with wounds in American elm (Shigo et al., 1980). Vessel grouping
was the important feature. Trees that had rapid lateral spread of discol-
ored wood had vessels closely grouped. The strongly compartmentalizing
trees had large single vessels surrounded by many fibers. A similar situa-
“ion was reported by Eckstein et al. (1979) for hybrid poplar.

Vessel grouping may be the main feature limiting the lateral spread of
infection in wood, but vessels may alsc be important in limiting vertiecal
spread (Bauch et al., 1980). In red maple (Acer rubrum L.) the ability to
plug vessels rapidly after wounding appeared to be the main feature limit-
ing vertical spread. For elm, see page 143 in this book.

In the wound studies, the column sizes of discolored wood associated
with all the wounds were fairly uniform for each tree, suggesting that it
was the tree that mainly regulated the dimensions of the discolored wood. A
similar result was reported by Ekman & von Weissenberg (1979) for Picea
abies (L.) Karst. Little is known about the plugging features in conifers.

In birch (Betula papyrifera Marsh., and B. alleghaniensis Britt.)
lengths of discolored columns associated with drill wounds were correlated
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with lengths of vessels (Bauch et al., 1980).

Biochemical reatures .

Shortle (1979) gives an excellent discussion of the biochemical mecha-
nisms of compartmentalization. He shows how biochemistry relates to the
CODIT model. In other studies not yet published, he has shown that wood
from strongly compartmentalizing red maples and hybrid poplars does not
support rapid growth of selected wood decay fungi in laboratory experi-
ments. Wood from weakly compartmentalizing trees supported more growth of
the fungi.

Compartmentalization in hybrids

The original studies that suggested genetic control of compartmentali-
zation of decayed wood associated with wounds were done on hybrid poplars
(Garrett et al., 1976; 1979; Shigo et al., 1977). Santamour (1979} did stu-
dies on compartmentalization in red maple (Acer rubrum L.), and silver
maple (A. saccharinum L.) and hybrids of these. His conclusion was that
compartmentalization of discolored wood was ugder genetic control.

Raots

Decayed wood associated with Hetercbasidion annosum (Fr.) Bref. was
compartmentalized in roots of red pine (Pinus resinosa Ait.) (Shigo,
1979a). Compartmentalization may help to explain why trees that appear
healthy and green can still have so many decayed roots. Trees may remain
alive after many infections because they constantly compartmentalize in-
fected tissues to small volumes. Recent results suggest the same pattern
of compartmentalization in roots of several tree species infected with
Armillaria mellea {Vahl. ex Fr.) Quel.

Great care must be taken here with the root infecting fungi that are
also associated with decayed wood. They have the ability to act as patho-
gens first: they kill cambial tissues and a lesion forms. The tree responds
by limiting the size of the lesion. In some cases the fungi spread so rap-
idly in the bark that the root or trunk is killed. But affter the spread of
the lesion ig stopped by the tree, the fungl have the first opportunity to
grow rapidly into the wood beneath the lesion.

Bark

It may be that some of the information gained from studies of walling
off in wood will be applicable to bark. The work of Mullick (1977} does
show that bark forms a protective new periderm after injury. It is a type
of walling off. His work will have great application to many bark diseases,
and may well fit with H. anrosum and A. mellea. Again, how fast and how ef-
fectively the tree walls off infections in the bark determines the size of
the lesion.

106



Wood decay

To this point 2 types of decay-causing fungi have been discussed.
First, the fungi that enter wood through wounds. They stay in the wood.
This is the type that this paper addresses mainly. Second, the type that
start in the bark and then move into the wood. Here the tree must first
limit their spread in the bark, and then in the wood. When they grow into
the wood, then the information given here is applicable. & third type, not
discussed in this paper should be mentioned. These fungli start in the wood
after wounding and later grow into the bark. They are the canker rot fungi
{Shigo, 1969).

Spread

It may not be the number of infections that injure or kill a tree, but
the extent or spread of each infection. A tree that cannot respond rapidly
to the spread of infection and hold the infection in place will die. It is
extremely important to note that infections per se do not kill a tree. If
they did, no tree would live more than a few years, because every tree has
small and large wounds and branch stubs that are infected. There is hardly
a tree that does not have hundreds of infections at any one timei Trees
survive as long as they are able to wall cff the spread of infecticns to
small volumes, and then regenerate new healthy tissues.

Heartwood compartmentalization

The heartrot concept states that decay-causing fungi infect dead, non-
responsive heartwood exposed by wounds, and that fungi grow through the
heartwood until all is digested, leaving a hollow (Boyce, 1961). It was
also believed that because the decay fungi infect dead, non-respensive
heartwood, that decay was not a disease. And because heartwood was dead, it
would be impossible to select or breed for features in dead, non-respongive
tissue. These beliefs have held back progress on selecting and breeding
trees resistant to decay.

Heartwood may be dead according to our definition, but it is surely not
non-responsive. When holes were drilled into healthy heartwood, a column of
discolered heartwood formed and was compartmentalized (Shige & Shortle,
1979). The CODIT model is applicable to heartwood!

This point is very important: investigators must hot think it impossi-
ble to select and breed for strong compartmentalization of decay in heart-
wood. The methods described for selection of strongly compartmentalizing
trees are also applicable for heartwood.

The heartwood confusion is at the very core of the reason there is no
progress in the development of a decay-resistant tree. Rennerfelt (1946}
stated that because decay goes on in dead wood of spruce it would be impos-
sible tc have physiologically controlled resistance.
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Pilot study for selectiné decay-resistant trees

The United States Forest Service is now conducting a large pilot study
in natural forests in the north-eastern United States Lo select trees re-
sistant to the spread of decay. The trees in the study, over 200, were
those already selected as superior on the basis of form and growth rate.
The species are Acer saccharum Marsh., Betula alleghaniensis Britt., and B.
papyrifera Marsh. Each tree received 4 large, deep drill wounds at 1.4 nm
aboveground. After 2 growing seasons the Shigometer method will be used to
determine the length of the columns asscciated with the wounds. The trees
with the smallest columns will be selected as superior, not only for growth
rate and form, but for their ability to compartmentalize defects associated
with wounds. Details on methodology have been published (Shigo et al.,
1977},
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Histopathology of anatomical mechanisms for resistance to fusiform rust in
slash pine

F.F. Jewell, Daphne C. Jewell & C.H. walkinshaw®

ABSTRACT

Anatomical expressions of resistance to Cronartium guercuum
f.sp. fusiforme, Southern fusiform rust, in inoculated slash
pine seedlings (Pinus elliottii var. elliottii) were apparently
initiated in the primary tissue system of the host. Artificial
wounding of slash pine seedlings regulted in host tissue reac-
tions similar to reactions from fusiform rust infection. This
in turn indicates that the initial tissue change in slash pine
reported due to susceptibility or resistance to fusiform rust
ig not unique te this organism, but is at first a general host
response to injury. As host growth and stimulation by the rust
continues, differences in reaction of the rust-susceptible and
resistant progenies are probably due to their genetics. The
resistant progenies were able to maintain the differentiation
of tissues to contain the rust. These tissues apparently were
incompatible to growth and expansion of the rust. Susceptible
progenies, although initially showing a resistahce to rust in-
fection, were unable to perpetuate this reaction through dif-
ferentiation of incompatible host tissues. Instead, host tis-
sues were produced that were compatible with growth and spread
of the rust fungus.

INTRCDUCTION

Certain early reports of histological studies of gall-forming pine
rusts indicated some type of anatomical reaction of the host tc the
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pathogen, which was concluded to be a form of resistance. Hutchinson
(1935), True (1938), and McKenzie (1942) reported such findings working
with Scots pine, Pinus sylvestris L., infected with a Peridermium rust
(Cronartium or Endocronartium). More recently, Jewell & Snow (1972},

Jewell & Speirs {1976}, and Miller et al. (1976) described resistant reac-
tions in 1~ and 2-year-old slash pine (P. elliottii var, ellicttii Engelm.)
and loblolly pine (P, taeda L,.) control-inoculated with the Southern
fusiform rust, Cronartium quercuum f. sp. fusiforme (Burdsall & Snow, i
1977). 1n slash pine, the host areas expressing resistance were termed
resistance-zones (Jewell & Speirs, 1976).

Although the recent studies on resistance~reactions in slash and
leblolly pine were rather intensive, the initiation of the host tissues as-
sociated with the resistance-zones was not determined conclusively. How-
ever, Jewell & Snow (1972) and Jewell & Speirs (1976) surmized that the
registant-reactions were initiated in the primary tissues of the slash pine
hosts studied.

This paper will summarize a portion of the research from our laboratory
concerning the slash pine/fusiform rust host-parasite relationship, the on-
togeny of anatomical expressions of host resistance to the rusﬁfparasite,

and the reaction of the host to artificial stimulus.
METHODS AND MATERIALS

Slash pine tissue for examination was cbtained from half-sib progeny of
known parentage (resistant) or bulk (susceptible) seed collections. Seed-
lings 4-8 weeks of age from seed were control-inocculated with known or bulk
cultures of fusiform rust by the technigue of Snow & Kais (1972). Sample
coliections were made at various pericds following inoculation: 1 and 2
vears, including samples from seedlings classed as recovered or galled; and
daily for the first 30 days. Uninoculated samples from seedlings of similar
ages served as check.samples. Six-week-old bulk slash pine seedlings were
artificially wounded by the insertion of sterile, stainless steel pins.
Thirty days after wounding, samples were collected from the wound-site.
Unwounded seedlings of the same seed source and plant age served as checks.
Tissue samples were processed as previously reported (Jewell et al., 1962;
Jewell & Walker, 1967). Observations were made by light microscopy.

RESULTS

Nine month and older infections

The earlier work on the histopathology of fusiform rust galls on 9-12
month old slash pine revealed in part, the common presence of vertical
{wood) parenchyma, termed reaction parenchyma, in gall tissue. This cellu-
lar configuration, unusual in pine (Esau, 1953), was of particular interest
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Figure 1,
A. Macro-transverse section of a l-year-old slash pine with internal

necrotic symptoms (n) typical of resistance-zones (& x).

B-C.Respectively, micro-trangsverse view of necrotic resistance-zones in
1- and 2-year rust infections. Note separation of pith and cortical
areas by normal host tissue in C and inward bending of host cambium
{c}) (1e x).
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as it consistently marked the innermost extent of the mycelium of the para-
site, and the corresponding host-tissue abnormality. At this time, the ori-
gin and importance of these cells were not well understood.

Subsequently, observations on recovered and gall samples from 1- and
2-year infections revealed the presence of reaction parenchyma defining
affected tissue areas. However, sanples from recovered seedlings contained
areas appearing necrotic macroscopically (Fig. 1A) and microscopically sim-
ilar to but more extensive than the reaction areas reported earlier for
slash pine (Jewell & Snow, 1972). In the recovered seedlings, the necrotic-
appearing areas, termed resistance-zones, varied in amount of stem area in-
volved. Resistance-zones extended from pith through the epidermis in some
samples (Fig. 1B), or were present in the cortex and /or xylem at varying
distances from the pith. Where cortical and xylem zones were radially oppo-
site in a sample, the separating host tissues were free of the abnormal
cells typical of resistance-zones (Fig. 1C). The latter was consistent with
2-year old infections. The resistance~zones, regardless of sample age,
appeared to originate in the outer pith tissues, which comprised portions
of the metaxylem of the primary plant body present at incculation
(Fig. 1D}. g

The resistance-zones were sharply defined from the normal host stem
tissues by cell areas considered, in transverse view, similar to reaction
parenchyma described for pine-gall rusts (Jewell et al., 1962; Jewell &
Walker, 1967). However, longitudinal sections revealed not only vertical
parenchyma but also dark-staining, small, nearly isodiametric parenchyma-
like cells (Fig. 1E). The cells central to the zones were heavily tan-
ninized and considered non-living, while others, aleng the borders of the
zone, although dark-staining, were considered to have been living at fix-
ation {(Fig. 1F). In some instances, meristematic activity of certain of
these cells appeared to have resulted in production of additional paren-
chyma or callus-type cells. These cells apparently were produced to "heal"
the area of stem associated with the resistance-zone where tearing of host
tissue often resulted due to growth stress (Fig. 1G). The latter types of

D. Remnants of primary needle tissue (p) buried in a resistance-zone
pushed by normal growth into the cortex (150 x}.

E. Longitudinal view of multi-type reaction parenchyma cells in xylem
(70 x).

F. Tanninized non-functional cells of registance-zone (r) and dark-
staining viable parenchyma (p) bordering the zone (150 x).

G. Meristematic cells {callus) {c) differentiated for closing of wound
developing due to resistance-zone in the inner cortex and cambial area
{30 x).

H. Tanninized non-functicnal rust hyphae (h) in resistance-zone (150 x).
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cells were absent in typical gall tissue.

Establishment of fusiform rust had occurred in all inoculated samples
studied, but no sign of infection was observed in the check samples. The
rust was, in the infected samples from resistant progeny, confined toc the
resistance=-zones and was not found in the normal host tissue surrounding
the zones. Hyphae were present in the reaction parenchyma and, based on
stalning reaction, considered viable. Radial and vertical hyphal extension
had occurred in the zones. Haustoria, typically abundant with fusiform
rust, were difficult to observe. When obvious, haustoria were considered
gscant in number related to the amount of hyphae present. Hyphae and haus-~
toria were abundant in tanninized areas of the zones, but degeneration and
hypertrophy of the rust was evident and it was considered non-functional in
this situation (Fig. 1H). Susceptible progeny had developed the anatomy
considered typical for fusiform rust (Jewell et al., 1962).

Cambial cylinder interruption bywthe resistance~zones was common in the
l-year but not in the Z-year infections (Fig. 1B,C). The latter éonsistenly
had an inward curvature of apparently normal host cambium oppesite xylem
and/or cortical resistance-zones (Fig. 1C). This cambial abnormality was
considered indicative of previous injury or interruption of typical activ-
ity of this tissue. Also indicated was that the resistant seedlings, in
time, would bury the xylem-zone in normal stem tissue and slough-off the
cortical zones and continue the normal growth process. It was obvious that
there was a degeneration or regression of the resistance-zones with an
increase in host age and growth, at least from 1 year to 2 years of age, as
observed.

30-day Iinfection

Susceptible and resistant plants exhibited differences in visible
rust-infection symptom appearance. The resistant progeny exhibited symptoms
as purple spots on the host hypocetyl at the primary needle bases. éy 30
days, the hypocotyl was split at the purple area, but little or no swelling
was evident. The susceptible plants exhibited symptoms after inoculation
primarily as spots on the primary needles. At 30 days, these plants exhib-
ited noticeable swelling but no splitting of the hypocotyl.

Microscopically, the most obvious reaction to rust-infection occurred
in the resistant seedlings. This was evidenced by localized areas of heavi-
ly tanninized cortical cells radially opposite abnormal cellular configura-
tion extending from the pith. In the affected cortical areas, the cells

- were conspicuously rounded with a loss of intercellular space (Fig. 2A).

Host tissues adjacent to these abnormalities were considered normal for
pine and no rust hyphae or haustoria were observed. Functional and non-
functional hyphae were present in the affected tissue areas, but haustoria
were rare,

The susceptible plants had limited tanninization in affected cortex,
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phloem, or xylem. Functional hyphae were present in the parenchyma tissues
of the host. Typical rust haustoria were abundant and well developed. The
cellular characteristics developed appeared characteristic for typical
fusiform rust galls {(Jewell et al., 1962).

Figure 2.

A. Transverse view of resistance-zone (z) developing 30 days after infec-
tion, in contrast to the normal tissue (n) (18 x}.

B. Resistance-zone development 2 days following infection. Note hyphae (h)
and cell wall thickening (w) in zone area contrasted to unaffected tis-
sue (n) (70 x}).

C. Longitudinal view of resistance-zone 14 days following infection.
Intra- and intercellular hyphae present (h). Base meristem (b) cells are
hypertrophied (150 x).

D. Longitudinal view of a 30~day-old wound. Tanninization {(t) of cells
present with preliferation and misalignment of parenchyma (p) in reac-
tion to wound. Note atypical development of cells (a) removed from the
wound (30 x}.
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Infection prior to 30 days

The host reactions present 30 days after inoculation appeared, due to
their loc¢ation in the stem, to have been initiated in primary tissues of
the stem and adjoining primary needle traces early in the infection pro-
cess. Although macroscopic symptom appearance varied between resistant and
susceptible plants, initial microscopic host reactions were similar in both
progeny types and cccurred earlier in the infection process. The first host
response was observed 8-9 days after inoculation immediately above the
primary needle/stem junction or in the primary needle traces. In the latter
tissue, wuch of the reaction was in the base meristems and their cellular
derivatives (Speirs & Jewell, 1976) associated with the.primary needle
traces. The affected zohes were most cbvious in the cuter primary cortex.
This was evidenced by host cell tanninization, cell wall thickening, cell
content dissolution, and the presence of inter- and intracellular rust
hyphae (Fig. 2B), the latter being atypical for fusiform rust. Haustoria
were rare.

With an increase in time following inoculation, differences in the
reaction to infection of susceptible and resistant plants became evident.
At the time of external symptow appearence on the susceptible plants well
developed inter~ and intracellular rust hyphae were present in and among
the base meristem cells, preocambium, and adjacent parenchyma cells. Small,
newly developed haustoria were often observed. Cells of the affected areas
exhibited limited tanninization, as well as hypertrophy in the primary
cortex and the pith. Conversely, the resistant plants exhibited tanninized
cells in the affected areas, conspicuous cell hypertrophy in the outer
primary cortex, and cell wall thickening in these areas. Inter- and intra-
cellular rust hyphae were present, but were usually larger than normal and
frequently distorted, indicating the hyphae were under stress (Fig. 2C).
Haustoria, normal or atypical were rare. Of considerable interest was the
appearance in the affected areas of abnormal host cells in advancelof or
somewhat removed from direct contact with the rust hyphae and/or haustoria.
Fregquently, as many as 3 cell layers separated the rust from the heost cell
abnormality.

Artificial wounding

Thirty days after wounding, all samples exhibited a limited brown
discoloration around and along the path of the needle, and a slight stem
swelling. This is somewhat similar to typical symptoms of fusiform rust
infection on slash pine. In addition, macroscopic reactions often appeared
to be in conjunction with primary needle bases.

Microscopically, cell destruction due tc the actual act of wounding
extended from pith to epidermis. However, the effect on adjacent host
tissue was what was of interest. Similar to the host response in rust-
resistant progeny, cell tanmninization with limited necrosis was freguent in
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the pith, xylem, phloem-cortex, and primary needle trace elements, and
needle bases of the wounded tissue. Little or no necrosis was observed in
the secondary vascular elements, although tanninization, misalignment, and
abnormal pitting were observed (Fig. 2D). Normal cell depcsition delimited
the wound areas of host tissue. However, atypical host cells were present
in areas removed from the wound-site, indicating the host effect was not
limited to the actual wound-gite.

Atypical parenchymatous tissues appeared to have developed near the
affected areas. These atypical cells, which differentiated in the vascular
rays, resin ducts, and primary cambium, possessed contents, but were
tracheal-like in shape. In general, these atypical parenchyma resembled the
reaction parenchyma reported in fusiform rust galls (Jewell et al., 1962).
In addition, peridermal-like cells were observed separating the wound areas
from the normal.

In the wound area, light-staining, callus-like parenchyma developed
between the normal and wound tissue. These cells appeared regenerative in
nature indicating a meristematic potential for closing the wound area
(Fig. 2D). This c¢ellular deposition was similar to but less extensive than
the callus-like cells assoclated with resistance~zones in rust-resistant

slash pine.
DISCUSSION

Evidence indicates that anatomical expressions of resistance to
fusiform rust, characterized as resistance-zones, were consistently present
in certain progeny of rust-resistant slash pine parents. The resistance-
zones were quite uniform in the types of abnormal host-stem tissue produced
in the zone. There was no evidence of identifiable type of reaction to
infection, although some variation occurred due toc age differences.

The initiation of the resistance-zones occurred very early in the
hostparasite relationship. Observations indicate that the resistance-zones,
quite evident 30 days after inoculation, were initiated in the primary
tissues of the seedlings studied and were a direct result of host reaction
to the fusiform rust fungus used for inoculation. The resistant reaction
resulted in the primary meristems (procambium, base meristems, etc.)
(Speirs & Jewell, 1976) developing a limited but self-perpetuating abnormal
parenchyma-like area of tissue in the host that contained the rust but
prevented its spread or concurrent growth with the host. As the host ma-
tured and produced secondary tissue systems, the zones with age regressed.
Eventually, the normal tissue production of the host overgrew the zone
resulting in burying portions of the zone deep in the xylem and sloughing-
off the ocuter portions. This would result in development of a seedling,
recovered from rust infection, with the possibility of continued normal
growth.

117



,f’ir_

In contrast, susceptible progeny, although initially showing a reaction
to infection similar to the resistant progeny, exhibited no restraint on
the rust fungus and by 30 days after inoculation a typica% gall anatomy was
develcping.

Artificial wounding of slash pine resulted in host reactions similar in
nature to those initially expressed in rust-infected slash pine. The forma-
tion of periderm-like cells limiting the wound areas indicates the pin-~
wounded slash pine attempted to isolate the injury or stimulus in degener-
ating tissue. The pin-wounding appeared to stimulate parenchymatous tissue
systems to become meristematic and differentiate callus-like cells to close
the wound area. In time, normal host growth would continue until all signs
of injury were hidden deep in the stem or sloughed off by radial growth of
the host.

Based on similarities between pin-wounded ané fusiform rust~infected
slash pine, it appears that the limited initial host response to non- or
pathelogic injury is basically the game. '
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ABSTRACT

Relatively few of the many rust diseases of conifers cause
serious damage to their host populations. Exceptions include
blister rust of white pines, a disease introduced to Neorth
America, and fusiform rust, a native. Both have become epidemic
but striking differences in the pattern of genetic y@riation in
resistance between hosts of these diseazes are evident. Some
common mechanisms of resistance are shared by hosts of these
and related pine stem rusts, including tolerance, hypersensi-
tivity, and varicus expressions of incompatibility. Beth
oligogenic and polygenic modeg of inheritance are indicated,
but few specific genes have been identified. More rapid pro-
gress in gene identification might be made by shifting the
focus of genetic analysis from hests to pathogens, which can be
genetically manipulated with much lower investment in time,
space, and cost. Because of the complementarity that exists in
gene-for-gene relationships, genes for avirulence or virulence
infection type identified in pathogens can be used to deduce
their complements for resistance and susceptibility in hosts.

INTRODUCTION

Of approximately 87 known rust diseases on North American conifers,
less than a quarter cause more than moderate or localized damage to their
host populations, and only about 6 are recognized as being actually or
potentially epidemic (Hepting, 1971; Ziller, 1974). Most of these parasites
seem to have evolved ways of coexisting with their hosts that aveid signif-
icant biological damage, even when the apparent amount of disease is enor-
mous. Hepting (1971, p. 365) vividly describes a case of Coleosporium
needle rust on loblolly pine: 'Attack on planted stock is sometimes so
heavy that one cannot walk through an infected plantation without choking
on the aeciospore load in the air, yet growth effects have usually been
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temporary and light.' A more graphic example of host tolerance is difficult
to imagine, yet it seems likely that many conifers coexist with their more
innocuous rust parasites through this poorly understood adaptation, rather
than through more obvious and dramatic mechanisms of resistance. In any
case, there has been little economic motivation for studying the specific
coadaptive mechanisms of other than sériously destructive pathosystems of
commercial importance. This is unfortunate, since problems in developing
genetic stability could be more effectively approached through better
understanding of parasite populatiocns that have evolved such benign rela-
tionships.

In spite of the promise of spectacular gains in resistance over more
than 3 decades of selection and progeny testing (Bingham et al., 1973:
Zobel, page 417 of this book), our knowledge of genetic interactions even
of very damaging pathosystems remains meager. Few specific genes for resis-
tance have been identified, and some of these only tentatively. Documented
mechanisms of resistance - and their inheritance, when known - are listed
in Table 1 for several pine rusts. Most of the data pertain to 2 of the
most serious and intensively studied of these: blister rust of white pines,
caused by Cronartium ribicela Fisch., and fusiform rust of southern pines,
caused by C. quercyum f. sp. fusiforme {(Cumm.}) Burds, €t 3now. These 2
rusts, 1 exotic and the other native in North America, offer intriguing
conirasts in genetic interactions with their hosts.

BLISTER RUST - WHITE PINES

In sugar pine (Pinus Iambertiana Dougl.), a hypersensitive reacticn to
invading mycelium in needle tissues is conditjioned by a singie dominant
gene (Kinloch & Littlefield, 1877). Seedlings carryving this gene develop
small, brown, necrotic flecks, which are macroscopically distinct from the
large, lustrous, yellow or red lesions tyﬁical of susceptible genotypes.
The gene is expressed in trees of all ages and in secondary, primary, and
even cotyledon leaves (Kinloch & Comstock, 1980). Histologically, the
hypersensitive reaction is characterized by rapid degeneration of affected
cells into granular cytoplasm devoid of crganelles and filled with dense
tannin deposits, and is essentially similar toc hypersensitive reactions
described in other rust pathosystems. Yet, the develcopment of mycelium in
tissues of resistant genotypes varies considerably, from no visible traces
to extensive colonies that occasionally penetrate into the stele, and, less
frequently, grow down through phloem tissue into the bark. When this oc-
curs, another hypersensitive reaction is triggered in bark tissue, further
development of the pathogen is arrested, and active healing of the lesion
by periderm formation ensues (Kinloch & Littlefield, 1977). The occasional
and limited expression of pathogenicity in needle tissues might be due to
variation in aggressiveness or virulence in the pathogen (Kinloch &
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Comstock, 1980). Recently, we found a distinct virulent race causing typi-
cal vellow needle lesions and subsequent bark blisters on seedlings known
to carry the dominant resistance gene (Kinloch & Comstock, 1981).

8imilar hypersensitive reactions occur in needles of P. armandii
Franch., a presumed native host of the pathogen (Bingham, 1977). The mode
of inheritance could nct be determined, because the seedlot studied was
from a bulk collection (Hoff & McDonald, 1975), but the invclvement of
major genes seems likely. Hypersensitive and yellow lesions were mixed on
3/4 of the seedlings, while only hypersensitive lesions were observed on
the remainder. This suggested the possibility not only of differential
races of the pathogen, but also of more than 1 major gene in the host.

Needle infection in white pines is only the first stage in disease
development, and is not very harmful by itself. McDonald & Hoff (1970)

- showed that premature shedding of infected needles in certain western white
pine (2. monticola Dougl.) families was an effective mechanism in reducing
the probability of the fungus establishing in bark tissue. Another expres-
sion of resistance in the 'needle spots only' syndrome was the development
of a necrotic area of host and fungal cells near the base of the needle
fascicle (Hoff & McDhonald, 1971). Mycelium developed normally in/mesophyll
and vascular tissues of the needle and was arrested only after contact with
stem tissues at or immediately belcw the small, dormant meristem at the
base of the needle fascicle. Segregation ratios in self and full-sib fami-
lies led Mchonald & Hoff (1971) to hypothesize that each of these mecha-
nisms is controlled by independently inherited recessive genes. However,
consistent deficiencies in numbers of rezistant seedlings in most families,
and discrepancies in performance between selfed and outcrossed families of
the same parents, leave this hypothesis tentative.

Two additional genes for resistance to specific races of C. ribicela
were proposed by McDonald & Hoff (1975). Identification of these genes
proceeded from the observation that 2 distinct feliar lesion types occur in
western white pine following infection. Some seedlings developed only vel-
low spots, some only red, while approximately a guarter developed both
types. Evidence for a gene~-for-gene relationship was based on the additive
property the color types exhibited: the average number of lesions per
seedling on seedlings with both color types nearly egqualed the combined
average of the single types. Although the relative frequencies of the
yellow and red phenotypic classes were highly variable, the additive prop-
erty was consistent in 2 experiments in different years. This led McDonald
& Hoff (1975) to conclude that one host gene prevented infection by the
'red race' and another prevented infection by the 'vellow race', but their
hypothesis was not tested by segregation ratios of seedlings in the full-
sib families used. In a different approach, McDonald (1978) analyzed segre-
gation ratios of 245 monoaeciospore cultures derived from seedlings bearing
vellow spots only, red spots only, and both spot types. Under the hypothe-
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sized gene-for-gene relationship, cultures from yellow-only and red-only
spotted seedlings should have 'bred true' when susceptible test seedlings
were inoculated with basidiospores resulting from thesze fultures, while
cultures from seedlings with both spot types should have segregated into
1:2:1 ratios of yellow~only: mixed yellow and red: red-only classes. Al-
though the‘frequency of spot types induced by basidiospore progeny was
strongly associated with the type of the parent culture, the putative
homocaryon cultures did not breed true, and there was a large deficiency of
mixed spot types in the putative heterccaryon cultures. McDonald (1978)
proposed that the lack of fit to expected ratios observed might have been
due to irregularities in fertilization of the pycnia or thalli of the
original scurces of parent cultures. Thus, the genetic control of lesion
types in this host-pathogen interaction remains unresolved.

Other foliar mechanisms of resistance have been reported but their
inheritance is even less certain. Reduced numbers of nheedle lesions among
different progenies have been noted in western white pine (Bingham et al.,
1960), eastern white pine (P. strobus L.; Patton, 1967), and sugar pine
(Kinloch, unpublished data), and suggested to be under polygenic control
(Hoff & McDonald, 1980). Patton (1967) described a mechanism in secondary
needles of grafted ramets from a resistant eastern white pine selection
that completely inhibited the formation of substomatal vesicles of the
fungus. This mechanism was transmitted to seedling progenies in different
degrees.

Bark reactions are the most common mechanisms of resistance in conifers
not only to stem rusts, but to injurious agents in general. They are ex-
pressed as necrosis and collapse of tissue in respoense to trauma, followed
by formation of periderm tissues that effectively isclate the lesion
{Hutchinson, 1935; True, 1938; Struckmeyer & Riker, 1951). Mullick (1977}
and Puritch & Jensen (page 94 in this book} have shewn that they are non-
specifically induced defense reactions to a variety of traumas incited by
mechanical injurv or insect or pathogen attack. This implies, then, that
normal pathogenesis invelves specific inhibition of the regulatory pro-
cesses (and genes) that trigger these reactions.

Bark reactions have been described in several pine-rust systems {(Table
1). Their salient features are their common mode of action and expression
acress different host-pathogen combinations, and the wide range in the de-
gree of incompatibility expressed. They range continuously in size from
microscopic (Hoff & McDonald, 1971) or visible necrotic flecks (Hutchinson,
1935; True, 1938), to sunken cankers several centimeters sguare. Bingham et
al. (1960) discriminated between relatively small ('hypersensitive') and
large‘(‘corked-out') bark lesions, but there is no anatomical or physiol~-
ogical basis for this distinction. Often, incompatibility is only partial,
as when mycelium 'escapes' the ccllapsing lesion and invades periderm and
healthy tissue beyond, which then collapses again (Hutchinson, 1935; True.
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1938; Hoff & McDonaid, 1972). In sugar pines lacking the major gene for
hypersensitivity described above, we have observed.a variety of incompat-
ible and compatible reactions on the same tree. The freguency of bark
reactions, as well as their size, seems to vary among different families.
These observations suggest additional complementary genetic variability in
host and pathogen populations, but proof is lacking. The only cother tenta-
tively identified gene for bark reaction resistance is the 'short shoot
fungicidal reaction' described in western white pine by Hoff & McDonald
(1971). Paired recessives confer hypersensitivity in bark but - in con-
trast to sugar pine - not needle tissues.

A single phencotypic expression that simplifies and dintegrates complexly
inherited - and perhaps unrecognized - mechanisms of resistance is 'slow
rusting', which can be measured by the apparent infection rate per unit of
time (Vanderplank, 1963). This parameter (r) is a more sensitive indicator
of resistance than cumulative infection at any single point. A more than
threefold range in r values among sugar pine families was demonstrated,
compared with differences in cumulative infection of less than 20 %
(Kinloch & Byler, 1981). Average r values among families from slow x slow
rusting parents were only half as large as those from slow x fast rusting
crosses, and only a gquarter of fast x fast crosses. The pattern strongly
suggests additive inheritance, with the potential for rapid gains in resis-
tance in early breeding generations.

Adult plant resistance is well known in cereal rust pathosystems, but
the magnitude of wvariability in this kind of age~related or ontogenetic
resistance has not been fully appreciated in tree rusts. Patton (1961)
showed that grafted ramets of different eastern white pines decreased in
susceptibility teo blister rust as ortet age increased. Because his choice
of ortets was essentially random, the increase of resistance with age was
seenh as a general population characteristic. In sugar pine, however, an
astonishing degree of variability in susceptibility was found among grafted
clones from sexually mature ortets of roughly the same age in a common
garden {Kinloch & Byler, 1981). Different ¢lones varied from 0 % to 100 %
infected, and from 0 to 50 cankers per ramet (Kinloch, unpublished). Since
all of the clones in question were from ortets highly selected for resis-
tance, the true range of susceptibility is yet to be determined. Neverthe-
less, the amount of infection among clones was far less than that of their
gseedling offspring. Thus, although resistance increases with age generally,
the degree to which it is expressed varies greatly among genotypes. The
specific mechanisms and inheritance of ontogenetic resistance are not known
either, but do operate in both needle and bark tissue (Patton, 1961, 1967).
Although one of the strongest and perhaps most variable kinds of resis-
tance, ontogenetic resistance unfortunately may he the least useful, since
it is not fully expressed until after a tree crop has passed its most wvul-
nerable growth stage. In programs based on phenotypic selection in wild
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stands, it can also be deceptive, since it often masks juvenile suscepti-
bility. It nevertheless has value in stabilizing resistance in later stages
of a rotation and reducing levels of inoculum, especially of races of rust
virulent to resistance genes that are effective in more juvenile stages. In
at least 1 pine-stem rust system (P. sylvestris ~ Peridermium pini}, the
ontogenetic relationship is reversed and susceptibility increases with age
(Van der Kamp, 1968).

Slow rusting and ontogenetic resistance appear to be inherited indepen-
dently of each other and of major gehe resistance, since parent-offspring
relationships for these traits form no discernible pattern (Kinloch &
Byler, 1981).

FUSIFORM RUST - SOUTHERN PINES

Wide variation in resistance to fusiform rust of southern pines is
amply documented (see Zobel, page 417 of this book). Although the mecha-
nisms and expression of resistance have been studied intensively, no spe-~
cific genes have yet been identified. Miller et al. (1976) found that most
resistance of young slash pine seedlings was expressed in bark tissues as
hypersensitivity. Both the size and rate of lesion development varied con-
siderably, from early necrosis of only a few cell layers in the cortex to
incipient formation of galls which subsequently aborted in a mass of ne-
crotic tissue surrounding the 'reaction zone'. Occasionally, the fungus
escaped the reaction zone and resumed active parasitism. These resistant
reactions were observed on both relatively resistant and susceptible wind-
pellinated families, but were more frequent on the former. Another family-
related expression of resistance was complete absence of incipient symptoms
and any evidence of tissue penetration or infection. Snow et al. (1975, and
page 243 of this book) measured significant variation among different fami-
lies in the shape and growth rate of active galls. Thus, a complete spec-
trum of both qualitative and guantitative host responses is apparent in
this pathosystem.

Egually dramatic variation in pathogenicity of inoculum derived from
different single gall isolates and even moncaeciocspore isclates from a
single gall has been described (Powers et al., 1977; Powers, 1980; Snow et
al., 1975). In most cases studied, family x isolate variance was highly
significant, with freguent rank changes among either families or isolates.
Differential interactions of this kind are characteristic of complementary
gene-for-gene relationships, which almost certainly exist in this pathosys-
tem. Similar relaticnships apparently exist between certain Mediterranean
pines and ¢. flaccidum (Mittempergher & Raddi, 1977}.
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GENETIC VARIATION IN NATIVE AND EXOTIC PATHOSYSTEMS

Patterns of wvariation in resistance in hosts of fusiform rust and white
pine blister rust are fundamentally different, and offer useful paradigms
of the potential genetic resources available in host populations for coping
with native and exotic pathogens. The pathogens are closely related
taxonomically, and relatively minor differences distinguish the diseases in
their life cycle, etiology, and epidemiology. But ¢. ¢. f. sp. fusiforme
coevolved with its southern pine hosts whereas ¢. ribicola was recently
introduced (ca. 1900) from Asia via Europe. In Asia, the latter is endemic
on white pines related by common progenitors to North American species, but
the Asiatic and American species have long been geographically separated
(Bingham, 1977). In the absence of coadaptive selection pressures, the
North American white pines may differ from either their Asiatic or southern
pine relativeg in the kinds of resistance genes (major effect, minor ef-
fect), their frequencies, and even numbers of loci. This is strongly sug-
gested by the relative lack of variability in resistance to blister rust in
highly selected families of western white pine compared with the high
levels of resistance found in an arbitrarily chesen bulk seed lot of Armand
pine, which is native to Asia (Hoff & Mchonald, 1$75%). Even more striking
are differences in patterns of infection between southern pines and North
American white pines under epidemic conditions for their respective rusts.
An example is given in Fig. 1, but it understates the differences because
the sugar pine parent population was intensively selected for freedom from
rust in several heavily infected stands, whereas the loblolly pine parents
were randomly chosen from a single wild stand. Even so, much more variabil-
ity in resistance, distributed nearly continuously, is evident in the
loblelly pine families. The relatively small degree of resistance in the
sugar pine families is largely due to a single dominant gene at low, fre-
guency in the parent population, which is abparent in the trimodal dis-
tribution of cffspring. The situation with sugar pine and other North
American white pines is in some ways analogous to the 'vertifolia' effect
in the potato-late-blight pathosystem described by Vanderplank (1963),
wherein horizontal resistance conditioned by polygenes with individual
minor effects has been lost in commercial cultivars through selection
primarily for major genes. Loss of polygenes reduces the apparent complex-
ity of host-parasite interactions, further highlighting the effects of
major genes. Thus, it is perhaps not surprising that major genes have heen
more clearly perceived in North American hosts of blister rust, which are
relatively depauperate in variability, than in native hosts of fusiform
rust, where they may be obscured in an apparently large background of
quantitative variability.
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Figure 1, Distribution of full-sib family means in infection of loblolly
pine by fusiform rust and of sugar pine by blister rust, after 4 years in
disease gardens in Georgia and California, respectively. On each site
alternate hosts were interplanted among test families and infection oc-
curred naturally. (Data on loblolly pine from Kinloch & Stonecypher, 1969;
on sugar pine from Kinloch, unpublished.)

CONCLUSION

Since diversity of resistance genes is the most effective means of
stabilizing pathogen populations (Browning et al., page 371 of this book)
maximum protection of host populations will be possible when all genes for
registance/virulence and their frequencies are identified. The mair focus
of current tree improvement programs has been on progeny testing for rela-
tive levels of resistance. While effective for this purpose, the use of
open-pollinated families and heterogeneous sources of inoculum is unlikely
to result in the more precise identification of resistance genes needed.

Because tree breeding by controlled pellination is so expensive and
time-consuming, more rapid progress might be made by shifting emphasis from
host to pathogen. In the Cronartium rusts, for example, the spore stage
infective on pine is haploid, so that the phenotype of the lesion (low or
high infecticn type) also denotes the genotype of the spore that induced it
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for avirulence or virulencde. Thus, an observed 1l:1 segregation ratio of
lesion types induced by basidiospores derived from monoaeciospcre Or monc-
uredicspore clones would identify a gene locus in the pathggen, and - by
deduction from the gene-for-gene theory - a corresponding locus for resis-
tance/susceptibility in the host. The eventual geal would be to assign
resistance/virulence formulae to parent trees selected for breeding pro-
grams, so that the genes identified could be deploved to maximum effect in
commercial crops through appropriate matings. At the same time, important
insights would be gained into the genetic structure of host-parasite inter-
actiong in wild populations.
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Resistance mechanisms in interactions between poplars and rust

o

R. siweckiz, A. Wernerz, Z. Krzan3 & F, Mil_-odzianowski4

ABSTRACT

Predisposing factors ‘on poplar leaves to infection by
Melampsora larici-populina and resistance mechanisms involved
in the penetration and colonization of poplar leaf tissues by
the uredinial stage have been discovered. Disease incidence was
estimated during 4 congecutive years, and the degree of resis-
tance of various poplar clones growing in a stocl bed was de-
termined. Studies on germination of urediniospores and growth
of germ tubes on poplar leaves showed that these processes are
determinants of varietal resistance of hosts. Histological in-
vestigations of the penetration and pre-penetration growth of
the pathogen revealed that in the incompatible association the
host cells actively react against the pathogen. As an attempt
to identify different resistance mechanisms against poplar rust
a model is presented of the studies of host-pathogen interac-
tions which are in progress or are contemplated in the near
future. . .

INTRODUCTION

Poplar plantations, regions of natural occurrence of the more important
paoplar species, and rich collections of poplar cultivars maintained by var-
ious research institutions are presently under constant biclogical study
aimed at the determination and comparative analysis of variability in re=-
sistance or susceptibility of poplars to infection by the common poplar
rust fungus, Melampsora larici-populina Kleb.
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The interdisciplinary studies involving phvtopathology, genetics,
physiology, and biochemistry create a good base for the selection of poplar
clenes for resistance in order to recommend them for cultivation and further
breeding. At the same time results of studies on the interaction between
both resistant and susceptible hosts and the pathogen may constitute a ba-
gis for the identification of some biological resistance mechanisms.

Various studies conducted by a group of scientists at the Institute of
Dendrelogy, Polish Academy of Sciences in Kérnik permitted a detailed de-
scription of the interactions between poplars and rust {($iwecki, 1978).
Pre-infection factors existing on the poplar leaf and resistance mechanisms
involved in the penetraticn and colonization of poplar leaf tissues by
M. larici-populina were discovered. Also permitted was evaluation of the
genetic resistance of poplars to infection by the rust (Siwecki, 1981).

LIFE CYCLE OF THE PATHOGEN AND ESTIMATION OF DISEASE

The life cycle of M. Iarici-populina on larch (Larix decidua) and pop-
lars from sections Tacamahaca and Aigeiros and intra- or inter-sectional
hybrids has been described with particular consideration given fo the most
pathogenic stage of the parasite to poplars, the uredinium. Characters of
spore size, and particularly those of urediniospores, cannot constitute a
basis for the identification of rust species on variocus poplars. There are
probably numerous physiological races of the pathogen, conditicred by the
response and variability of the hosts, namely the numerous poplar cultivars
grown around the world (Krzan, 198la).

Optimal germination of urediniospores and development of germ tubes on
the lower surface of poplar leaves takes place at 100 % relative humidity
and an air temperature of +16 °C (Krzan, 1980). In such conditions
uredinioespore germ tubes are able to infect the mesophyll of poplars within
2-4 hours. Successful infections, however, are dependent on numerous mech-
anisms that hinder or hasten this process.

The studies conducted on ultrastructure permitted us to describe in
greater detail some of the stages of the pathogen and follow the ultra-
structural changes that occur in poplar clenes differing in resistance
{Miodzianowski & Siwecki, 1976, 1978; Miodzianowski et al., 1978}.

During 1975-1978 rust incidence was estimated and the degree of resis-
tance to rust was determined for 268 poplar clones growing in a stool bed,
each clone represented by 5 stumps {(Krzan, 1981b). Cbservations included
data on the occurrence of uredinial and telial stages on poplar leaves. The
following six-point scale of infection was used:

1. All leaves on the stump completely free of rust sori ~ Immune (I}.
2. Infrequent sori of uredinial or telial stages on one or only a few
leaves per stump - Very Resistant (VR).

j. More aumerous Sori on many leaves. No necrosis - Resistant (R).
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4. Sori common on all or almest all leaves. Localized necrotic spots -
Medium Resistant (MR).

5. Sori common on all leaves, numerous necrctic spots or patches, slight
defoliation - Susceptible (35).

6. Sori common, almost the entire leaf blade necrotic, severe defoliation -
Very Susceptible (VS).

Observations were conducted for 4 consecutive years at several times during
the year when the uredinial and telial stages were occurring. From these
observations for each clone a mean infection index (MII) was calculated,
which characterized the degree of resistance and susceptibility to natural
rust infection.

Table 1 (from data of Krzan, 1981la, b} shows that there was great vari-
ation in the different years in estimates of the degree of rust resistance
of the clones. During these 4 years it was established that the final ex-
tent of rust development was determined by the pattern of preceding weather
conditions. For example the influence of some climatic factors, especially
relative humidity and air temperature during June and July, was alsc vari-
able over this period (compare Table 1 with Fig. 1).

In his doctoral investigations Krzan {1980, 198la, b) studied resis-
tance mechanisms and confirmed the existence of ecological and genetic fac-
tors which influence resistance or susceptibility of poplar clones to rust
and which make possible selection for this trait.

b
4
M k
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L4z
2,50 16 '
15
2,001 L
1.50 1
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0.50 1
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- 1975 1976 1977 1978

Figure 1. The relationship between severity of rust infection on poplar
leaves (MII), relative air humidity (RH), and air temperature (T} in June
and July during 1975-1%78 (From Krzan, 1980)}.
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SOME PRE-INFECTION FACTORS ON THE POPLAR LEAF

Infection of poplar leaves by rust aeciospores.and urediniospores in
specific microclimatic conditions existing on the leaf surface is deter-
mined by the structure of the stomata, structure of the leaf surfaces, and
stomatal diffusion resistance and stomatal movement. The course of the
transpiration process in several resistant or susceptible poplar clones was
studied by Siwecki & Przyby% (1981l). Comparisons were made of detached and
undetached non-infected poplar leaves under different experimental condi-
tions. The poplar clones were characterized by variable freguency and size
of stomata on the adaxial and abaxial leaf surfaces (Table 2).

The rate of transpiration of detached leaves measufed in a wind tunnel
and calculated on the basis of leaf dry weight was decidedly lower for the
resistant poplar clones than for susceptible ones (Table 3). This is par-
ticularly emphasized by the rate of transpiration in the time intervals
0-15 min and 15-30 min. '

Results of measuring transpiration of undetached leaves in the porome-
ter are presented on Fig. 2. The most interesting result is that in the
morning hours the 2 susceptible clones P. X petrowskyana and P. tacamahaca
demonstrated a more rapid water loss in both wind tunnel and porometer ex-
periments than in the afternocn or evening.

This phenomenon suggests a longer period of stomatal opening in the
morning and an altered cycle of water management in these clones compared
to that in some resistant clones, for example P. deltoides B-60. The entire

A 2PM ¢ EPM

~=--p

Water loss {%-cm? min™)

0 6 2 3| 40 50 0 M 22 3¢ 4 S 0 10 20 30 L 50
Time (min)

Figure 2. Water loss by undetached leaves of resistant ( ) and suscep-
tible {(-=---- ) poplar clones at 10 am (A), 2 pm (B) and 6 pm (C). P. del-
toides ¥ P. nigra 490-1 (DN), P. 'Serotina de Poitou' (SP), P. deltoides
B=-60 (D), P. trichocarpa 404. (T}, P. x petrowskyana (P) and P. tacamahaca
(TA) (From Siwecki & Przyby:, 1981).
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Table 2. Mean stomatal frequency and mean size of stomata on adaxial and

abaxial leaf surfaces (From Siwecki & Przyb#, 1981).

Clones

Resistant
clones

P. deltoides
B-60 (11892)
p. deltoides
gsp. angulata
(11621}

P, deltoides
x P. nigra
491-1 (12299)
P. trichocarpa
1200 (404)

P. 'Serotina
de Poitou’
{11309}

P, deltoides
x P, nigra
490~-1 (11888)

Susceptible
clones
P. nigra PW 3

P. X petrows-
kyana (5163)
P. trichocarpa

cl. 30

L, tacamahaca
(3747)

Stomatal freguency

(cm-

adaxial
Abaxial

10
30

10

2

271
589

664
263

415
088

997
764

046
146

513
883

552
444

137
673

237
033

880
718

36l
437

265
514

215
572

112
220

342
341

217
327

308
427

252
596

309
373

260
347

Mean length and
width of stomata (um)

Adaxial

Abaxial

27.30 %

16,

28.07 x

29 47 x
28,91 x

28.48 X

18.
18.

16.

12

25.94 x

32.24 %
33.56 x

27.37 %
32.55 x

25.40 x
26.50 x

26.39 x-

29.61 x

27.85 X
27.09 x

32.05 x
37.02 x

26.60 x
27.58 x

15.

25,
17.

15.
18.

16

19.

15

50

17
55

.17
.09

.79

19
54

.73
le.

03

52

.47
16.

16

Mean
Infection

Index (MII)
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Table 3. Mean transpiration rates of detached leaves of rust-resistant and
rust-susceptible poplar cleones in the wind tunnel as calculated on the
basis of leaf area and dry weight in the morning and afternoon {From
Siweckl & Przyby%®, 1981). )

Clones Transpiration
mg - cm -2 ng - mg -1 dry wt
per 15 min per 15 min
a.m. p.m. . a.m. p.m.

Resistant clones

P. deltoides B=60 (11892) 0.1608 0.1117 0.0566 0.03%8
P, deltoides ssp. angulata )

{11621) 0.2150 0.1622 0.0745 0.0574
P, deltoides x p. nigra 491-1

(12299) 0.2336 0.1013 0.0851 0.0400
P, 'Serotina de Poitou’ (11309) 0.1599 0.0834 0.0573 0.0301
Mean 0.1923 0.1146 * D.0684 0.0418

Susceptible clones

P. nigra PW 3 0.2279 0.1462 0.0742 0.04%95
P, x petrowskyana (5163) 0.1835 0.0941 0.0765 0.0377
P. tacamahaca (3747) 0.2667 0.1539 0.0893 0.0534
P, trichocarpa (11651) 0.3469 0.2269 0.1118 0.0799
Mean 0.2562 0.1552 0.0879 0.0551

aspect of leaf water relations and water management in the 2 susceptible
poplar clones favors infection by germ tubes of rust urediniospores. Also,
the water relations of these poplars govern pre-infection mechanisms that
affect and facilitate the next steps in compatible host-pathogen relation-
ships.

Werner (198la), according to his studies on 59 poplar clones, claimed
that the number of stomata per unit of leaf surface was not correlated with
frequency of infection sites on leaves affected by the rust. However, the
frequency of stomata on a leaf surface could have some influence on the
number of contacts between hyphae and stomata. In his opinion the course of
the pre-penetration growth of the pathogen is dependent on several pre-
infection factors which limit markedly the intensity of infection. The di-
mensions of the stomata, sculpturing of the leaf surface, anatomical struc-
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7able 4. Mean dimensions of the surface of areoles of resistant and suscep-
tible poplar clones (From Werner, 1981a}.

Clones Ssurface of areoles
(mme )

Resistant clones

P. deltoides B-60 (11892) 0.138
P. deltoides ssp. angulata (11621) 0.114
P. maximowiczii (4544) 1.116
P. 'Serotina de Poitou' {11309) 0.08%
Susceptible clones

P. nigra PW 3 0.231
P. x petrowskyana (5163) 1.18¢
P, trichocarpa (11651) 1.277
P. balsamifera (8348) 1.975

ture of the guard cells and subsidiary cells all are factors determining
the behavior of the germ tubes on the leaves and appressorial formation
over the stomata.

werner (l198la) indicated that the structure of the vascular bundles and
the dimensions of the areoles can determine the size of the rust colonies
developing on poplar leaves (Table 4).

In compatible associations the mesophyll cells inhibit the development
of the fungus. In compatible asscciations, however, a stimulation of fungal
growth may result. On the basis of an analysis of compactness of poplar
leaf mescphyll we can conclude that the development of the pathogen in the
tissue of the host is determined by a reaction of the tissue that is the
sum of the reactions of all the individual cells. Inhibition of growth of
the pathogen was stronger in resistant poplars with a compact mesophyll
(e.g. P. deltoides B-60) than in those with a less compact mesophyll
(2. maximowiczii). On the other hand, in susceptible poplars with a compact
mescphyll the effect of pathogen growth stimulation was stronger than in
poplars with a less compact mesophyll. Therefore, a greater compactness of
the mesophvll increases resistance in resistant poplars and increases sus-
ceptibility in susceptible ocnes.

Werner (198la, b) showed that several important resistance mechanisms
of poplars to rust become apparent during the penetration and post-penetra-
tion growth of the pathogen. Some of those mechanisms were presented in the
paper by Siwecki & Werner (1980}.
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THE EPIPHYTIC PHASE OF PATHOGEN DEVELOPMENT

The germination of uredinicspores of M. larici-populina and the beha-
vier of germ tubes are different on resistant and susceptible poplars. In
the resistant poplar clones (P. maximowiczii, P. deltoides B-60) the pro=-
cesses of urediniospore germination and germ tube development were dis-
tinctly inhibited during the first hours after inoculation. Some chemical
factors present on the surface of the poplar leaves were responsible for
this inhibition (Krawiarz & Werner, 1978).

The structure of the stomatal surface and certain anatomical features
of the guard and subsidiary cells constitute a system of factors that
condition the appropriate 'recognition' of the stomata by the hyphae.

Such features as: substantial cuticular thickenings present on the ex-
ternal walls of the subsidiary cells, depressions between the guard

cells and subsidiary cells, as well‘as the small diameter of stomatal
pores and the large external ridges, all hinder the free growth of hyphae
over the stomata and their penetration. The physical characteristics condi-
tioning recognition of the stomata by the hyphae induce the formation of
appressoria over the stomata. In susceptible poplars that were character-
ized by large stomata, small external ridges and weakly marked sculpturing
of the leaf surface (e.g. in P. trichocarpa), the germ tubes of uredinio-
gpores accomplished penetration of the stomata without forming appressoria
over them. On other poplars, both susceptible and resistant ones, the germ
tubes formed appressoria over the stomata. Their number, and as a conse-
guence the nuymber of penetration sites, was decidedly greater cn suscep=-
tible poplars. On the other hand, the smaller number of penetration sites
in the resistant poplars was a consequence of the poorer 'recognition' of
poplar stomata by germ tubes. On the leaves of these poplars frequently
growth of the hyphae near stomzta or over them without appressoriq forma-
tion was observed. This phenomencn can be explained by the fact that the
small stomata of the resistant poplars could not induce appressoria forma-
tion and therefore in the majority of cases remain 'unrecognized'. when
they were 'recognized', the hyphas always produced appressoria over the
stomata.

PENETRATION OF THE PATHOGEN INTO THE LEAF

With poplars resistant to rust distinct reactions of stomata to the
presence of the pathogen in the stomatal pore were observed. These reac-
tions were made visible by the strcng fluorescence of the guard cells and
spongy parenchyma cells, after being labelled with a fluorescent brightener
{Rohringer et al., 1977). This fluorescence indicated the formation of com-
pounds of phenolic character in that region. The considerable speed of this
reaction allows us to classify it as a typical hypersensitive reaction.
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This confirmed the formation of phenclic compounds. Here, the appearance of
phenclic compounds was associated with the dying of pathogen hyphae and
host cells in the vicinity of the stomata. In spite of differences in
opinion concerning the reole that hypersensitive reactions play in the ac-
tive defense of a plant against a pathogen, the rapidity of this reacticn
in resistant poplars (P. deltoides B-60) always resulted in a complete in-
hibition of the pathogen within the substomatal cavity. The same reactions
also took place, but with some delay, in the other poplars. However, in
these cases they never led to the complete cessation of growth of the
pathegen in this early stage of its development. Therefore, we assume that
tovercoming' of the defense reaction of the host by the pathogen within
the substomatal cavity represents the key factor in the establishment of

a compatible relation between the host and the pathogen and determines the
subsequent progress of infection.

COLONIZATION OF HOST TISSUES

In P. deltoides B-60, and to a lesser extent in the other 2/re5istant
poplars (P. deltoides ssp. angulata and P. maximowiczii), after the infec-
tion hyphae entered the mesophyll the growth of the pathogen was stopped at
the first contact of the infection hypha with the mesophyll cell, in the
phase of haustorium mother cell formation, during the haustorium formation,
or just after that. The cessation of growth of the pathogen was always as-
sociated with the death of the fungus and of the adjacent host cells. These
were typical necrotic reactions, and when they appeared in large areas of
the mesophyll, they were visible as necrotic spots at the point of infec-
tion of the leaf.

In Table 5 host-pathogen interactions during the infection process of
poplar leaves by the rust are presented descriptively.

NECESSITY FOR FUTURE STUDIES ON RESISTANCE MECHANISMS

Some proposed trends in biological research in order to explain the re-
gsistance mechanisms in the confrontation between poplars and rust are pre-
sented in Fig. 3, according to the pattern given in the paper of Kaufmann
& Wellendorf (1979). These kinds of studies should be performed in the
field or laboratory, or both, on poplar clones, hybrid families, and prove-
nances. Possible explanations of the variability in resistance of rust-
infected poplars should arise from such studies.

Clones selected for resistance or susceptibility should be the basic
material for investigations of the resistance mechanisms. Heritability (h2)
of the features characteristic of resistance can be estimated from observa-
tions of the degree of infection of parent trees and their hybrid progeny
{Siwecki, 1981).

139



"% 00T s pa1dedor Ussy SeY YOTUM SUOTD BIDJIWESTRq °d
2TqT3daosns ATsa 8y} JO S2AEST U3 UO EIRWOLS I2A0 vTIOSsaxdde JO Iaqunu ayl 0] UOTIRTSI UT PajeThaTe) »

poob Aasa poocb U0l [uou ayuocu [uou - 00T (g®€8) giajImESTE®q 4
poob Axaa poob 3vouU . auou uou suou 64 (TS9TT) edaeooyoriy g
poob Azoa pcob auou suou auocu otpeIods ag (£915) epurfhysmoirad x g
poob Azaa poob 2r¥e1 Azsa a8Ivl AIaA axeIx aIex 18 € Md eabIU 4

saucTo o1grydeosng

s1eTpSW
. poob ~I83UT aIex a7RIX saeIT sIeI Z9 (60£TT) ,no3TO04d Sp PUTIOA8S, *d
Juanbary juanbaay
T00d To00d sSS3T S897T 2121 jusnbaxy [+1 {(PPSH) Irrzormowrxew 'd
Juanbsxy uanbaig .
zTo0od Tood sSsaT SS9 Juanbaxl Jusnbaxy S (1Z9TT)
epernbue ‘dss seproiysp ‘4
quanbsI13 jusnbaxy
auou 1ocod aIom juanbaIiy jusunbaxz : aIow 8% (Z68T1) 09-9 s8proirsp °'d
S3UOTD JURISTSOY
' sSTTD S9ToTS®A
Iayjou Tey
TeTx -Puo3sqns
unTIOo}SNnEY -oisney arydiy 3o uoTy
JO UOTABW JO UOT]IBU UOTIDIIUT -PULIOI IO )
-I0F I21Fe =I0F BUTI JO YIMOID UOT3RIZSU yelRwols
0 Butanp -np I0 ® butanp -ad bButinp IBAO
uoTl
stsoxnau jueld yjtm -PUWIOT
TrAydossu pearIoosse BuTueyoIyl IO ,BuTtusSyIep, TTEM BTIOS
usboyyed ayy syl ur u=b 90U9DS3I0NTI JO 9SPBIDUT Ue ST POAISSJO -saxdde
Jo K31TTqe -oyied oyl STT®2 150U JO SUOTIDEDI JDUIYSIP BUTIMOT Jo 8bey
uoTiRIDULBSY  JO UIMOID =103 yamoib Tebuny Jo uorlessed Jo sbels -usoiIag sreTdog

reurrndod-toraer 'y
asni syu3 Aq sases| Ietdod yo uorioszul 3o sssooxd syl burinp sdiysuorierel usboyied-qsog "¢ STTRL




PGPLAR RUST
—
LARICI - POPULINA
CONFRONTATION I

HOST - PATHOGEN INTERACTIONS
1
|

|

1
LEAF CHEMICAL LEAF EPIFRYTIC
STRUCTURE MHIBITORS MICRCORGANISMS
—1—

FOPULUS GENOTYPES

RESISTANCE UREDINIUM STAGE
IHMUNITY [uredinicspares)

SELECTION Labaralory _J__—L_j ==l —— r=—=b——
e o P 1[I pRary e e
: 3 Structur an 1|1 1 |
nalural infechions 2 ucadiniospoces ;i *1 [ [aractes &| 1 sortace U] stomatal |1 5ubsireles | | & fuagqal | L_r_au:“ __JI L_aillluru_s_‘l
vascutar [ 1 11 11 inbibitars 1 0 1
l_r_l surfaces bundles | 1 °f leal y | 1chambersi | Intibilars [ :?H:L:}L !
IR S Y B P | _———l
Degree of Resistance f Virulence _i
. [Pt | === .
Seleclion clones | Movements | 1 At infected | ! & aggresivness |
h? | of stomata | ! 1 e -
bO& their i 1 mosonhyl

I siructurg ! I cells
e g sluddure ) L
[ activities in progress

i [::] contemplated activities
Figure 3. Some proposed trends in biological research in order te explain

the resistance mechanisms in the confrontation between poplars and rust.
s

In such further studies 3 directions should be stressed: (1} leaf
structure and its influence on the infection process by pathogen, (2) bio-
chemical inhibitors manifesting during infection process, and (3) the role
of epiphytic microorganisms during the infection process.

As shown in Fig. 3, and by the results discussed in this paper, only a
few mechanisms of resistance active during the confrentation between pop-

1 lars and rust have been investigated. The octher possible influences should
be checked intensively in the near future.

Our knowledge of the pathogen is still insufficient for the study of
resistance from the standpoint of establishment of physiological races of
the pathogen and their growth in axenic culture. Also, factors influencing
the virulence and aggressiveness of the pathogen are still unknown. There
is also a lack of information on other than the uredinial stage of develop-
ment of the pathogen (pycnium, aecium, telium and basidium). Those stages
. have a direct or indirect influence on the complex relationship between
1 poplars and rust.
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Resistance mechanisms of elms to Dutch elm disease

D.M. Elgersma

phytopathclegical Laboratery 'Willie Commelin Scholten', Baarn, the Netherlands

ABSTRACT

Processes provoking symptoms in elms after inoculation
with the Dutch elm disease fungus are briefly discussed. A
review on research concerning mechanisms of resistance in elms
to COphiostoma ulmi is given. Spread of the fungus throughout
the tree is hampered in resistant trees compared to susceptible
ones. Anatomical factors, such as vessel length and diameter
and size of vessel groups, might reduce the speed of transport
of conidia in resistant plants. Tylosis formation is faster in
resistant trees than in susceptible ones, another factor which
might limit the spread of the fungus. The meaning of phyto-
alexins in disease resistance and the role of phytotoxins in
pathogenesis are discussed.

INTRODUCTION

Dutch elm disease has become one of the most severe tree diseases in
North America and Europe. Recently an excellent review on Dutch elm disease
has been compiled by Sinclair & Campana (1978). This compilation includes a
paper by MacHardy (1978) on mechanisms of resistance, and therefore there
is no need for a thorough and detailed review of the literature now. The
purpese of this paper is to discuss further research on physiological, bio-
chemical or merphological aspects of the expression of genes for resistance
to Dutch elm disease in different species or clones of elms. A study of
resistance mechanisms can be fruitful only if we know how the normal pro-
cesses of pathogenesis.elapse. We may expect that products of genes for
resistance block or counteract some, or all, of those processes that other-
wise ultimately lead to symptom expression and death of the host.

Dutch elm disease is caused by the Ascomycete Ophiostoma (Ceratocystis)
ulmi (Bulsman) Nannf., which after introduction into the xylem by bark
beetles, grows and produces conidia in the vessels. Conidia are transported
with the transpiration stream throughout the tree. During its growth in the
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vessels the fungus causes- changes in pH of the xylem fluid, and produces
metabolites such as cell-wall degrading enzymes, grqwth substances and
toxins. All these factors in concert cause wilting and eventually, after 1
or 2 years, death of the whole tree. It is up to the planf.pathologist to
determine which metabolites or physiolegical processes are the crucial ones
for disease expression. Processes caused by host-parasite interactions in
the vessel lumina are so complex and intermingled that a study of each fac-
tor separately seems impossible.

A cross-section of an infected elm twig reveals a dark discoloration of
the new annual ring, caused by oxydation and polymerization of phenolic
compounds in the xylem sap, Xylem parenchyma and ray cells (Gagnon, 1967b).
Gums and tyloses are formed in the lumina of the xylem vessels, clearly
impeding the sap flow (Gagnon, 1967a). Cell-wall degrading enzymes may
release partially degraded wall polymers inte the Xylem fluid. These
polymers as well as high-molecular-weight toxins as cerato-ulmin (Takai,
1974) and glycopeptides (Rebel, 1969), isolated from shake cuylture, may
interfere with water transport, probably by physical plugging of the pit
membranes (Van Alfen & Turner, 1975).

Apart from the above-described parasitic stage we know also a
saprophytic stage of the Dutch elm disease fungus. The pathogen grows
and produces coremia in breeding galleries made by elm bark beetles in
the bark. Fungus spores adhere to emerging beetles, and during feeding
by beetles in crotches of twigs of healthy elms, conidia may be introduced
into the xylem vessels and infection is established. Dying or weakened elms
are attractive for beetles as brood trees, thus amplifying the epidemic.

Just after the first World War the Dutch elm disease appeared in Europe
and swept through the 0ld World (Gibbs, 1978). In the late 1920's the fun-
gus was introduced into the United States by the import of veneer wood from
France.

At the 'Willie Commelin Scholten' Laboratery at Baarn research started
on the cause of the disease and the disease cycle was unraveled (Buisman,
1928; Fransen & Buisman, 1935). Since all native elm species in Holland
were susceptible, a breeding program was started. Elms were collected from
all over the world and selected for resistance to the disease, a program
resulting in the release of several resistant eim clones (Heybroek, 1957,
1976), It became clear that great care should be taken to avoid non-
heritable variations in symptom-expression, since trees are less suscep-
tible because of slow growth or after transplanting (Heybroek, 1957; Went,
1954). It also became obvious that resistance was polygenic (Heybroek,
1970}, and no substantial evidence has been found for a host-parasite dif-
ferential interaction {(Gibbs et al., 1975).

In the mid 1960's research on mechanisms of resistance to Dutch elm
disease was started at the 'Willie Commelin Scholten' Laboratory at Baarn.
By then good resistant clones were avallable and a propagation method had
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been developed (Tchernoff, 1963) that utilized shoots cut from callused
roots. For physiclogical experiments genetically uniform plant material is
a necessity. Because probably many genes are involved in the mechanisms of
resistance and no race-specific effect has been discovered, we may expect
to find effects of a guantitative nature governed by genes that have a nor-
mal function in healthy plants (Vanderplank, 1978).

COMPOSITION OF XYLEM SAP
In studying resistance mechanisms we first studied the composition of

the xylem sap in susceptible and resistant clones. Since the fungus must
grow in xylem fluid, the nutrient level of such fluid might have an impact

pmoles amino acids per ml A

25}

Figure 1.
A. Amino acid content of xylem sap gathered from ten i-year-old callus cut-
tings grown in pots outdoors. o Amino acid content of susceptible elms.

e Amino acid content of resistant elms.
B. Total sugar content of the same xylem sap described in A. o Sugar content
of susceptible elms. e Sugar content of resistant elms.
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on the growth of the pathogen. Amide and amino acid contents of the xylen
sap of susceptible and resistant elms (Fig. 1A) were high from the begin-
ning of April until the beginning of May, decreased rapidly in the middle
of May, and then remained rather constant from the beginning of June until
August {Elgersma, 1969). During the period of susceptibility. which in the
Netherlands is from about the middle of May until the middle of July, nc
important changes occurred in amino acid or sugar content. In Uimus
americana L., however, Singh & Smalley (1969b) found a high amide and a low
proline concentration in the xylem sap during the period when the trees
were susceptible. They found a positive correlation between proline content
and resistance in varicus elm species (Singh & Smalley, 1969%a). We also
found a higher proline content in resistant clones than in susceptible
ones. By growing elms on a mutrient solution with NHZ instead of Nog, how-
ever, we were able to increase the p;oline content of the sap of a sus-

number of colonies

60.000r

30000+

15000
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5,000}

1234 . 7 10 15 30 50

days after inoculation
Figure 2. Average number of colonies grown from stem pieces that were cut
from susceptible (white) and resistant (black) =lms and homcgenized on var-

ious days after inoculation.
A. stem pieces, 25-30 cm above the site of inoculation.
B. stem pieces, 1-4 cm above the site of inoculation.
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ceptible clone to several times higher than that of resistant elms grown
on NOS nutrient solution without obtaining resistance (Elgersma, 1969).

The relation of proline and resistance is not well understocod. Singh &
Smalley {1969a) suggest that a high content of proline reflects a tolerance
tc waterstress.

Data obtained by Singh & Smalley (196é%a} and Elgersma {1969) gave no
evidence that growth of the fungus in resistant clones or species of elms
compared to that in susceptible ones wculd be limited by shortage of avail-
able amino acids or sugars. Growth of the fungus in 2-year-old callus cut-
tings of resistant and susceptible clones was compared by culturing the
pathogen from homogenates of stem pieces selected at various heights above
the site of inoculation (Fig. 2A). Colcony counts showed that fungal materi-
al increased in resistant and in susceptible trees in the lower stem pieces
at about the same rate during the first 4 days after inoculation. At 7 days
after inoculation the number of propagules was higher in susceptible than
in resistant plants, because vessels not directly infected at the time of
inoculation became infected in the susceptible plants but not in resistant
plants. The number of propagules isoclated from stem pieces at higher parts
of resistant plants was much less than from the corresponding parts of sus-
ceptible elms (Fig. 2B). The conclusion is that the pathogen can grow in
xylem vessels of resistant plants, but spread of the fungus through the re-
sistant plant is limited. This limited spread keeps the pathogen localized
and also its effect on the trees. Water conduction is interrupted only par-
tially and this reduction has no or only very slight effect on the tree as
a whole.

ANATOMICAL DIFFERENCES

The guestion now is what factors are responsible for limiting the
gspread of the fungus. It is generally believed that spread of the fungus
throughout the tree is accomplished by movement of the conidia in the
transpiration stream (Banfield, 1968) and therefore differences in anatomi-
cal structure of the wvascular system might have an impact on transport of
the conidia.

Comparisons of vessel length and vessel diameter of susceptible and re-
gistant clones revealed that the average diameter of the xylem vesgels from
a resistant clone was lower than that of vessels in a susceptible clone
(Elgersma, 1970). Small vessels are a disadvantage in the spread of the
fungus because transport can be blocked easier by gums and tyloses. This
phenomencn also has been observed in American elms (Sinclair et al., 1975).
Another difference was that the effective length of the vessels appeared
to be shorter in the resistant clone than in the susceptible one. This re=~
sulted in less spread of conidia in the resistant tree, because in short
vessels the pathogen has to penetrate more end walls to spread over the
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same distance than in long vessels. Conductivity for water and air through
stem pieces was lower in resistant than in susceptible trees, which is in
agreemént with the observed differences in anatomical structure of the ves-
sels. Also, the decreased susceptibility of trees when late wood is formed
may be due to the small diameter of these vessels. McNabb et al. (1970)
found that an increase in disease susceptibility was correlated with an in-
crease in average size of vessel groups. The average size of vessel groups
is defined as the product of the average vessel diameter and the average
number of contiguous vessels. All these observations indicate that anatomi=~
cal factors are important in resistance to Dutch elm disease.

TYLOSIS FORMATION

As already mentioned tylosis formation can block the sap flow and is
considered of paramount importance in symptom expression. On the other hand
tyloses will also hinder or arrest movement of conidia, a host treaction
that might be rather effective in small sized vessels. Tylosis formation
has been described as & possible mechanism of resistance to Fusarium wilt
in banana plants. In the incompatible host-parasite combination rapid for-
mation of tyloses seals off the vessels in advance of the pathogen, thus
localizing the infection. In the compatible host-parasite combination, how-
ever, tylosis formation is delayed, and the pathogen can spread thiough the
whole plant (Beckman & Halmos, 1962; Beclman et al., 1962}.

A significant difference in tylosis formation appeared between a sus-
ceptible and a resistant elm clone after inoculation with the rathogen
(Fig. 3). Tyloses in susceptible plants develop slower than in resistant
plants, and therefore they supposedly were not effective in sealing off the
vessels in advance of the infection (Elgersma, 1973).

After discovery in England of a highly aggressive strain of 0. ulmi
(Gibbs et al., 1972) we repeated the experiments and included this aggres-
sive strain as well as the vascular parasite Fusarium oxysporum f. sp.
Iycopersici, a non-pathogen to elms (Elgersma & Miller, 1976). No signifi-
cant difference in tylosis formation was found within clone Belgica, a very
susceptible clone, after inoculation with the non-aggressive strain of O.
uimi, the aggressive strain, or F. oxysporum f. sp. lycopersici. Similar
results were obtained in cione 390, a clone resistant to the non-aggressive
strain of O. ulmi. Tylosis formation in clone Belgica as well as in clone
390 is not inhibited in individuals of a susceptible reaction type, but
seems to be genetically determined by the elm clone alone and therefore we
consider tylosis formation a non-specific response of elms to injury or
microbial infestation. Since tylosis formation in clone 390 does not appear
to be effective in arresting the transport of the aggressive strain of oO.
ulmi (Elgersma & Heybroek, 1979), we must assume that bypassing of obsta-
cles such as tyloses is probable. This has been suggested previously by
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Miller & Elgersma (1976) as being due to more rapid growth and penetration
of vessel pits by the aggressive strain.

Production of cell-wall degrading enzymes by the pathogen might there-
fore be of importance. A study of cellulase and endopelygalacturonase pro-
duction by aggressive and non-aggressive strains showed no difference be-
tween them (Elgersma, 1976). Research on production of hemicellulase by

these strains is in progress.
PHYTOALEXINS AND TOXINS

Accumulation of fungitoxic compounds or phytoalexins after infection
with micro-organisms is a widespread phenomencn in angiosperms. It appeared
also that infected elms accumulate fungitoxic compounds (Overeem &
Elgersma, 1970). The naphthoguinones mansonone E and F were isolated from
gusceptible ag well as resistant clones. The Dutch elm disease fungus, how-
ever, can tolerate a relatively high concentration of these compounds.

Results obtained in later studies showed that infected resistant clones
accumulated no more of these compounds than susceptible plants (Elgersma &
Overeem, 1971). The induction of synthesis of mansonones appears to be
non-specific. Accumulatien alse occurs after chemical injury. Probably we
may consider the production of these fungitoxiec compounds as a weak resis-
tance mechanism. Such compounds may slow down the infection process and the
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killing of the tree or inhibit other microbial infestation.

0. ulmi produces phytotoxic compounds in shake culture (Zentmeyer,
1942). Rebel (1969) isolated a toxic gliycopeptide fraction, later purified
by strebel et al. (1978), that caused wilting of elm sprbuts of susceptible
as well as registant trees. So it appeared to be non-specific. Van Alfen &
Turner {1975) showed that even small amounts of this toxin could interfere
with water conductivity in the xylem vessels. Probably the high molecular
compounds plug the pit membranes of the vessels, thus hampering water
transport. Recently we were able to detect this glycopeptide in infected
trees by means of an advanced immunological technique (ELISA} (Scheffer &
Elgersma, 1981). Important questions, such as can the toxin be neutralized
by the resistant trees or does the aggressive strain produce more toxin in
the tree than the non-aggressive one, still have to be answered.

CONCTUSIONS )

Much evidence for the existence of mechanisms of resistance, as de-
scribed here, has been presented, but no absolute proof has been given
because genetic crossings to determine if cor;elated phenomena segregate
in absolute association have not been performed (Ellingboe, 1876). The
polygenic and probably gquantitative nature of resistance will make such
experiments almost impossible.

Elm breeding programs might use the accumulated information about the
mechanisms of resistance, however. In the choice of alternative parent
trees the nature of resistance should be taken into consideration. Crossing
trees with different sets of genes for resistance would be advisable in-
stead of crossing parents with almost identical ones.

In the future more mechanisms cof resistance probably will be detected
especially in the Asiatic elm species, which have not been studied very
intensively till now. ) !
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Pine wilt and pine wood nematode: histopathological aspects of disease
development

Yasuharu Mamiya

Forestry and Forest Products Research Institute, Tsukuba Morin Kenkyu Danchi=-nai,
Ibaraki, Japan

ABSTRACT

Pine wilt involving the pine wood nematode, Bursaphelenchus
lignicolus, and the pine sawyer, Monochamus alternatus, 1is the
most serious pest of forest trees in Japan. In 197% it caused
the death of 8 million pine trees (Pinus densiflora and P.
thunbergii). The chronological development of pine wilt coin-
cides with the life cycle of the vector, pine sawyeri Nematode
inoculated pine seedlings were examined histopatholegically to
reveal pathological responses of pine to nematode infection es-
pecially during early stages of pathogenesis. Death of ray and
axial parenchyma cells occurred as the first visible pathologi=-
cal response. This cellular response developed in relation to
time after infection occurred. Cell death was observed in wood
tissues as early as 24 hours after inoculation. When an inocu-
lated seedling ceased to exude oleoresin at the 6th to 9th day
after inoculation, death of axial parenchyma cells had pre-
vailed markedly in its wood.

INTRODUCTION

The primary objectives of this presentation are to provide a summary
of pine wilt disease in Japan and to point out the histopathological as-
pects of disease development emphasizing those during early stages of
pathogenesis. The study on histopathological changes of pine tissues in-
duced from pathological responses of pine to nematode infection will pro-
vide a basic step to reveal resistance mechanisms to pine wilt.

HISTORICAL REVIEW OF PINE WILT
Pine wilt first occurred in Japan early in this century. Yano (1913)
reported the death of pine trees in Nagasaki of Kyushu as epidemic. The

damage had spread since 1905 and the causal agent had not been determined
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at that time. According to his report, however, disease symptoms cf pine
trees corresponded well to symptoms currently induced by the pine wood
nematode. Since then this dreadful disease has spréad in epidemic propor=-
tion throughout central to southwestern Japan, and now tBe disease covers
the northern region of Japan. In 1978 it caused the loss of 2 million m3 of
pine wood, and death of 8 million piné trees (Pinus densiflora Sieb. &
Zuceg., and P. thunbergii Parl.). This volume represented almost 1 % of the
growing stock of pine in Japan. The pine wood nematode is the most serious
pest of forest trees. The Japanese Government appropriated Us $ 35 million
in fiscal vear 1980 to address the problem.

Numerous investigations had been conducted mainly on insects associated
with deteriorated pine trees as suspected causal agents of tree mortality.
Kiyohara & Tokushige (1971) first suggested that Bursaphelenchus lignicolus
Mamiyva & Kiyohara, the pine wood nematode, was the causal organism of the
pine wilt disease. They found this nematode a common inhabitant in wood of
dead pine trees {(Tokushige & Kiyohara, 196%), and demonstrated the drastic
effect of this nematode on pine trees as the result of inoculation tests.
Since then, many investigators have presented experimental evidence which
showed a strong correlation between nematode inoculation and death of pine
trees (Mamiva, 1972). Among many bark and wood borers examined for their
association with B. Iignicelus, Monochamus alternatus Hops, the pine
gawyer, was found to be the most important vector of the nematode (Mamiya
& Enda, 1972; Morimoto & Iwasaki, 1972).

DISEASE CYCLE

Affected trees are conspicuous because of guick death after the symp-
toms appear. Pine trees observed to be healthy in early summer die in late
summer, showing vellowish foliage. The very same symptoms occurring in nat-
urally infected trees are produced by introducing nematode suspensions in
healthy trees. Death of trees follows in 40 to 60 days after inoculation
when experiments are conducted in summer.

The chronclogical develoﬁment of pine wilt under natural conditions
coincides with the life cycle of M. alternatus (Mamiya, 1972). Newly
emerged adult pine sawyers from dead pine trees carry dauerlarvae of B,
lignicolus in their tracheae. During maturation feeding of adult beetles
on fresh branches of healthy pine trees, nematodes leave the beetle body
and enter pine tissues through injuries. Nematode infection occurs from
early June to late July, the period of maturation feeding of ¥. alternatus.
The first symptom of digease is the failure of a tree to exude cleoresin
from wounds. Adult beetles ovipeosit successfully in diseased trees which
still appear healthy at that time, during July to late August. The rapid
development of disease results in death of the tree in late August. Huge
populations of nematodes build.throughout the diseased tree. In wood,
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nematodes inbabit mostly axial and radial resin canals where they feed on
epithelial cells, most likely the source of their food (Tamura & Mamivya,
1979). Hatched larvae of M. alternatus bore under bark and then through
wood tissues. Larvae overwinter in the tunnels and pupate the following
spring During February to May nematodes, the dispersal third stage larvae,
gather around the pupal chambers of beetles. In May aggregated nematodes
molt to the dauerlarvae. Pupation of beetles begins at mid-May and adult
beetles emerge from pupae during late May to July. Just after emerging,
adult beetles become contaminated with dauerlarvae.

Closely coordinated life cycles of the pine wood nematode and the pine

sawyer cause pine wilt.
HISTOPATHOLOGICAL RESPONSE OF PINE TISSUES T0O NEMATODE INFECTION

Histopatholegical studies have been carried out to demonstrate the na-
ture of host responses in relation to feeding and reproduction of nematodes
in wood, especially in early stages of pathogenesis.

Materials and methods ;

Three~year-o0ld pine seedlings {(Pinus densiflora and P. thunbergii) were
inoculated with B. Iignicolus cultured on Botrytis cinerea Pers. Inocula-~
tion was made by injecting a water suspension of nematodes, 5 (00 nematodes
per seedling, into a rubber tube which was attached to cover the end of a
branch cut at 5~7 cm distant from the stem. $eedlings were kept at 27-30 °C.
Several inoculated and uninoculated seedlings were collected 24 hours after
inoculation and then at intervals of 3 days. The nematode population of
each seedling was estimated by extracting nematodes from the whole seedling
without leaves using the Baermann funnel technigue. For a histopathological
study wood cylinders 1 cm in length were collected from sach inoculated
branch, the stem just below the inoculated branch, the basal part of the
stem, and a middle part of the shoot, and were fixed in FPA. Fixed speci~
mens were dehydrated and embedded in 10 % celleidine. Celloidine sections,
12 um thick, were stained with safranin and fast green.

Results

Populations of B. lignicolus in wecod of collected seedlings are shown
in Table 1. Despite the rapid spread of nematodes from the inoculation
site, almost all nematodes extracted from a seedling were found in the
inoculated branch until the 9th day after inoculation. Results of observa-
ticns at intervals after inoculation were as follows.

24 hours: At the cut end of inoculated branches nematodes entered most
axial resin canals whose epithelial cells were destroyed. Eggs were also
observed in those axial resin canals. Beyond the inoculated branch a few
nematodes were found in resin canals in the cortex of the shoot and a part
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Tahle 1. Disease development and nematode population of 3 seedlings at each
sampling date.

24 h 3rd dﬁy

Qleoresin exudation +2 + + + + +

No. of nematodes per 2866 1297 1721 1638 908 756

seedling (406)b {(237) (321) {18) (8) (346)
6th day 9th day

Oleoresin exudation - + + - - -

No. of nematodes per 1343 850 1691 1582 5717 1122

seedling (303) {530) (291) (282) (4157) (322)
12th day 15th day

Oleoresin exudation - - - - - -

No. of nematodes per 5800 12750 1805 68980 104250 20770

seedling

a. +: normal exudation, -: no exudation

b. Number of nematodes except those from inoculated branch

of the stem. Cell death signaled by a granulation of the cytoplasm, de-
formed nucleus which was stained red with safranin, and browned cell con-
tents, was observed in axial parenchyma cells surrounding epithelial cells
of an axial resin canal (Fig. 1) and in ray parenchyma cells at the basal
part of the stem. At that time, however, it occurred separately only in a
few cells.

3rd day: Destruction of epithelial cells of axial and radial resin ca-
nals in the inoculated branch became more advanced. Death of ray cells was
commonly observed but sporadically distributed all over the anatomical
cross sections or radial sections of the inoculated branch. Only a few
nematodes were located in resin canals of the stem. Throughout the stem,
death of axial parenchyma cells and ray parenhchyma cells occurred spora-
dically, while no effect was observed on epithelial cells of resin canals
which were associated with such dead axial parenchyma cells.

6th day: Almost all resin canals of the inoculated branch were de-
stroyed. One of the collected seedlings showed marked reduction of
oleoresin exudation from a cross section of the stem cut at the basal part.
In this seedling death of axial parenchyma cells was noticeable, especially
at the basal part of the stem (Fig. 2), while no damage of epithelial cells
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of resin canals was observed. Pathological changes of parenchyma cells did
not occur in wood tissues of the shoot.

9th day: All 3 seedlings collected at this time ceased to exude oleo-
resin on the surface of cross sections cut at the basal part of stems. A
nematode population exceeding inoculum level (5 000 per seedling) was found
in 1 of these seedlings while in the other 2 seedlings there was no popula-
tion growth. Dead axial parenchyma cells prevailed throughout the stem of
the latter 2 seedlings. Most axial resin canals whose epithelial celis were
not affected at all had such dead axial parenchyma cells, at least one of
them. Death of ray cells also became more noticeable than at the 6th day
{Fig. 3A). A few nematodes were cbserved in stems, but nc destruction of
epithelial cells. Tylosoids of epithelial cells were seen in a few axial
resin canals. Discoloration appeared sporadically along the cambial zone.
Nematode distribution at a low level occurred in resin canals of the shoot,
but no sign of cell death was detected there. In the stem of the seedling
having more nematodes throughout wood tissues than the incculum level, a
group of axial resin canals whose epithelial cells were completely de-
stroyed by nematodes occupied nearly 1/4 of the cross section of the stem.
Axial parenchyma cells of those resin canals were also destroyed. Nematodes
were observed commonly in such resin canals (Fig. 3B). Numbers of dead
axial parenchyma cells and ray parenchyma cells increased markedly and they
were widely distributed throughout the xylem. Discoloration of cambium and
phloem cells became advanced and cracks were seen along the cambial zone.
Many eggs found in resin canals indicated that reproduction of nematodes
progressed rapidly. Smaller larvae, mostly second stage larvae, were ob-
served passing through window-like pits of ray cells and locating in
tracheids.

12th day: The extent of destruction of resin canals and parenchyma cell
death in wood of those 2 seedlings having nematode populations exceeding
5 000 were similar to effects on seedlings of the 9th day in which nematode
populations exceeded the inoculum level. However, it was clear that damages
became more advanced as nematode populations became larger. In addition,
discoloration of cambium and cavity formation along the cambial zone oc-
curred more freguently than before. There were little visible pathological
responses of parenchyma cells in the shoots of these seedlings. Only a very
few nematodes were found in resin canals of the cortex, but not in those of
the xylem. The other seedling which showed the symptom of ceasing to exude
oleoresin had a smaller population of nematodes in its wood than the inocu-
lum level. Just as had been observed at the 6th or 9th day, death of axial
parenchyma cells and ray parenchyma cells prevailed throughout the stem
while only a few resin canals were affected and a very few nematodes were
observed in such resin canals.

15th day: Rapid growth of nematode populations in incculated seedlings
was found at the 15th day after inoculation. It reached mere than 10 times
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Figure 1. 24 hours after inoculation. Cell death of axial parenchyma cells
at the basal part of stem. Cross section.

Figure 2. 6 days after inoculation. Cell death of ray and axial parenchyma
cells at the basal part of stem. Radial section.
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Figure 3. 9 days after inoculation. Cell death of ray and axial parenchyma
cells at the basal part of stem. A. Radial section. B. Radial section.
Nematodes in an axial resin canal.

the inoculum level. In almost all resin canals, epithelial cells and axial
parenchyma cells were destroyed throughout the shoot and the stem. All
parenchyma cells of the cortex, phleoem, cambium, and rays seemed to be
dead judging by total shrinkage, discecloration and granulation of
cytoplasm, and disappearing or red stained nuclei. Many cavities that
resulted from nematode attacks were located along the cambial zone.

There were many nematodes and eggs in resin canals and such cavities.

Discussion

Death of ray and axial parenchyma cells occurred as the first wvisible
pathological response of pine to nematode infection during early stages of
pathogenesis. Anatomical cbservations demonstrated that this cellular re-
sponse developed in relation to time after infection. Thus, it might be
concluded that a steady increase in numbers and extent of dead parenchyma
cells reflected the disease development of seedlings. Cell death occurred
earlier than reduction or cessation of olecresin exudation. When an
inoculated seedling ceased tc exude oleocresin, dead axial parenchyma cells
surrounding epithelial cells of axial resin canals prevailed markedly in
its wocd. This provides an interesting subject regarding the supposed re-
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lationship between cell death and reduction of oleoresin exudation. In
addition, at this time no death of epithelial cells similar to that of
axial parenchyma cells and ray parenchyma cells was obserygd.

More developed pathological responses were commonly shown in the basal
part of the stem than in the upper part, just below the inoculated branch,
during early stages of pathodgenesis. This indicates that disease develop-
ment. began at the lower part of a seedling, except in the incculated
branch. At the inoculation site, the cross section of a branch, nematodes
directly invaded resin canals just after inoculation and then gradually
invaded areas extending deep ingside the branch. In the inocculated branch,
parenchyma cell death and destruction of epithelial cells directly caused
by nematode attacks preceeded those of any other parts throughout a seed-
ling.

Cell death occurring prior to nematode population growth and distribu-
tion through wood tissues indicates that pathological reactions of pine
tissues to some chemicals might be invelved. Oku et al. (1979, 1980) re-
ported that some metabolic substances of the pine wood nematode or bacteria
associated with the pine wood nematode had toxic effects on a pine tree.

Cell death occurring at initial stages of pathogenesis was detected
as one of the most remarkable pathological responses of living cells to
nematode infection through this study. Histopathological study of cell
death will provide a useful measure to investigate differences of resis-
tance to the pine wood nematode within or among species of pine.
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Indirect selection for pest resistance using terpenoid compounds

Michael R. Bridgen & James W. Hanover

ABSTRACT

One problem in developing genetic resistance in trees to
insect or disease pests is that of tree longevity. It may be
overcome with the use of ar indirect selection program. Any
secondary trait used in indirect selection must be highly
correlated with the primary trait, but it does not need to
be causally related to resistance. ’

The identification of suitable marker traits is difficult
and expensive and may be the one factor most limiting the use
of indirect selection. In oleoresin-producing conifers, the
monoterpenes and resin acids may be useful groups of biochemi-
cal markers for such a program. They are under genetic control
and in some species are correlated with resistance to insect or
disease pests.

The resin acid composition of Scotch pine oleoresin may bhe
involved in mechanisms cof resistance to some insect pests.
Parallel seasonal variation and larval feeding behavior and the
strong negative correlations between geographic variations in
resin acids and insect susceptibility show that insect resis=-
tance is highest when oleoresin composition is highest. These
compounds are strongly correlated with resistance and are rel-
atively easy and inexpensive to measure. They may be very use-
ful markers in indirect selection programs for pest resistance
in pines.

The forest industry in the United States is placing increasing emphasis
on the importance of basic research in forest regeneration. Under pressures
from an inflationary economy, escalating fuel costs, government and envi-
ronmental restrictions, companies have now recognized the desirability of

1. The authors are respectively: Research Scientist, Westvaco Corporation, Rupert, West
Virginia, USA, and Professor, Michigan State University, East Lansing, Michigan, USA.

161



having the most superior seedlings available to replace stands after har-
vesting. Although improved seedlings are expensive, high site-preparatiocn,
planting, and site maintenance costs overshadow the initial investment of
improved planting stock. Not only should planted seedlings grow dguickly and
possess desirable form and wood quality characteristics, they should also
be able to withstand wvarious insect and disease pests which may attack them
at any time during their life, in order that the costs of the seedlings may
be completely recovered in future growth.

Although research in tree improvement and genetics has produced rap-
idly growing genotypes, little work has been done to develop insect and
disease resistance in the same material. There are several reasons for this
{Hanover, 1980): forest genetics is a relatively new field and there are few
genetic researchers; the simplicity of natural regeneration makes it's wide
use more attractive than planting; and the lack of basic knowledge of host-
pest physiology and the long periods'of time between generations in trees
discourage researchers from working in the field. Concurrent with the long
time intervals between generations and the longevity of trees is the possi-
bility that trees may not exhibit resistance to insect or disease pests at
an early stage as they may not be attacked by these pests for many years.
This makes traditional selection schemes very difficult and their results
of limited wvalue.

The use of indirect selection may be one method of overcoming the prob-
lem of tree longevity. Indirect selection is the early identification of
superior individuals or populations for a trait other than the one for
which improvement is sought. The trait being used for selection, the sec-
cndary trait, must be highly correlated with the desired or primary trait,
whether or not it is causally related. Indirect selection is especially
useful if greater or more rapid success can be had by selecting for a cor-
related trait instead of a primary character.

The theoretical background for indirect selection has been outlined by
Falconer (1%60). Weissenberg {1976) has previously described the theory,
advantages, and use of indirect selection in breeding for various traits in
forest tree species.

Direct selection has a simple mathematical basis. With direct selec-
tion, a number of individuals from a population are chosen to be the par-
ental stock for future generations. The intensity of selection is defined
as the ratio of the mean phenotypic value of the individuals chosen, S, to
the phenotypic standard deviation, Op-

i=8/0
. / P
Heritability, h2, is defined as the ratio of the mean phenctypic value

of the progeny of selected parents, R, to the mean phenotypic value of the
parents. Heritability is also the ratio of additive genetic variance to to-
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tal phenotypic variance of the population.
2 = = 2 2
h R/S = 07/vl

The expected gain or change from the mean of the original population,
R, is the product of the intensity of selection times the square root of
the heritability of the trait times the sguare root of the additive genetic
variance of the selected trait.

R = 1h0a

By using indirect selection, a secondary trait is chosen which is
highly correlated with the primary trait. The gain for the primary trait,
then, is the product of the intensity of selection for the secondary trait,
the additive genetic correlation coefficient, and the square root of the
heritability of the secondary trait times the additive genetic variance of
the primary trait.

Gx = iyhyraﬂax g

The relative efficiency of using indirect instead of direct selection
ig shown by a ratio of the expected gain of indirect selection to that
expected with the direct method. This ratio is the correlation coefficient
times the selection intensity and square root of heritability of the sec-
ondary trait divided by the selection intensity and square root of herita-
bility of the primary trait.

GX/RX = r, (iyhy)/(ixhx)

Indirect selection can be a superior method te direct selection if:

- a high genetic correlation exists between the 2 traits;

- the secondary trait has a higher heritability than the desired character;
- a higher selection intensity can be applied on the secondary trait than
on the primary trait.

The terpenes may be an ideal group of biochemicals to use as markers in
an indirect selection program, especially for pines, spruces and other
resin producing conifers. Monoterpenes and diterpenoid resin acids comprise
the greatest portion of total olecresin. The monoterpenes are under strong
genetical control (Baradat et al., 1975; Hanover, 1966a; Squillace, 1971)
and show minimum influence by environmental variation (Hanover, 1966b).
Genetic variation in moncterpenes between seed sources has been demon-
strated for many pine and spruce species (Arbez et al., 1974; Bridgen et
al., 1979; Gansel & Squillace, 1976; Tobolski & Hanover, 1971; Wilkinson
& Hanover, 1972). The geneticg of resin acids have not been studied very
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widely. There appears to be no genetic variation in the resin acids of the
oleoresin of white pine (Bridgen et al., 197%9) but seedlot and regional
variation has been found in Scotch pine {Bridgen, 1979). Further studies
should identify genetic variation and control of resin acid in other spe-
cies.

There are 4 characteristics of terpenes that make these compounds use-
ful in indirect selection for pest resistance:

1. Several terpenes have been identified as attractants or repellents

to insects and so are directly inveolved in resistance mechanisms (211 &
Anderson, 1974; Bordasch & Berryman, 1977; Hanover, 1975). Similarly, they
are probably involved in resistance to some fungal diseases (Bailey et al.,
1975; Cobb et al., 1968).

2. Oleoresin may be sampled from tree seedlings while many insect and dis-
ease pests may not be observed until the tree is many years old. Although
there is some variation in oleoresin caused by the age of the tree, cor-
relations of juvenile traits with resistance patterns should be equally
useful and valid as correlations traits measured at the same time as re-
sistance. -

3. Measuring errors can be minimized and large numbers of trees can be an-
alyzed using the terpenes. The quantitative accuracy of -chemical measure-
ments using gas chromatography greatly overshadows the gualitative, often
ocular, measuremenhts which are usually applied toward insect and disease
infection rates. Many samples can easily be handled as little storage space
is necessary for the small quantities of oleoresin used and automatic sam-
pling devices allow a continual analysis, even when lab personnel are not
available.

4. Finally, many Lerpenes are simultanecusly analyzed. A typical pine or
spruce analysis will yield 4-15 or more monoterpenes and 16 or more resin
acids. As each compound is presumably under independent genetic control and
insects and disease react differently to various chemicals, the prébability
of finding a correlated trait is much higher than if only 1 or a few traits
or chemicals were being studied.

An example of the use of terpenes as markers for resistance to a dis-
ease on forest trees is that of fusiform rust (Cronartium fusiforme Hedgc.
& Hunt ex Cumm.) in loblolly (Pinus taeda L.) and slash (Pinus elliottii
Engelm.) pines. Rockwood (1973) studied the phenotypic and genetic corre-
lations between fusiform rust infestation and the chemical composition of
both stem xylem and branch cortex oleoresin of loblolly pine. He collected
oleoresin from about 350 trees representing 36 full-sib families. The trees
were 5 years old., None of the 3 primary monoterpenes cof stem xylem, «-
pinene, B-~pinene, or myrcene, showed any relationship with resistance, but
branch B-phellandrene was phenotypically correlated with susceptibility. As
p-phellandrene composition increased, percent infection also increased.
Rust infection is directly in contact with the branch cortex tissues, and
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it is reascnable to believe that cortex oleoresin would be more invelved in
any resistance mechanism than stem Xylem cleoresin.

To expand hisg studies on the role of monoterpenes and rust resistance,
Rockwood (1974) examined another pine gpecies which also shows variation in
resistance to the rust, slash pine. He collected branch oleoresin in about
300 trees from clones, wind pollinated families, full-sib families, and
existing rust tests in Florida, Mississippi and Georgia. There are only
4 major moncterpenes in slash pine, a~pinene, f-pinene, myrcene and p-
phellandrene. As in loblolly pine, Bw-phellandrene was the only monoterpene
showing a relationship with fusiform rust, but in this case, resistance was
associated with high levels of the terpene rather than low. The monoterpene
may not be the causal agent of resistance or susceptibility, but rather be
genetically linked to the controlling traits. Therefore, it may be success-
fully used in an indirect selection program.

Several years ago we began to study the physioclogy and genetics of the
oleoresin system of Scotch pine (Pinus sylvestris L.). To test the hypothe-
sis that diterpenes are useful indicators of insect resistance, comparisons
were made between data ccllected in the physiology and genetic studies with
the known patterns of resistance to several insect pests common‘cn Sceotch
pine. All of the insect resistance information had been previously collect-
ed from provenance tests within Michigan (Steiner, 1974; Wright & Wilson,
1972; Wright et al., 1967, 1975, 1976). Results from some of our observa-
tions indicate that a relationship may exist between the diterpenoid resin
acids and insect resistance in this species.

Beginning 1 aApril 1978, oleoresin was collected from 14 Scotch pine
trees every 15 days throughout the growing season. The trees were 18 years
old, originating in Sweden of the variety septentrionalis. Oleoresin was
collected in capillary tubes which were tapped in 2-year-old tissue and
the resin acids were analyzed using gas-ligquid chromatography (Bridgen et
al., 1979).

Twelve resin acids or pairs of unseparable resin acids were measured.
Four major resin acids, sandaracopimarate, levopimarate + palustrate,
strobate + dehydroabietate and necabietate, 2 minor acids and total resin
acids showed significant seasonal variation. The cowbined peak of strobic
+ dehydroabietic acids showed an increase in concentrations between 15 May
and 15 June, after which it decreased to levels cloge to those prior to
15 May. All of the other resin acids, and total acids, had a noticeable
decrease during this same time period, extending to 1 July. This drop in
total resin acid concentrations coincides with the time of most rapid shoot ~
elongation. It also parallels the developmental physiology of several in-
sects which attack Scotch pine. The larvae of the European pine sawfly
{Neodiprion sertifer Geoff.) feed on year-old foliage between early May
and mid-June. Also during this period, larvae of the eastern pineshoot
borer (Eucosma gloriola Heinrich) bore into lateral and terminal shoots.
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Table 1. Simple correlations of resin acids with susceptibility patterns
of several Scotch pine insect pests.

European Pine Zimmerman Pine root

pine gshoot  pine moth collar weevil

sawfly " borer
Unknown 28 0.23 0.07 0.12 0.23
Unkncown 30 -0.06 -0.05 -0.26 -0.15
Unknown 31 -0.23 0.14 -0.16 -0.21
Pimarate ~0.46%% -0.27 -0.3?** -0.34%
Sandaracopimarate ~0.29 -0.33% -0.23 -0.21
Levopimarate + palustrate ~0.44%% -0.21 -0.36% -0.36%
Isopimarate ~0.43*%* -0.51%%* -G.30%* -0.19
Unknown 36 -3.28 ° -0.32% -0.,20 -0.16
Strobate + dehydroabietate -0.15 -0.14 ~0.20 -0.14
Unknown 38 ~0.01 0.08 -0.14 -0.13
Abietate ‘ ~0.42%%* ~0.,40% -0.,35% -0.31%*
Neoabietate ~0.04 0.11. -0.15 -0.12
Unknown 41 -0.04 0.11 =0.15. -0.12
Total resin acids -0.46%% -0.27 =.37%% -0.36%

*, k% Significant at p £ 0.05 and p ¢ 0.01 respectively.

The timing of these events corresponds very closely to the decrease of
total resin acids in the oleoresin of branches. It may be only coincidental
that the developmental physiology of the insect parallels the change of
chemical compesition in the oleoresin, but it is also possible that the
insect has adapted its developmental stages genetically to feed at a time
when undesirable compounds in the host are at a low concentration. A simi-
lar situation has been described with the winter moth {(Opercphtera brumata
L.). The tannin concentratioh of ocak leaves may have caused evolution of
the winter moth so that its feeding ceases before tannins increase in con-
centration in the leaves (Feeny, 1970).

Along with seasonal variaticn, variation between seedlots of Scotch
pine exists for the resin acids. In the latter part of June 1978, cleoresin
was colleqted from the boles of 300 trees representing 50 seedlots and 18
varieties of Scotch pine. Total resin acids ranged in concentration from
8.5 % to 54 % of oleoresin. The Scandinavian varieties had the highest con-
centrations of total resin acids while the central European varieties had
the lowest concentrations of pimaric, abietic, neocabietic and total resin
acids. Scandinavian varieties also have the highest resistance to European
pine sawfly (Wright et al., 1967) and the eastern pineshoot borer (Steiner,
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1974). Correlation analysis between insect resistance and resin acids for
all seedlots show a significant negative relationship between these traits
(Table 1}.
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Monoterpenes and resistance of conifers to fungi

H.J. Schuck

Lehrstuhl flir Forstbotanik, Universitit Miinchen, D~8000 Miinchen 40, Amalienstr. 52, BRD

AB3STRACT

Monoterpenes usually inhibit the development of pathogenic
fungi. This effect varies over a wide range. In a few cases the
composition of the terpene fraction could be correlated with
the resistance of a tree against pathogens. After being wounded
or infected a coniferous tree can exhibit a change in the
composition of the terpene fraction. This reaction perhaps
determines at least the actual resistance against pathogens.

Monoterpenes are widely distributed in the plant kingdom. Not only the
conifers can synthesize them, but other systematically unrelated families
such as the Lauraceae, Poaceae, Liliaceae, Rutaceae, Compositae and Lamia-
ceae contain monoterpenes, too (Fretz, 1878). Compared with these plant
families the conifers produce the greatest amounts of terpenes, which are
constituents of resin that can make up te a maximum of 25 % {in Pinus
elliottii Engelm.) of the dry weight of heartwood (Parham, 1976). In Pinus
sylvestris L. the heartwood contains 8 % resin consisting of 25 % monoter-
penes. Certainly these values cannot be generalized for all conifers, and
furthermore great variation occurs among individuals.

1t is characteristic in conifers that the resin is located in a special
resin duct system, usually existing in all parts of a tree. Only some
genera, like Abies, normally lack resin ducts, but as a reaction to inju-
ries they can develop such systems, called traumatic resin ducts. Other
conifers react in the same way upon wounding.

The development of traumatic resin ducts shows that the resin and the
monoterpenes play a part in the defense mechanisms against pathogenic
organisms. Surely one of the main functions of resins is clesing wounds
quickly. They establish mechanical and chemical barriers to prevent infec-
tions by fungi (Rishbeth, 1972) and insects (Smith, 1977). The mechanical
barrier depends on the resin acids, which are main constituents of the
resin, whereas the monoterpenes of the resin act as toxic agents. Generally
these barriers are built up by resin that comes from ducts in the bark.
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The wood can also form a barrier zone: injuries induce the development
of new resin ducts in the wood by cambial cells of the tree, and sc more
resin can be mobilized to prevent an infection. In older, xylem no new ducts
can be differentiated.

This traumatic reaction signals the significance of resins in host-para-
site interactions. It is not surprising that for several vears the effects
of monoterpenes on pathogenic fungi have been investigated (Table 1). Here
only the experiments with monoterpene hydrocarbons are catalogued; other
derivatives, in literature often named as monoterpenes, are not considered.
Mostly the influence on mycelial growth of fungi was tested; but in some
cases also spore germination, dry matter production, and the peroxidase
activity of fungi growing in a terpene atmosphere were studied.

In most cases {Table 1) the mycelial growth was inhibited by monoter-
penes. Stimulating effects were rarely observed (Fries, 1973; Vdisidlsd,
1974). Most of the fungi tested were wood~-decomposing or wood-inhabiting
organisms. The fungi growing in conifer wood seem tc be more toclerant
against high levels of terpenes than the species growing in woed of decidu-
ous trees (Hintikka, 1970). Fries (1973) recorded that, although linear
mycelial growth was reduced, the fungus could” increase production of its
dry matter when exposed to a terpene atmosphere.

The effects were always correlated with the concentration of the ap-
plied terpenes, and the terpenes themselves were alsc different in their
effects. Differences may also exist in the effects of a monoterpene con
different pathogens. For example A-3-carene seems Lo be relatively harmless
against Fomes annosus (Fr.) Cooke (Schuck, 1977; Cobb et al., 1968), but
very aggressive against Diplodia pinea {(Desm.) Kickx (Chou & Zabkiewicz,
1976). Finally, different effects were also related to the test methods.
Fig. 1 shows the influence of a-pinene on the germination rate, the linear
mycelial growth, and the wood-decomposing activity of Fomes annosus. In all
3 experiments the inhibition increased with the concentration of the ter=-
pene. The germination rate was nct reduced as fast as the mycelial growth.
The wood-decomposing activity, measured as weight loss, cannot be compared
with the other test-methods, because greater quantities of terpene were
applied. This test tock 3 1/2 months. About every 10 days the quantities
mentioned in the figure were added to the cultures of Fomes annosus.

Because of the great variation in their effects, it is not possible to
postulate a gradation in the aggression of terpenes. In addition, the
results reported in the literature differ sometimes, even though the same
fungus was examined. Hintikka(1970) found that A-3-carene and limeonene
reduced the mycelial growth of Fomes annosus very strongly whereas w-pinene
had only a siight reducing effect. In contrast, in my investigations (Schuck,
1977) carene was more harmless and e-pinene the most aggressive terpeng.
Thig difference cannot be explained with certainty. Perhaps it depends on
differences in method or on the purity of terpenes applied by the 2 investi-
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Figure 1. Inhibitory effects (as a percentage of the control) of a~pinene
on the development of Fomes annosus in 3 different tests.

gators. Nevertheless, all the papers describe the inhibitory effect of
terpenes on the vegetative development of fungi. Therefore attempts have
been made to distinguish between trees that are resistant and susceptible
to a particular fungus according to the composition of their terpene frac-
tions. Such investigations are very difficult, because the composition is
highly wvariable. It is influenced by seascon (von Rudloff, 1975; Powell &
Adams, 1973; Hrutfiord et al., 1974), water balance (Hodges & Lorio, 1975;
Gilmore 1977) and even diurnal variations (Adams, 1979). Very great inter-
and intra-individual variations complicate such investigations (Schuck &
schiitt, 1975; von Rudloff & Bunt, 1977). Nevertheless, recent results show
that térpene composition can be related to susceptibility to pathogenic
fungi in some cases. Rockwood (1974) demonstrated a correlation between the
percentage of B-phellandrene in the resin of Pinus elliottii and resistance
against Cronartium fusiforme Heddgc. & Hunt. Chou & Zabkiewicz (1976) found
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higher percentages of A-3-carene in trees resistant to Diplodia pinea than
in susceptible ones. There are no differences in the terpene fractions of
several western white pines (Pinus monticola Dougl.) resistant against
cronartium ribicola J.C. Fisher (Hunt & von Rudloff, 1977).

All this information could be useful in breeding for resistance, but
only if the composition of the terpene fraction is under genetic contraol.
Esteban et al.(1976) and Hanover {1966) postulated genetic control svstems
for the heredity cf monoterpenes.

Many of the wood-decomposing fungi are not able to penetrate the intact
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Figure 2. Effect of wounding on composition of the monoterpene fraction of
Picea abies sapwood. A: wounded; B: control.
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bark. They infect a tree. only by wounds, where not only the amount of
terpenes is increased, but also the composition of the terpene fraction has
been changed. These alterations are of great imporﬁance for the defense
against pathogens, because they at least determine the aéfual resistance to
fungal attack. The significance of increasing amounts of resin in wounded
parts of a tree has been recognized by some authors. Cobb et al.{1968)
postulated that the accumulation of terpenes can be a factor in resistance
to pathogenic fungi, and Rishbeth (1951) supposed that resin production in
roots can inhibit Fomes annosus infections. So the resistance against
pathogens which infect through wounds could be correlated with the ability
of trees to mobilize resin (Gibbs, 1968) in the wounded region. This trau-~
ratic resin has a different chemical composition. Russei & Berryman (1976}
found a high myrcene and A-3-carene content in fungus-infected wounds of
Abies grandis Lindl.

Recently such changes in the terpene fraction of Picea abies (L.)
Karst. were found. Two remarkable chemical alterations in the terpene
fraction of sapwood were demonstrated 2 months after artificially wounding
with a borer (Fig. 2). Line A indicates the percentage of a distinct ter-
prene in wounded wood (at position 0) and in wood located 5, 18, or 20 cm
below (-) or above (+) the wound. For control (B) we took intact wood
samples from comparable positions not influenced by the wound. The B-pinene
content decreased in wounded parts, and this effect was strongly limited to
the wounded region whereas the A-3-carene content increased and was not
strongly limited to wounds.

In the samples taken at distances up to 10 cm below and above the
wound, the altered resin could be found. But the effect decreased with
growing distance from the wound. Not only sapwood but also the heartwood
can react by synthesizing traumatic terpenes.

These results cannot be generalized because they were not universal.
Not all of our tested trees showed such traumatic reactions, or the' reac-
tions were not similar. This is a new aspect of the resistance mechanism
due to monoterpenes. It is necessary to investigate whether these different
reactions in trees of the same species are correlated with their resistance
against fungal attack. It is pessible that such changes take place alsc in
infected but not injured wood. No invegstigations of this phenomenon have
been started at our laboratory.
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Buffering of pH in plant organs and resistance against fungi

F. Scholz & B.R. Stephan
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| Forstgenetik und Forstpflanzenzlichtung Schmalenbeck, Siekerlandstrasse 2, D-2070 Gross-
hansdorf, BRD

ABSTRACT

The present knowledge of relations between resistance to
fungal parasites and buffering capacity in vulnerable plant
organs is reviewed. Resulis are discussed with respect to their
importance for our understanding interactions in host-parasite

| systems.
INTRODUCTION

Resistance or susceptibility is the result of an interaction between
host and parasite. Physiological and biochemical processes are involved in
this interaction. To a great extent they are influenced by hydrogen ion
concentration and its regulation. In the following paper pH-relations will
be discussed with regard tc their possible importance for resistance of

trees against fungal parasites.

IMPORTANCE OF PH FOR REGULATION OF METABOLIC FROCESSES

! When after infection host plant and pathogen are in contact the interac-

i tion between metabolic mechanisms of virulence and resistance determines

E the course of pathogenesis. Not only the processes themselves but also the
medium in which they interact are important. This medium is characterized,

) for example, by its pH.

: The pH is very important for the optimal functioning of metabolic

processes. Deviations from optimal hydrogen ion concentration influence

biomembranes, affecting their structure and function sc that transport

processes between cells and within cells are disturbed. Additionally the

, biochemical reactions themselves can be influenced, as well as the activity

i of enzymés involved. An example (Fig. 1) is the equilibrium between 3

L molecular states of a hypothetical enzywme in relation to pH and enzyme

‘ activity. Thus regulation of intracellular pE is a fundamental biological

process (Raven & Smith, 1973).
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Figure 1. Equilibrium between 3 molecular states of a hypothetical enzyme

in relation to pH and velocity of reaction (v) {(from Scholz & Knabe, 1976).

Within each organism, varyving with the respective organ and the invol-
ved cells, an optimal pH is maintained by regulation. The regulation is due
to internal metabolic processes consuming or producing 2 of OH , and pH is
stable in a centain range against external influences (Smith & Raven,
1976). The objective of the parasitic fungus is to metabolize substrates in
the internal milieu of the host, which sumultaneously is the external
milieu for the fungus. This means that for the fungus alsc the hydrogen-ion
concentration in the host plant cells is of importance.

In many host-pathogen systems the external optimum pH for fungal sub=-
strate metabelism is higher than the pH in the internal milieu of the host
plant. Therefore 2 different regulation mechanisms interact with each
other. This interaction is illustrated by a cybernetic model (Fig. 2) in
which the relationship is shown between the intracellular pH-milieu of the
host and the extracellular pH-milieu of the parasite under the assumption
that the intracellular pH of the host is suboptimal for the parasite.

Measurements of pH interactions in living plant cells are difficult.
Hence, for characterizing pH relations, titration of agueous plant extracts
can be carried out with H+ or OH . The resistance against pH change during
titrant addition can be considered as a measure of the stability of the pH,
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Figure 2, A cybernetic model of the interaction of host and parasite with
respect to the intracellular pH-milieu of the host and the extracellular
pH-milieu of the parasite when the pH of the host is lower than the optimum
pH for the parasite (after Schelz & Stephan, 1975).

expressed as buffering capacity. The hypothesis is that the higher the
buffering capacity, the more resistant is the host plant.

These interactions were tested first in the host-parasite system Pinus
sylvestris L./Lophodermium pinastri (Schrad. ex Hook.)} Chev. {Scholz &
Stephan, 1974). '

THE HOST-PARASITE 3YSTEM PINUS SYLVESTRIS/LOPHODERMIUM PINASTRI

The most interesting period for studying this host-parasite interaction
is soon after infection in autumn and during the latent phase in winter,
which is decisive for pathogenesis.

With reference to the cybernetic model (Fig. 2), 2 subjects may be
investigated: the contribution of the pH-regulation by the host plant to
its resistance, and the contribution of pH-regulation by the fungus to its
pathogenjicity. First we can test whether the fungus can regulate pH to the
level for ite optimum growth, which is assumed to be approzimately pH 5.0
to pH 5.5, depending on the fungus strain. In trials with a L. pinastri
strain on agar media ceontaining various pine needle extracts we found that
the fungus can shift the pH toward its external optimum pH (Fig. 3).
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Figure 3. The pH-changing influence of 3 strains of Lophodermium pinastri
on needle decoction agar. pH was measured along the radius of cultures
growing in Petri dishes. Curves are means of 4 resistant (R+) and 4 suscep-
tible (R”) non-infected Pinus sylvestris clones, respectively (from Scholz
& Stephan, 1981).

In this connection Schiitt (1964a) found that the cclony diameter of L.
pinastri decreased with increasing concentrations in the culture medium of
needle extracts of resistant Scots pine clones. The diameter increased,
however, when increasing concentrations of needle extracts of susceptible
clones were added. Schiitt (1964a) supposed biochemical components as possi-
ble influencing factors. Higher buffering capacity in resistant clones also
could have contributed to this effect.

Corresponding effects should be expected in the living host plant cell.
The host plant should maintain pH at its own intracellular lower optimum by
its inherent buffering capacity or by additionally synthesized buffering
substances.
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Figure 4. Buffering capacity in needle extracts from non-infected Pinus
sylvestris clones with different degrees of resistance to Lophodermium

pinastri (after Scholz & Stephan, 1974).

For procedural reasons we can test the inherent buffering capacity only
in vitro, that is, in agueous extracts of the particular plant organ that
the fungus infects, in the present case the needles. Since in the course of
pathogenesis nuclei of infected plant cells degenerate and compartmentation
within the single plant cell is disintegrated, this state is presumably
similar to that found by the fungus in the in vitro extracts.

In agueous needle extracts from 8 clones of Pinus sylvestris of differ-
ent degrees of resistance the pH was artificially influenced by adding OH™
This titration resulted in curves (Fig. 4) which showed that a susceptible
clone had lower buffering capacity than a resistant one. The bhuffering
capacity of resistant clones was significantly higher than that of suscep-
tible clones. An analysis of variance was based on clones (Table 1). Vari-
ance between ramets in clones was small. Buffering capacity and resistance
were highly correlated (r = 0.84) (Scholz & Stephan, 1974).

These summarized investigations support the hypothesis given above:

EXAMPLES OF RELATION COF BUFFERING CAPACITY AND RESISTANCE
The relation between buffering capacity and resistance was tested
repeatedly for the Pinus sylvestris/Lophodermium pipastri-system with

different pine populations, and investigated also for other host-parasite
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Table 1. Analysis of variance of buffering capacity of different resistant
clones of Pinus sylvestris.

Source of af F-value Variance Relative
variation component variance

a component (%)
between clones 7 22.01%%% 18953.7 83.4
betweem ramets 16 4,84*%* 2146.8 9.4
error - 48 - 1675.3 7.4

**%* gignificant at p £ 0.001.

systems. The results of the various authors are summarized in Table 2. Most
of the investigations confirm the previous results. But there are also
deviating results. They can be caused by various reasons several of which
wili be discussed in more detail, because they lead to a more thorough
understanding of host-parasite interaction: ’

1. Procedural reascns related to statistical aspects of sampling, handling
of plant organ samples before titration, and titration methods all can
influence the results. Differences caused by these reasons can be excluded
by standardization of methods and will not be discussed further.

2. Physiological processes are influenced by diurnal or seasonal varia-
tion, or both, and may change with the age of the hest plant. Thus, results
of investigations on the relation between resistance and buffering capacity
in the respective plant organ also can be influenced.

3. The resistance in the investigated host populations may be based on
different or interacting resistance mechanisms.

4. Finally, the well-known great variability of parasite populations may
cause differences in virulence in different biotypes or races. Hence resis-
tance mechanisms which are effective against a certain fungus population
may be less effective against another fungus population. Such effects are
known to occur in some host-parasite systems, but have not been investi-
gated extensively in forest trees.

EFFECTS ON THE RELATION BETWEEN BUFFERING CAPACITY AND RESISTANCE

Influence of age of the plant organ

Buffering capacity and pH in agueous extracts of Scots pine needles
vary during the ontogeny of the needles as shown by Dupate {1977), Martins-
son (1979), wind (1979) and Scholz & Stephan (1981). Buffering capacity was
highest in young needles after needle elongation, decreased during summer,
autumn and winter of the first vegetation period, and stayed at low values
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in the beginning of the second year. During the same period pH increased.

Parallel to those changes the life cycle of the needle cast fungus
Lophodermium pinastri takes place. The highest levels of ascospore produc=-
tion and release in late summer and autumn coincide, at least under central
European conditions, with the low-value period of buffering capacity in
current year pine needles.

During this infectiocn period and the following latent phase of the
pathogen resistance mechanisms of the host plant should be most effective.
Results of several investigations showed clearly that only in late summer,
autumn and winter did the resistant Scots pine clone group have signifi-
cantly higher buffering capacity than the susceptible group (Scholz &
Stephan, 1974, 1981). It is impertant, therefore, to time investigations of
traits like buffering capacity to the pericd when the decisive physiclo-
gical interaction between host and parasite takes place.

Resistance mechanisms vary with further ontogeny of a plant organ. For
example, Scots pine needles older than 1 year are resistant to the parasite
Lophodermium pinastri.

Also, differences in age of the hest plant itself ceculd influence the
relative importance of different mechanisms in host-parasite systems.
Dupate  (1977) found a relation between buffering capacity and resistance in
young Scots pine plants, but Martinsson (1979), who investigated other
young Scots pine families, did not. Studies described above were conducted
on 25-year old Scots pine clones (Scholz & Stephan, 1974, 1981). Further-
more, Franich & Wells (1977) found no relation between buffering capacity
of Pinus radiata D. Don needles and resistance against Dothistroma pini
Hulb. in S5-year old trees, but in 40-year old trees high buffering capacity
and resistance to the parasite generally exist.

Influence of host population

For investigations on the relation between buffering capacity and
resistance, host-plant materials of quite different character and origin
have been used by different authors. In varicus regions of the natural
distribution area of a forest tree species different coevolution with the
respective parasite may have resulted in different resistance mechanisms.
Thus relations between traits at one location can be different from those
at another one.

A few examples may support this concept for the Pinus sylvestris/Lopho-
dermium pinastri-system. Relative resistance of provenances may change when
they are cultivated in a distant location in comparison to that of prove-
nances from other regions or that of local provenances. When Scots pine
provenances are grown under central Eurcpean conditions, those from Scandi-
navian countries often show higher resistance to the needle cast fungus
than those from scuthern France (Schiitt, 1964b). In a Dutch trial Cerman
Scots pine provenances were killed by Lophodermium pinastri whereas some
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local provenances remained largely unattacked (Kriek & Bikker, 1973). In a
south-west German trial of the Forstliche Versuchs~ und Forschungsanstalt
Baden~-Wiirttemberg the progenies of non-local Scots pine Qlus trees selected
for needle cast resistance were heavily attacked by L. pinpastri but the
local provenance remained unattacked (data unpublished). These reactions
were the fesult of interactions with environmental factors, but also diffe-
rences in resistance mechanisms might have been involved. Perhaps such
differences could explain the results of Martinsscn (1979} who did not find
a relation bhetween buffering capacity of Swedish Scots pine families and
resistance. In our own investigations on Scots pine full-sib families from
crosses in and between Alpine and Mazurian provenances the Alpine crosses
showed high buffering capacity and susceptibility to L. pinastri, whereas
Mazurian crosses showed low values for both traits (Stephan & Scholz,
1981). Within the provenances, however, this relation was not general.

Resistance of P. sylvestris to L. pinastri, which is assumed to be
polygenic, is certainly governed not by only one mechanism. This might
explain differences between pine populations investigated for one resis-
tance trait only.

Influence by parasite population

Finally the interacticn between host and different populations from
different locaticns should be censidered. Lophodermium pinastri, for in-
stance, shows great variability with respect to morphological, physiologi-
cal and biochemical traits (Millar & Watson, 1971; Stephan, 1973a, b),
which recently lead tc the separation of different species (Minter et al.,
1978) with apparently different life cycles and biology (Minter & Millar,
1980). Cbviously variation in the virulence of the pathogen is to be expec-
ted. Therefore in various host-parasite populations different interactions
and balances between resistance mechanisms and virulence mechanisms are
prokable. '

In considering pH regulation as a possible mechanism of hest-parasite
interaction Stephan (1975) reported variation between L. pinastri strains
isolated from different pine species. The ability of the fungal strains to
change pH as well as the reaction of the host species showed remarkable
variation in vitro. Such variation also has been found between fungal
strains isolated only from Scots pine (Scholz & Stephan, 1981). These
strains differ in the amount of their pH-changing influence on needle agar
and even in the directicon of this influence {Fig. 3}.

The results of L. pinastri strains growing on needle-decoction agar
were largely confirmed with cultures in liguid needle extracts of resistant
and susceptible Scots pine clones. (data unpublished). The pH normally
changed either to higher or lower values, depending on the fungal strain
used. There were negative correlations between the degree ¢f resistance of
respective Scots pine clones and the extent of pH change in vitro after
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14 days of culture. The importance of the variability of the parasite in
the relation between resistance and buffering capacity is underlined by the
fact that 1 strain showed a different behaviour in culture. In this case
the amount of pH change was positively correlated with degree of resistance
of the pine clones. The behaviour of the pathogen population interacting
with the respective host population will depend on its inherent requirement
for an optimum pH and its ability to regulate pH.

INHERITANCE QOF BUFFERING CAPACITY

Inheritance of buffering capacity is not yet well known. Preliminary
results of investigaticns of crosses between and within 2 Scots pine prove-
nances showed significant differences between progenies {Stephan & Schelz,
1981). Alpine crosses showed the highest, and Mazurian crosses the lowest
means. Interprovenance crosses were intermediate for this trait.

Estimations of genetic parameters in families of Norway spruce (Picea
abies (L.) Karst.) showed that the phenctypic variance cf buffering capaci-
ty is governed mainly by genetic factors (Scholz & Reck, 1977}). Heritabili-
ty was estimated roughly at hzn.s.z 0.78. g

CONSEQUENCES AND CONCLUSIONS

1. For suitable comparability of results sampling criteria and buffering
capacity evaluation methods should be standardized. With the necessary
phytosanitary restriction, the exchange of host plant material and cultures
of parasites for such host-parasite interaction studies is also suggested.
2. A better understanding of virulence and resistance mechanisms is neces-
sary including more detailed knowledge of pH regulation in host=-parasite
interaction and its relation to other resistance mechanisms. This should be
investigated in various host-parasite systems.

3. Up to now buffering capacity cannot be recommended generally as a trait
for use in indirect selection. Before generalizing about the importance of
a resistance mechanism, one should test it in different host populations.
4. Investigations on pH regulation can help in understanding the interac-
tion between host and parasite at the level of bicchemistry as well as at

the level of the populations involved.
REFERENCES

Dupate, &.1., 1977. Investigations on resistance of Pinus sylvestris L. to Lophodermium
pinastri {Schrad.) Chev. In: Okolog: Besonderheiten der niederen Pflanzen des sow-
jetischen Ostseeraumes. Material zum 8. Symposium der balt. und weissruss. Mykologen
und Lichenologen. Wilna 1977. p. 74-75.

Franich, R.A. & L.G. Wells, 1977. Infection of Pinus radiata by Dothistroma pini: effect
of buffer capacity of needle homogenates. New Zealand Journal of Forest Science 7:
35-39,

185



Kriek, W. & G. Bikker, 1973. German and Duich provenances of Scots pine in the Nether-
lands. Nederlands Bosbouw Tijdschrifi 45: 154-16l.

Kumi, J. & K.J. Lang, 1979. The susceptibility of various spruce species to Rhizosphaera
kalkhoffii and some cultural characteristics of the fungus in vitro. European Journal
of Forest Pathology 9: 35-46. *

Martinsson, 0., 1979. Testing Scots pine for resistance to Lophodermium needle cast.
Studia Forestalia Suecica 150: 1-63.

Matschke, J. & E. Scholz, 1980. Biologische Grundlagen der Forstpflanzenziichtung. Bei-
triage fiir die Forstwirtschaft 14: 116-121.

Millar, C.5. & A.R. Watson, 1971. Two biotypes of Lophodermium pinastri in Scotland.
Eurcpean Journal of Forest Pathology 1: 87-63.

Minter, D.W. & C.S. Millar, 1980. Ecology and biology of three Lophodermium species on
secondary needles of Pinug sylvestris. European Journal of Forest Pathelogy 10:
169-181.

Minter, D.W., J.M. Staley & C.5. Millar, 1978. Four species of Lophodermium on Pinus syl-
vestris, Transactions of the British Mycological Society 71: 295-301.

Raven, J.A. & F.A. Smith, 1973. The regulation of intragellular pH as a fundamental bio-
logical process. In: W.P. Anderson (Ed.): Ion transport in plants. Academic Press,
London/New York, p. 271-278.

Scholz, F., 1973. Bicchemische Methoden in der Forstgenetik. Forstarchiv 44: 171-174.

Scholz, F. & W. Knabe, 1976. Investigations on buffering capacity in spruce clones of
different resistance to air polluticn. XVI. IUFRG World Congress, Oslo June 1976.
Working Party S 2.09.04 - Physiclogical effects. Mimeograph. 10 p.

Scholz, F. & S. Reck, 1977. Effects of acids on forest trees as measured by titration in
vitro, inheritance of buffering capacity in Picea abies. Water, Air and Soil Pellu-
tion 8: 41-45. .

Scholz, F. & B.R. Stephan, 1974. Physicleogische Untersuchungen iiber gie unterschiedliche
Resistenz von Pinus sylvestris gegen Lophodermium pinastri. I. Die Pufferkapazitdt in
Nadeln. European Journal of Forest Pathoclogy 4: 118-126.

Scholz, F. & B.R. Stephan, 1975. Zur pH-Requlaticn als Faktor der Resistenz von Pinus
spp. gegen Lophodermium pinastri. Angewandte Botanik 49: 55-63.

Scholz, F. & B.R. Stephan, 1981. Physiological studies on variation in resistance of
Pinus sylvestris to Lophodermium pinastri. II. Variation of buffering capacity in
needles of different age with relation to resistance. European Jourhal of Forest
Pathology 11 {in press).

Schiitt, P., 1964a. Eine mykologische Methode der Resistenzpriifung, entwickelt fir den
Lophodermium-Befall der Kiefer. Phytopathologische Zeitschrift 51: 62-72.

Schiitt, P., 1964b. Der Schiittebefall der Kiefer in Abhingigkeit von Herkunft und Anbau-
ort. Forstwissenschaftliches gentralblatt 83: 129-192.

Smith, F.A, & J.A. Raven, 1976. H transport and regulation of cell pH. In: U. Liittge &
M.G. Pitman {Eds): Encyclopaedia of plant physiology, New Series, 2. Transport in
plants II, Part A, Ceils. Springer, Berlin/Heidelberg/New York. p. 317-346.

Stephan, B.R., 1973a. Untersuchungen zur Variabilitdt von Lophodermium pinastri. I. Kul-
turvarianten. European Journal of Forest Pathology 3: 6-12. .

Stephan, B.R., 1973b. Untersuchungen zur Variabilitdt ven Lophodermium pinastri. II. Un-
terschiede im physiologischen Verhalten. Eurcpean Journal of Forest Pathology 3:
112-120.

Stephan, B.R., 1975. Varisbility of Lophodermium pinastri in culture. Hitteilungen der
Bundesforschungsanstalt fiir Forst- und Helzwirtschaft Hamburg-Reinbhek 108: 69-78.

Stephan, B.R. & F. Scholz, 1979. Weitere Untersuchungen zur unterschiedlichen Anfillig-
keit von Pinus nigra-Klenen gegeniiber Scleroderris lagerbergii. European Journal of
Forest Pathoclogy 9: 46-51.

Stephan, B.R. & F. Schelz, 1981. Preliminary results on Lophodermium needle cast resis-
tance and buffering of pH in Scots pine crosses. Proceeding of the meeting of the
IUFRO Working Party S 2.06.04 - Needle diseases. Sarajevo, Yugoslavia, Sept. 1980.

6 p. (in press).
Wind, E., 1979. Pufferkapazitit in Koniferennadeln. Phyton 19: 197-215.

186



‘

Histoenzymological approach for detecting host-parasite interactions in forest
trees caused by heart-rot diseases

Zuei-ching Chen & Paul D. Manien

Department of Botany, National Taiwan University, Taipei, Taiwan, Republic of China, and
Department of Forest Botany and Pathology, State University of New York, College of Envi-
rommental Science and Forestry, Syracuse, New York, USA 13210

ABSTRACT

A progressive change of cell-wall degrading enzyme activi-
ties in living aspen {Populus tremulcides) sapwood inoculated
with basidiospores of Phellinus tremulae were investigated by a
routine enzymological method and & modified histoenzymological
method. Peroxidase activity was inhibited moderately in the
wounded tissue and severely in the inoculated tissue’ during the
early period of discoloration. The activity of laccase in the
inoculated tissue was stimulated immediately after treatment
and increased 4 to 6 times cover that in the sound tissue and
about twice over that in the wounded tissue. More cellulase
activity was noted in the wounded than in the incculated tissue.
A clearer picture of host-parasite interactions was obtained by
the histoenzymelogical method. The sensitivity of the histeen-
zymological method was about 12-1018 times higher than of the
routine extraction method.

INTRODUCTION

Basidiospores of Phellinus tremulae (Bond.) Bond. & Borisov germinate
only on fresh aspen (Populus tremuicides Michx.) sapwood wounds during the
summer {(Manicn & French, 1968; Chen, 1971). Recently Shigo's succession
theory (Shige, 1963, 1967) cast doubt on the pathogenicity of principal
decay Hymenomycetes in the initial stage of decay. Phellinus tremulae, the
white-rotter of aspen, possesses an enzyme system which can attack all
components of the wood cell wall including lignins, resulting in a general
thinning of the cell wall, even in the early stage of decay (Basham, 1958;
Cowling, 1961; Wilcox, 1968). Cellulases of the white-rot fungi attack the
crystalline and amorphous cellulose of the host cell wall at a similar
rate, and act from the surface of the wall. Lignin-depolymerizing enzymes
of the white-rot fungi are able to penetrate rapidly the secondary wall of
the wood cells and act on the compound midé@le lamella. This results in the
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rapid uytilization of lignin by the fungus in the earliest stage of decay.
Enzymatic degradation of the cell wall by white~rot fungi, therefore,
involves both a lignin- and a cellulose-degradation system (Cowling, 1961).
Lignin-degradation enzymes involve polyphencl oxidases of the laccase type
{Aufsess et al., 1968; Fdhraeus, 1952; Kirk et al., 1968a, 1968b) or the
peroxidase type (Ishikawa & Oki, 1964; Lyr & Ziegler, 1959). The present
investigation attempts to determine the decay capability of 2. tremulae in
fresh sapwood wounds of living aspen trees after germination of basidiospo-
res. Histoenzymclogy is introduced into this study in a comparison with the
routine enzyme extract method for the evaluation of the magnitude of host-
parasite interactions in this heart-rot system.

MATERTALS AND METHODS

Basidiospore inocculum was colleéted cn a clean glass slide placed in a
plastic box attached to a bigtooth aspen (Populus grandidentata Michx.)
bearing sporulating fruiting bodies. Spores were collected during a 16- to
l8-hour-period starting at 3-5 p.m. Spores from a single fruiting body were
washed from the slides with sterilized distilled water prior to inoculat-
ion. The concentration cof spores was approximately 2«6 milliocn per ml of
solution. On June 1, 1969, wounds 2 cm deep and 0.5 cm in diameter were
made at a height of 1.4 m on opposite sides of trembling aspen trees
10-15 ¢cm in diameter located in the Heiberg Memorial Forest, Tully, New
York, USA. After the wounds were made, one bore hole was inoculateé with
1 ml of the basidiospore suspension of P, tremuwlae and the other hole in
the opposite side was injected with 1 ml of sterilized distilled water.
Collections from treated aspen trees were made monthly after inoculation
until October. Each month 15-20 trees were cut and l-meter sections were
removed and stored at -20 °C. One half of each collection was used for
investigating symptom development, fungal flora, cytological changes, and
enzyme assays. The rest was used for investigating pH change, ash and
mineral content. The stem sections were cut vertically through the bore-
hole into halves to observe the development of disccloration and the change
in morphology. Pieces of wood about 1 ¥ 1 x 2-3 mm in size were removed
aseptically from different parts of the discolored celumn and cultured on
2 % malt agar medium at 25 °C in order to recover P. tremulae.

For enzyme preparation extracted from wood meal, frozen sapwood blocks
2.5 ¢cmx 1.0 cm x 0.5 cm were removed near the wound and ground in a wiley
Mill over a 1G0 mesh screen. One gram of wood meal was then suspended
in 5 ml of 0.05 M phosphate buffer centaining 0.25 M sucrose and 0.03 M
ascorbic acid at pH 7.0. The mixture was ground in a mortar for 2 minutes
at 5 °C. The mixture was then centrifuged at 4 °C for 30 minutes at
15 000 x g. To the supernatant extract ammonium sulfate was added to 0.8
saturation and the resultant enzyme precipitate was collected by centrifu-
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gation at 4 °C for 10 minutes at 2000 X g¢. The precipitated enzyme was
dissolved in 5 ml of distilled water and dialysed in cold water for 12 h.
The dialysed enzyme solution was used for measuring peroxidase, laccase,
catalase, and cellulases.

For enzyme preparaticen from thin sections of sapwood tissue, frozen
wood blocks about 0.5 cm x 0.5 cm X .5 cm in size were secticned radiaily
to a thickness of 20 pum with a cryocstat. About 20 sections were added to
each enzyme reaction solution. After the reaction was measured, the sec-
tions were collected on filter papers and dried at 105 °C overnight before
their dry weight was obtained.

Peroxidase activity was determined by the method described by Jennings
et al.(1969). The enzyme solution was diluted 1:5 with water and 0.5 ml was
used to determine peroxidase activity. The reaction mixture consisted of
1.5 ml of €¢.025 M citrate-phosphate buffer at pH 5.C¢, 0.5 ml of 0.02 M
guiacol, and 0.5 ml of 0.06 M hydrogen peroxide. Activity was recorded as
the change in absorbance per minute at 483 nm. The reaction was initiated
by the addition of hydrogen peroxide. For the guantitative histochemical
method, the tissue sections were added directly to the reaction,sclution.
The mixture was incubated for 30 minutes at 30 °C. A preliminary test with
varjous incubation times from 1 to 240 minutes revealed that 30 minutes was
the best cheoice for obtzining the linear relation between enzyme activity
and incubation time. The reaction was terminated by swift transfer of the
reaction solution into ice. The reaction solution was filtered through
Whatman No. 1 filter paper and filtrates transfered toc cuvettes. For the
control, tissue sections killed by autoclaving at 120 °C for 20 minutes, or
living tissue sections incubated in the reactien sclution without hydrogen
peroxide, were used.

Laccase activity was determined by the method described by Jennings et
al.(1969). The reaction soluticn contained 1.5 ml of 0.02 M citrate-phos-
phate buffer at pH 6.0, 0.5 ml proline (5 mg/ml), and 0.5 ml catechol
(2 mg/ml}. The mixture was aerated through a glass capillary for 2 minutes
before addition of catechol, which initiated the reaction. For each assay
0.5 ml of undiluted enzyme solution was used.

Catalase activity was assayed by the method of Beer & Sizer (1952) as
modified by the Worthington Biochemical Corp.(1963). The decomposition of
hydrogen peroxide was determined in 3 ml of reaction mixture containing
0.1 ml of enzyme preparation, 1 ml of ¢.059 M hydrogen peroxide in 0.05 M
phosphate buffer at pH 7.0, and distilled water. The change in absorbance
at 240 nm was reccrded every 10 seconds for 70 seconds. A unit of catalase
activity was defined as that amount which catalyzes the decompositiocn
of 1 pmole of hydrogen peroxide per minute under the reaction condition
described above.

Cellulases activity was determined by the method of Mandels & Reese
{1964) as modified by the Worthington Biochemical Corp.(1963). This activ-
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ity was demonstrated by a decrease in viscosity or by the formation of
glucose in cellulose powder and carboxymethyl cellulose (CMC).

.

RESULTS

The amcunt of enzyme activity detected by the extracted enzyme prepara-
tion method was so low that only the activity at the third month of treat-
ment is presented (Table 1)}. The inoculated tissue showed the highest
| catalase activity and the wounded the lowest. In the contrary, the wounded
| tissue had the highest peroxidase activity. Its activity was 2 and 7.5
times higher than that of the inoculated and sound tissue, respectively.
Laccase activity in the inoculated tissue was the highest amcng the 3
treatments. Cellulase activity was negligible in the sound tissue but
higher activities were found in both the inoculated and the wounded tis-
sues. In general, all enzyme activities measured by this method tended to
indicate low activity in aspen sapwood, even after the wound inoculation.
This method also was unable to show the low level of enzyme activity taking
place at the site of cell=wall decay in the host plants.

The histocchemical metheod showed progressive changes of enzyme activi-
ties in the host tissues. The peroxidase activity in both the inoculated
and the wounded tissues was inhibited during the first 2 months (Table 1).

\ In the third month, the activity increased sharply and exceeded the activi-
} ty in the sound tissue. Although the activity in the inoculated tissue was
lowest in the first menth, it became the highest in the third month. Inocu-

lation with P. tremuiae basidiospores caused a strong inhibition of peroxi-
dase activity in the host tissue in the early stage of infection. Activity
of laccase in the sound tissue was in the range of AA=(.15 to 0.2. Contrary
to the influence of host tissue on peroxidase activity, laccase activity in
both the inoculated and the wounded tissues was higher than in the sound
tissue. In comparisons between the inoculated and the wounded tissués,
activity in the inoculated was slightly higher (AA=0.80) than in the woun-
ded tissue (AA=0.62) one month after inoculation and reached AA=1.14, which
was twice as much as that in the wounded tissue (AA=0.56) in the third
month. A slight cellulase activity was detected in the sound tissue. The
activity in normal aspen sapwood ranged from the lowest in September (0.08)
to the highest in mid-summer (¢.52). The wounded tissue showed the highest
activity of the 3 types. Almost a linear increase of 'Cl' enzyme activity

i in the wounded tissue was noticed through the second month. Activity in the
inoculated tissue increased in the second month but was only 2/7 of the
activity in the wounded. A steady activity was cbserved in both the inocu-
lated and the wounded tissues during the second and the third months while
there was a sharp drop of cellulase activity in the normal aspen sapwood.
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DISCUSSION AND CONCLUSION

There are 2 thecries on the enzyme system responsible.for lignin degra-
dation. One theory stresses the role of laccase (Aufsess et al., 1968;
Fahraeus, 1952; Kirk et al., 1968a, 1968b). The other stresses peroxidase
as more suitable for the degradation of lignin in the semi-anaerobic en-
viromment of wood tissue (Ishikawa & Oki, 1964; Lyr & Ziegler, 1959). In
vivo, peroxidase activity was inhibited moderately in the wounded tissue
and severely in the inoculated tissue during the first 2 months. At the end
of the third month, the activity in the inoculated tissue recovered and
finally exceeded the levels in the wounded and the sound tissues. The
wechanism({s} operating in the early inhibition and late reactivation of
percoxidase in the inoculated tissue is not understood. An increase of
laccase activity was noted from the very beginning of wounding. Laccase
activity in the incculated tissue was 5.7 times higher than in the sound
tissue and 2 times higher than in the wounded tissue 3 months after the
inoculation. .

The impact of high activity of polyphencl oxidases could affect lignin
catabolism and phencl metabolism in the host. Pigmentation of the host
tissue after wounding is considered to be the result of oxidation of phenol
compounds catalyzed by many oxidative enzymes (Kellin & Mann, 1939) includ-
ing the peroxidase system of contaminating bacteria (Shortle et al., 1978).
The ability te utilize these oxidative products cculd be a crucial advan-
tage for those organisms that grow and survive in the wound tissue (Lyr,
1962). Organisms with high pelyphenol oxidase activity would be better able
to dominate and survive in the phencl-rich tissue. High phenol oxidase
activity in the discolored tissue might contribute to the degradation of
aromatic inhibitors of peroxidase in the tissue and permit reactivation in
the late stage of discoloration. It seems that peroxidase is less ipportant
than laccase in the initial stage of discoloration and decay of the wounded
aspen sapwodd by P. tremulae, because of the evidence of changes that
occurred in the inoculated tissue.

In field inoculations, cellulase activity in the inoculated tissue was
significantly higher than in the sound tissue but lower than in the wounded
tissue. In vive, cellulase activity in the sound sapwood decreased drasti-
cally after the summer growth season. Inoculation with basidiospores of P.
tremulae altered cellulase activity in the inoculated tissue and activity
was lower than in the normal sound sapwood in the first month, then gradu-
ally increased from the second month. The cause of this decrease in the
early stage of wound inoculation is not known. Shortle et al.(1978) repor-
ted that bacteria found in discolored wood might alter the cellulase acti-
vity of white-rot fungi to some degree. In the present investigation,
bacteria were isolated in about the same frequency from the wounded and the
incculated tissues. Therefore, the cause of inhibition of cellulase activi-
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ty in the inoculated tissue probably is related to P. tremuilae itself.

Only slight enzyme activities in the host tissue 3 months after wound
inoculation were detected by the enzyme extraction methed. In contrast, the
histoenzymological method was 12-1018 times as sensitive. The results indi-
cated that the majority of enzymes exuded from living hyphae in the wood
decay ecosystem were tightly bound with their substrates such as lignin and
cellulose components of the wood cell wall. The method modified in this way
resulted in a very sensitive enzyme reaction and the outcome of the experi-
ment was very satisfactory. A clearer picture of host-parasite interaction
in terms of the progressive change of enzyme activiiy was obtained by this
method. Histoenzymology, therefore, proved to be a dependable research
technique,
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Preliminary work on the relation between resistance to Fomes annosus and the
monoterpene composition of Sitka spruce resin

G.I. Forrest

Forestry Commission, Northern Research Station, Roslin, Midlothian, Scotland, UK

ABSTRACT

A preliminary study was carried out in a Sitka spruce popu-
lation heavily infected By Fomes annosus. Significant differ-
ences in monoterpene composition of the root cortical oleoresin
were found between infected and uninfected trees, as judged by
the presencé or abgence of Fomes in radial cores taken from the
lower stem. In particular, Fomes wds abhsent from nearly all
those trees in which a-pinene formed at least 37 % of the root
oleoresin monoterpene fraction.

INTRCDUCTION

Several of the monoterpenes which commonly occur in the olecresin of
conifers have been shown to possess fungitoxic properties {(e.g. Hintikka,
1970; Gibbs, 1972; de Groot, 1972), and the degree of resistance of certain
species to attack by Feomes annosus (Fr.) Cocke has in some instances been
connected with the monoterpene composition of their oleoresin (e.g. for
Pipus sylvestris L. by Chudnyi et al., 1972; Fedorov & Manukov, 1972).
Sitka spruce (Picea sitchensis {Bong.) Carr.)} is the main forestry species
planted commercially in Britain, and is frequently subjected to serious
attacks from Fomes annosus. In a preliminary attempt to elucidate any con-
nection between its degree of resistance to infection and the chemical com-
position of its oleoresin, a study was carried out in a heavily infected
stand growing in central Scotland.

EXPERIMENTAL METHODS

The area sampled formed part of Compartment 86A of Drummond Hill for-
est, Tayside Region, planted in 1943. A 4 mm diameter wood core was taken
from the lower trunk of each of 102 trees. A sample of bark and wood was
taken from the main root system of each tree for resin analysis. This was
usually taken from the upper surface of one of the main roots, about 30 cm
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from the trunk base. The sample was square, and measured about 5 cm square
and 1 cm deep.

Each wood core was eXamined for the presence of Fomes anncsus, both by
direct microscopic examination of the core surface after suitable incuba-
tion, and by culturing thin slices from the core on agar medium at room
temperature. ‘

Cortical oleoresin was extracted from the root bark samples either by
direct suction into glass capillary tubing from resin cahals where possi-
bie, or alternatively by macerating small quantities of the rcot certex in
n-pentane and evaporating the soclution down to a small volume. Olecresin
was analysed by gas chromatography. Monoterpenes were guantified as the
percentage contribution of each peak to the total monoterpenes present.

RESULTS

The presence of Fomes was confirmed in 41 out of the 102 cores either
by fruiting on the core surface or by growth in agar culture. The mono-
terpene compositions of the 40 % of the population in which infection had
been confirmed and the 60 % showing no evidence of jinfection colild then be
compared. The mean monoterpene composition of each division, tegether with
standard errors, is shown in Table 1.

Of the three monoterpenes showing highly significant differences be-
tween the two groups, the most outstanding was «-pinene; a scatter-diagram
of the data showed that there was a quite clearly defined cut-off point at
about 37 % a-pinene, above which very few infected samples occurred. The
distributions were quite different in the two groups: of the 28 trees in

Table 1. Mean monoterpene percentage composition of root cortical
cleoresin related to incidence of Fomes in wood cores from main trunk
of Sitka spruce trees.

Monoterpene Fomes present  Fomes absent t value Significance of
difference

a=-pinene 25.6 £ 1.6 33.4 £ 1.3 3.67 wE%

camphene 0.1+ 0.0 0.2 + 0.0 2.89 *k

p-pinene 20.1 £ 0.7 18.7 t 0.4 1.70 -

J=carene 2.1 0.7 .6 t 0.2 2.28 *

limcnene .3 £ 0.7 .8 + 0.4 3.34 *&
g-phellandrene 46.9 % 1.2 44.5 + 1.0 1.50 -

terpinolene 1.0 £ 0.2 0.8 £ 0.1 0.81 -

significance levels: **% = P g 0.001; ** = P £ 0,01; * = P £ 0.05.
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rabhle 2. Percentage representation of monoterpene pattern types in infec-
ted and in uninfected sitka spruce trees. The predominance of s-pinene-
dominated types in uninfected trees is well shown, while infected trees
were characterised by a predominance of p-phellandrene.

Dominant Sub-dominant Percentage representation
monoterpenes monoterpenes
Fomes Fomes
present absent
B-phellandrene a=-pinene 24 . 16
f=phellandrene g-pinene 10
f=phellandrene a-pinene, p-pinene 1¢ 3
B-pinene B~phellandrene,
¢-pinene 2 -
¢-pinene g-phellandrene 29 67
a-pinene . g-phellandrene,
B-pinene 2 -
B~phellandrene, a¢-pinene B-pinene ' 20 10
B-phellandrene, B-pinene a-pinene 2 2

which w~pinene exceeded 37 % of the total monoterpene component, Fomes was
detected in only three of them. The frequency distributions of the two
groups were also different below the 40 % mark, with infected trees having
generally lower levels of ¢-pinene.

Camphene, although forming only a very small percentage of the total
monoterpenes, showed a relatively striking difference between infected and
uninfected trees: its freguency distribution was bimodal, and the higher
mode, at 0.4 %, was represented only in uninfected trees.

Each tree may be characterised genotypically by its gas chromatogram
pattern-type, which takes into account the guantitive relationships between
the different monoterpenes. A system for allocating each tree to a definite
type by visual inspection of its chromatogram has been devised for Sitka
spruce {(Forrest, 1980), and the results of classifying the infected and
uninfected greups in this way are shown in Table 2.

CONCLUSICNS

The main conclugion to be drawn from this preliminary study was that
Fomes was absent from nearly all. those trees in which g-pinene formed at
least 37 % of the root cortical olecresin moncterpene fraction. There are

two possible reasons for this effect. First, a high ¢-pinene content may
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confer a genuine resistance to attack by Fomes by virtue of the known
fungitoxic properties of this monoterpene. Secondly, the invasion of the
root system by Fomes may induce a decrease in the percentage representation
of o-pinene in the cortical cleoresin. In the latter case, the relative
increases in the synthesis of 3-carene and limonene following infection may
be of biclogical significance.

Further work is neéessary to decide between these two possibilities.
The main aim will be to measure the resin composition both before and at
various periods after artificial ineculation of tree rocts with Fomes. If
the composition is found to be unaltered by infection, then the possibility
exists that a-pinene is the main fungitexic monoterpene in Sitka spruce
roct cortical oleoresin. Breeding programmes could then be modified to
incorporate a screening procedure favouring the preferential selection of
high=e~pinene trees, in order to build up a breeding pcpulation with high
resistance to Fomes attack.
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Biochemical aspects of the resistance of Pinus sylvestris to Fomes annosus

E.I1. Ladejtschikova & G.M. Pasternak

Ukrainian Scientific Research Institute of Forestry and Agroforestry Amelioration,
Kharkow, USSR

ABSTRACT

Diagnostic traits were studied in order to select resistant
trees of Scotch pine in disease centres. The difference between
resistant trees and trees with low resistance (both infected
and non-infected) was established for the following parameters:
resistance of wood to decay through the pathogen in vitro;
thickness of the walls of tracheids; content of hemicelluloses
in wood in relation to one unit of cellulose; gualitative com-
position of extractives from phloem tissue and their inhibitery
effect on growth of the pathogen in pure culture; qualitative
composition of extractives from wood, being extracted by ace-
tone, and their contribution to the resistance of wood to decay
through the pathogen in vitro; content of trace elements (e.g.,
Mn, B, Cu) in the phloem tissue of the stem. No relation was
found between the composition of monoterpenes and the resis-
tance of scotch pine to Fomes annosus.

INTRODUCTION

The range of Fomes anncsus (Fr.) Cooke indicates that this problem has
evolved primarily due to man-made disturbance of ecclogical conditions.
There is much evidence of the relation between the resistance of coniferous
stands and ecological conditions (Laatsch et al., 1969; Ladejtschikova et
al., 1975}.

Along with resistance of stands, individual resistance has been estab-
lished, but its nature has not yet been determined. There is evidence of
the formation of a reaction zone in Scotch pine (Shain, 1967) as a manifes-
tation of active protective reactions.

some individuals of Scotch pine maintain their viability in disease
centres (= openings due to F. annosus - attack in stands) during 20-30
years or more. They may be completely non-infected (these cases are ex-
tremely rare) or they may have local, minor infection of roots. Research
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results bear witness to a stability of their physiological vigour, which is
typical for Scotch pine in given conditions: provision with the inorganic
nutrients, nuclein and carbohydrate metabolism, tissue moisture, growth and
the value of electrophysiolegical parameters (Ladejtschikova et al., 1975;
rasternak, 1975).

MATERIALS AND METHODS

The sample trees were selected in 40-60 years old stands, in disease
centres infected by F. annosus 20-30 years ago. They were selected on the
basis of their location in an infested stand, their external features, and
the value of an electrophysiclogical parameter (impedance) of the stem
phloem tissue complex in contact with the cambium (measured with an instru-
ment designed by A.G. Korobtschenko), when horizontal roots were carefully
dug up. Upon completion of the bicchemical tests, all the roots were com=-
pletely dug up. This made it possible to compare the values of bicchemical
and biophysical traits with the actual vigour of the root system.

The experimental model consisted of trees with 3 different categories
of vigour: category I-Ta, consisting of trees with high and medium resis-
tance growing in the very disease centre; category II, consisting of
healthy trees growing beyond the boundaries of a disease centre serving as
an example of a stand with low resistance - sometimes these trees could
have infection of the initial phase (category IIa); category III1, con-
sisting of diseased trees growing in the periphery of a disease centre.
This category of trees has features of low resistance and, in addition,
the effect of the pathological process is reflected in it.

Resistant trees were selected in the very disease centre among trees
with well-developed, pointed, dense crowns, with dark-green needles of
normal length, and with normal shoct growth. The value of the stem
impedance of such trees should exceed the average value of the impedance
of those trees with equal diameter, growing in a healthy part of the stand.
For this purpose the value of the impedance of 15 trees having equal diam-
eter with the resistant tree was measured. A healthy tree with impedance
value equal to the average of all trees in the stand was selected for the
experiment (category II). Diseased trees were selected along the periphery
of the disease centre. They were characterized by reduced growth and thin
crowns with light green needles, usually shortened. Their impedance value
was &0 % of the value c¢f the sound tree or less.

A characteristic feature of the applied technigque is that only healthy
roots are analysed irrespective of the category of vigour of the tree, and
that not only phloem tissue and wood of the roots, but alsc those of the
stem are used as diagnostic tissues. Phloem tissue and wood of the stem
chosen for analysis were not directly affected by the mycelium of the

pathogen.
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Furthermore, it has to be taken into account that wood of the stem pro-
vides more comparable samples in respect to methology than does wood of the
root.. Samples of the latter are characterized by uneven structure of the
wood and by eccentricity. For the tests with the decay Of wood this is of
methological importance. Related conclusions of the diagnostic value of the
phloem tissue of the stem were made by other scientists, toc (Alcubilla et
al., 1971).

The content of structural substances in the wood of roots has been
studied (Melikyan, 1959}, as well as the resistance of wood to decay in
vitro (Naumov, 1932), the content of extractives soluble in chloroform and
acetone (Ivanov, 1946) and their importance for the resistance of wood o
decay (Shain, 1967), the compositicn of extractives in the phloem tissue of
the stem {Ivanov, 1%946), and the composition of turpentine oils. Biotests
with phloem tissue or extractives from phloem tissue and pure cultures of
F. annosus were also conducted (Laatsch et al., 1969).

RESULTS AND DISCUSSION

Research has shown that the stem wood of resistant 50-year old trees is
decayed less than the wood of healthy trees beyond the disease centre (by
14 % less) and also less than the wood of diseased trees (by 23 ¥% less).
Earlier there had already been stated an opinion that the resistance of a
living tree to wood-attacking fungi covers the wood, too (Rypadek, 1957).

A questicn arises: what are the reasons for the greater resistance of
the wood of resistant trees? In this respect information about the anatomic
gtructure and composition of the structural substances of the cell membrane
of wood i1s of interest, as well as information about the content of differ-
ent groups of extractives. It turned out that wood of the roots and the
stems of resistant trees has a great guantity of late tracheids and a
thicker structure of cell walls {Ladejtschikova et &al., 1973}. ‘

The following phase in research was to find out, what kind of struc-
tural substances determine the formation of thick cell walls in the wood
of resistant trees. '

when the investigations were outlined it was supposed that this phenom-
enon is connected with lignin. It turned out, however, that the content of
lignin in the healthy rcots of diseased trees may even be higher (Table 1).
A correlation was found between the vigour of the tree and the content of
hemiceliuloses both in recots and in stem: trees with low resistance have a
very low content. This kind of regularity is quite evident when the content
is related to dry weight of wood and, especially, te a unit of cellulose.
In the roots and stem of Scotch pine the content of the analysed substances
in sapwood is not different from the content in the central part of the
root.

It may be assumed that results of the chemical analysis of wood of the
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r7able I. The content of structural substances in cells of the wood of
roots and stems of trees in different vigour categories.

category Tree organ Sapwood Central part
of tree
vigour cellu- hemi- lignin ¢ellu- hemi- lignin
lose cellu- lose celluy~
lose lose

In % of the dry weight of wood

1. healthy roots 46.3 22.0 28.3 45.9 22.0 29.5
11 healthy rocots 47 .4 23.7 26.1 47.7 23.4 26.4
111 healthy roots 50.0 18.9 27.6 50.0 17.9 29.0
I stem 47 .6 23.9 26.0 44.7 23.8 28.3
11 stem 46,7 24.3 25.6 43.1 25.2 27.9
TT1 stem 47.6 21.3 27.1 44 .7 21.7 29.0
Per unit of cellulose

I healthy rocts - 0.47 0.61 - 0.50/ 0.64
I1 healthy roots - .50 0.55 - 0.50 0.55
111 healthy roots - 0.38 0.55 - 0.36 0.58
I stem - 0.50 0.55 - 0.53 0.63
I stem - 0.52 0.55 - 0.58 0.65
IT1 stem - 0.45 0.57 - 0.49 0.65

central part of recot and stem characterize the content of structural sub-
stances in the roots of 10-15 year old Scotch pine, and, furthermore, that
wood of the root and stem was formed at thls age before the infection of
the tree by F. annosus. Apparently low content of hemicelluloses in some
trees is one of the reasons for their low resistance to F. annosus.

Correlation between the resistance of wood to decay and the composition
of extractives is confirmed by the results of experiments in vitro with
wood, which was consistently treated with different solvents (Shain, 1967}.
As was already mentioned above the wood of resistant trees is decayed less
than the wood of both healthy and diseased trees. When a group of extrac-
tives scluble in chloroform was separated from wood, the degree of decay of
the wood in all categories of vigour was increased by 20~24 %, but the
former regularity is still maintained: the wood of resistant trees was
decayed less.

Further treatment of wocd with acetone increased the degree of decay
only of the resistant trees (by 6 %). Consequently, the great resistance of
the wood of resistant trees is evidently related to a group of extractives
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soluble in acetone. Extractives soluble in chloroform produce a certain
level of resistance in the wood of Scotch pine irrespective of the vigour
of the tree. The greater degree of decay of the wood of diseased trees with
low resistance iz also related to a lower content of hemicellulose and
lignin.

Composition of extractives in phloem tissue and their inhibitory effect
may also be a criterion for resistance, as the results of a study on F.
annosus showed (Alcubilla et al., 1971). However, the phloem tissue of
scotch pine, unlike that of spruce, did not have an inhibitory effect on
the growth of F. annosus in pure culture (Table 2). This is due to the fact
that the content of the main group of extractives having an inhibitory
effect on the growth of F. anposus - phenol compounds - is approximately S
times smaller in the phloem tissue of Scotch pine than in spruce, while the
content of carbohydrates is practically equal. Now, the biological effect
of the phloem tissue of the stems of resistant trees is the same as that of
healthy trees, but the phloem tissue of diseased trees is a less favourable
substrate for the growth of mycelium of the pathogen.

Table 2. The content of extractives (M f* m) in phloem tissue of the stems
of Scotch pine and their effect on the growth of F. annosus depending on
the vigour of trees (n=10). LSD: Least significant difference.

Index In disease centre In interme- LSD
diate zone

resistant diseased healthy

The content of extractives soluble in:
chloroform (%) 6.5010.40 8.640.72 5.11+0.40 1.41
acetone (%) 3.010.58 4.310.42 2.810.33 1.24

The biomass of mycelium:
a. in experiments with extracts:
chloroform extracts (mg} 71.8110.1 44.914.8 91.6%8.2 21.71
acetone extracts (mg) 63.048.6 67.5%7.7 87.,818.5 20.09

b. in experiments with
phlcem tissue {mg) 162.,0%10.0 128.019.7 151.019.4 27.33

Inhibitory effect of extractives from phlcem tissue scluble in:

chloreform (%) 51.6 65.0 39.4
acetone (%) €1.1 47.3 4:.9
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Chioroform and acetone extracts of the phloem tissue of Scotch pine
contain substances which inhibit the growth of the pathogen. The inhibitory
effect of chloroform extracts increases directly with the guantitative
content; whereas the effect of acetone extracts depends on their qualita-
tive composition. While the contents of extractives soluble in acetone are
equal in the phloem tissue of resistant and healthy trees (3.0 % and 2.8 ¥
respectively), the inhibitory effect on the growth of the mycelium of
F. annosus was greater in the case of resistant trees (61.1 % versus
41.9 %). The pathological process leads to a remarkable increase in the
content of the group of extractives soluble in acetone (4.3 %), but it is
not followed by an increase of their inhibitory effect, which remained on
the level of healthy trees and was much lower compared with resistant trees
(47.3 %3.

The chremotegraphic (solvents: H-butyl alcohol: acetic acid: water
4:1:5) division of acetone extracts from phloem tissue made it possible to
detect the difference in the composition depending on the category of tree
vigour: in resistant trees unidentified extractives were discovered with
Rf values 0 - 0.40 and 0.55 which were lacking in healthy and diseased
trees. 4

Experiments in our laboratory have established that analyses of phlcem
tissue give us information for drawing conclusions about the relation be-
tween provision with inorganic nutrients and vigour of trees in an infected
stand (Pobegailo & Ladejtschikova, 1975). This regularity is also wvalid for
the provision of Scotch pine with trace elements. Resistant trees are dis-

Table 3. The average content of basic monoterpenes and its variability in
trees with different vigour.

Category of tree vigour a-pinene p-pinene A-3-carene

In disease centre
I high degree of resistance

(n=1}) 52.7 1.7 22.0

Ia resistant {n=15) 53.1 6.3 20.5
36.2-77.6 1.0-26.2 2.6-38.6

111 diseased {(n=7) 50.3 4.7 28.5
28.2-62.8 0.9-26.6 16.5-40.5

Beyond the disease centre

II healthy (n=4) 45.4 6.2 31.8
34.6-56.5 0.7-21.8 21.7-51.5

111 initially diseased (n=5) 58.1 1.6 24.9
33.4-76.7 0.1~2.7 5.0-55.9
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tinguished by a2 markedly higher content of trace elements, such as Mn, B,
and Cu (respectively 34 %, 32 %, and 33 %), whereas diseased trees have a
jower content (respectively 52 %, 43 %, and 53 %) compared with healthy
trees.

In genetic research with coniferous species -~ including that where
resistance of Scotch pine to F. annosus is selected - great importance is
attached to composition of turpentine oils (Table 3). Studies of the tur-
pentine of 32 trees with different degrees of resistance and a complete
digging up of roots made it possible to compare the composition of
monoterpenes with the degree of disease (Ladejtschikova et al., 1975).

Bmong 15 resistant trees there was only 1 which was totally free of
F. annosus {(an example of a high level of resistance). The content of
A-3-carene (a monoterpene to which resistance to the pathogen is related)
in such a tree turned out to be lower (22 %) than what was observed in re-
sistant trees having local signs of disease (38.6 %) or in diseased trees
(4G.5 %). Beyond the disease centre among & group of healthy trees, trees
with signs of initial disease were discovered in which the content of
A-3-carene reached its maximum value: 55.9 %.

CONCLUSTONS

Resistant trees, which are a product of natural selection in heavily
infectious surroundings, are characterized by the following features dis-
tinguishing them from trees with low resistance (both diseased and not
diseased): higher resistance of wood to decay in vitro; greater thickness
of the walls of thracheids; higher content of hemicelluloses in wood per
unit of cellulose; specific composition of extractives soluble in acetone,
which are found in phloem tissue and wood, with a higher inhibitery effect
on the growth of F. annosus in pure culture; and higher content of trace
elements (e.g., Mn, B, Cu) in the phlcem tissue of stems.

Obviously part of these traits are genetically predetermined. Investi-
gations have been started in the field of genetic resistance.
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Susceptibility of European black pine (Pinus nigra) to the European pine shoot
moth (Rhyacionia buoliana): variations of susceptibility at the provenance and
individual level of the pine and effect of terpene cemposition

P.J. Charlesl, A. Delplanqual, Anne Marpeauz, Colette Bernard-Dagan2 &

M. Arbez

ABSTRACT

The number of attacks of shoot moth (Rhyacionia buoliana)
on individual trees were noted during 5 consecutive years in a
provenance trial of Eurcopean black pine (Pinus nigra). Results
show that great differences exist among provenances in the lev-
el of attaéks. Undamaged branch samples were taken from 5
heavily-attacked and 5 non-attackedl trees within each of 4
provenances. Two provenances ¢of the subspecies nigricans were
heavily attacked, and the other 2, from the Corsican group cof
the subspecies laricio and from the subspecies pallasiana, were
slightly attacked. The cortical tissues of these branch samples
were peeled, macerated in pentane, and the terpene concentra-
ticns measured by gas chromatography. The results show that
it is difficult to distinguish between terpene profiles of
heavily-attacked trees and non-attacked trees within very sus-
ceptible provenances, but that a clear difference seems to ex-
ist between heavily-attacked trees and non-attacked trees when
the provenances ate partially resistant. Judged only from a
statistical relationship, it seems that phellandrene, 3-carene
and camphene could play a role in the biochemical mechanism of
resistance. If confirmed, such & result indicates the promising
possibility of making indirect selections of black pines which
would be less susceptible tc the European shoot moth and cconse-
dquently developing fewer forks.

1. INRA, Station de Recherches de Zoologie et de Biocoenotique forestiere, Ardon, 45160

Qlivet, France

2. Université de Bordeaux I, Laboratoire de Physiologie cellulaire végétale, 33405
Talence, France
3. INRA, Laboratcire d'Amélioration des arbres forestiers, Pierroton 33610 Cestas, France

206



INTRODUCTION

In spite of large geographic variation, excellent straightness of the
trunk is a typical characteristic of the European black pine. Nevertheless,
and depending on the environmental conditions, this average growth habit
can change and a certain amount of forking can appear. From results of some
exploratory investigaticons, it seems that at least 2 main factors could ex-
plain the incidence of forked trees: the occasional occurrence of a short
second terminal shoot when the location is well provided with water, and
damage to the terminal bud caused by Rhyacionia bucliana Schiff.

Provigsionally disregarding environmental effects, we shall consider the
sugceptibility of the black pine to the European shoot moth. In 1 planta-
tion, the infestation rate by Rhyacionia varied amcng provenances {geo-
graphic origins) and among individuals within provenances (Charles, 1974;
Mallet, 1975). Mallet has already noted significant differences among prov-
enances of Pinus nigra Arn. from various geographical origins. These obser-
vations were made in a provenance trial lecated in the French southern
Piedmont of the Alps.

For a given vear of observations (1975) the total number of attacks per
tree decreased from the subspecies nigricans (Laragne, a French introduced
population, and Tzarvaritza, a natural Bulgarian one) to the Corsican
branch of the subspecies laricio {Vizzavona, from the central part of
Corsica) and the subspecies pallasiana (Mugla, a provenance from south-
western Turkey). Such conclusions remained true when the incidence of
damaged terminal shoots was considered in place of the total number of
attacks per tree.

Besides this, we have also noted clear differences in Rhyacionia-
sugceptibility among individuals within provenances.

These preliminary observations were promising enough to encourage us to
continue more intensive studies on the same provenance experiment during 5
consecutive years.

Previous research (Arbez et al., 1974) also has shown that large varia-
tion in the monoterpene composition of the cortical tissue exists among the
different gsubspeciegs of P. nigra. Because of such conditions it seemed of
interest to investigate whether a relaticnship between terpene composition
and shoot moth susceptibility existed. Of course, such a relationship could
be highly valuable in making indirect selections for sheoot moth resistance.

EXPERIMENTAL SCHENE

Observations were carried on in the same provenance trial. Nine differ-
ent provenances were involved in this test planted in the spring of 1971, 6
of them belonging tc the subspecies nigricans, 2 belonging tc the subspe-
cles laricio, and 1 to the subspecies pallasiana (Table 1). The main design

207




Table 1. Description of the populations used in the provenance test.

Abreviations Provenances Country +  Subspecies
VIZZ Vizzavona France {Corsica) laricio
COSE Cosenza Italy (Calabria) faricic
LEDE Ledererkogel Bustria nigricans
STUD IT Studenica II Yugoslavia (Serbia) nigricans
VGRA IT Visegrad II Yugogslavia (Bosnia) nigricans
TZAR Tzarvaritza Bulgaria nigricans
POLV Popova-Livada  Yugoslavia (Macedonia) - nigricans
LARA Laragne France {artificial

stand) nigricans
MUGL Mugla Turkey pallasiana

was a balanced lattice with 4 replications and 56 trees per plot. The ex-
periment is located in the Pelleng State Forest near Montmeyan (Var Prefec-
ture); the elevation is 550 m, the aspect is flat, and the scil overlies a
hard limestone. The planting is surrounded by a natural cak forest (Quercus
pubescens Willd.). Trees had been attacked by the European shcot moth since
1972. Damage was important from 1973 to 1975 but decreased every year since
1973. The number of attacks per tree were counted as well as attack of the
terminal sheoot. Finally these observations were combined for the first 5
consecutive years.

With a view toward eventually establishing more precisely a relation-
ship between terpene composition and shoot moth resistance, in 1978 we
decided to choose a sample including 4 provenances: 2 heavily and regularly
attacked (Tzarvaritza (TZAR) and Laragne {LARA)) and 2 with light damage
(Vizzavona (VIZZ) and Mugla (MUGL)). In each provenance, we chose 10 indi-
viduals: 5 heavily and regularly attacked during the last 5 years and 5 not
or only slightly attacked during the same periocd.

Unattacked l-vear-old branch samples were taken from each selected
tree. After maceration and extraction in pentane of cortical tissues of
these individual samples, the extracts were submitted to gas chromatography
analysis.

The relative concentrations of 9 terpenes (expressed in percent of
total velatile terpene hydrocarbons) were then compared by a hierarchical
desing for analysis of variance (provenances and individuals within prov-
enances) and a principal component analysis. The 9 terpenes involved in
the gas chromatography study were: o- and j-pinene, camphene, myrcene,
3-carene, limonene, p-phellandrene, terpinolene and caryophyllene. The
first 8 are monoterpenes, the last cne is a sesquiterpene.
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RESULTS

EProvenance and individual variation In shoot moth susceptibility (5 years’
performance}

Observatiocns made during 5 consecutive years show that some trees sus-
tained repeated attacks, whereas others were never attacked by the European
shoot moth. The percentages of trees without attacks and those of trees
heavily attacked are given in Table 2.

It appears that large variation in susceptibility occurred, depending
on geographic origin of the pine. Differences among trees, as well as among
prevenances were large immediately after planting, when trees were still
small. The 'silhouette effect’, often used when moths are concerned to ex-
plain differences in female atiraction during the egg laying process does
not apply in cur case. Such differences in susceptibility to E. buoliana
have been observed previocusly in other pine species such as P. contorta
{(Esjberg & Fellberqg, 1971).

Relationship between intensity of attack and terpene composition of the
cortical tissues ‘

In every provenance, nch-attacked trees and heavily-attacked trees (4
to 5 times during 5 consecutive years) were analysed separately. Subpopula-
tions with an odd number correspond to heavily attacked trees and those
with an even number to non-attacked trees (Fig. 1).

Terpene compositions of cortical tissues {percent of total volatile

terpenes) for the 4 provenances and the 8 subpopulations are presented in

Table 2. Percentages of trees never attacked or heavily attacked depending
on provenance level of susceptibility.

Provenances Trees never attacked Trees attacked 3 Trees attacked 5
during a b-year period or 4 times during times during a

a b-year periocd S-year period
MUGL 21 1 0
Vizz 30 4 Q.
COSE 3 1 Q.
POLV 9 1
STUnR 11 15 9 2
LEDE 10 17 2
VGRA TI 7 21 3
LARA 5 25 1.5
TZAR 4 25 2
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Table 3. Terpene composition of cortical tissue of 4 provenances and 8
subpopulations. A = heavily attacked trees, NA = non-attacked trees.

a=-pin. camph. B=pin. myrc. 3-car. limon. phell. terpi. cary.

provenances

LARA {I) 72.59 1.17 10.47 2.17 0.20 13.05 0©.24 0.20 3.77
TZAR (II) 63.81 1.1% 5.82 2.98 0.43 25.50 ©.15 0.23 3.86
MUGL (III} 72.15 1.35 15.10 2.95 0.36 7.05 0.63 0.27 7.50
VIZZ (1IV) 37.86 0.84 3.16 5.88 0.26 42.58 6.53 0.89 1.23
subpopulations .

LARA 1 (A) 78.49 1.18 3.80 2.24 0.25 13.91 o0.12 ¢.16 5.37
LARA 2 (NA) 66.68 1.16 17.13 2.09 0.15 12.19 0.36 0.25 2.17
TZAR 3 (A) 66.99 1.17 7.50 2.87 .40 20.86 0.10 .22 2.26
TZAR 4 (NA) 59.04 1.23 3.31 3.14 0.46 32.46 0.23 0.25 6.25
MUGL 5 (A) 66.47 1.05 19.64 2.85 ¢0.62 8.59 0.56 G.25 9.17
MUGL & (NA) 77.83 1.64 10.57 3.06 ¢&.11 5.50 0.70 0.28 6.62
VvIZZ 7 (A) 26.45 (.59 3.19 5.69 (.34 58.30 3.40 0.80 0.97
vizZz 8 (NA) 49.27 1.10 3.13 6.07 0.18 26.85 9.66 G.97 1.49
Table 3.

At a provenance level, the results are in good agreement with the
preliminary conclusions of Arbez et al. (1974). Provenances belonging to
the subspecies nigricans and pallasiana were similar, with a relatively
high level of e= and f-pinene, a small amount of myrcene and a relatively
scant amount of limonene. The Corsican pine belonging to the subspecies
laricio was characterized by a low level of pinenes, a typically high
amount of limonene and phellandrene and a moderately high level of myrcene.

In consideration of these results and the quite different terpene com-
positions which occurred for the 2 highly resistant provenances, Vizzavona
and Mugla, it appears that the single point of similarity in terpene compo-
sition was the higher amount of phellandrene. That was also the case for
terpinclene concentration but the differences between resistant and suscep-
tible provenances were smaller. In any case, only the provenance Vizzavona

PROV 1 PROV 11 PROV III PROV IV
LARA TZAR MUGL ViZzz

/ N\ /N / N\

subpopulation: 1(A) 2(NA} 3{A) 4(NA)} 5(A) 6(NA) 7(A) 8(NA)

Figﬁre 1. Experimental design. A = heavily-attacked trees, NA = non-attacked

trees.

210



-,

was significantly different from the others.
\ At the subpopulation level, it appears that within the same provenance
the non-attacked individuals had the greater amount of phellandrene; al=-
though the differences in concentrations between heavily-attacked individ-
uals and non-attacked individuals were sometimes slight, this relationship
was consistent.

Analysis of the correlation matrix with provenance means of terpene
concentrations shows that myrcene, limonene, phellandrene and terpinolene
concentrations were highly correlated.

A principal component analysis was performed with the means of the 8
subpopulations.

The first 2 principal components explain 78 % of the total variance.

EV1
i , /
1.95 S MUGL (NA) * MUGL (A}
\ K LARA {A)
N I
W LARA (NA}
* TZAR (A)
| % TZAR (NA
|
‘ 04
|
b VIZZ (NA;
4.00 * VIZZ (&)
EV2
T L) p——
! 1.68 o 1,89

Figure 2. Projecticns of points of attacked (A) and non-attacked (NA)

groups of individuals from the 4 provenances: eigen vectors EV1 en EV,.
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Except for 3-carene, almost all the cother terpenes involved in this study
were correlated with the first principal component, but mainly o-pinene
positively, and myrcene, limonene and terpinolene ﬁegatively.

The third principal component is mainly correlated with f-pinene and
phellandrene concentrations. The graphical representation of the 8 subpopu-
lations in the first 2 plans of the eigen vector EV,. and EV, is shown in
Fig. 2.

The most striking fact is that the differences between attacked and
non~attacked individuals are clear mainly for the slightly-attacked prove-
nances Vizzavona and Mugla. In Fig. 2, such differences can be seen only on
the second eigen vector EV, {3-carene+, camphene-). Thig ig also the case
with the third eigen vector EV3 (BP-pinenet, phellandrene+).

I1f we disregard the details, it seems that attacked and non-attacked
individuals have similar terpene profiles within highly-susceptible prove-
nances, but within slightly-attacked provenances their terpene compositions
are clearly different.

This could mean that, in explanation of differences between individ-
uals, terpenes (directly or through some biochemical precursors)} can be a
sufficient barrier against Rhpacicnia attacks only when the resistance
level of the population is already high. This leads us to suppose that
terpenes act probakly in association with more important factors of resis-
tance.

If confirmed with different provenances, in different envircnments,
such results cculd make possible indirect selection for Corsican pine that
would be less sensitive to the European shoot moth, with a subsequent

decrease in the incidence of forking.
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ABSTRACT

Fungal species are highly variable in respect of both
gualitative and gquantitative characters. Mocst of this
phenctypic variation is genetically determined and originates
from nuclear-gene mutations and from the repeated shuffling of
these intc new combinations by heterckaryosis and sexual and
parasexual hybridization. Changes in the mitochendrial genome
and the effects of mycoviruses may also produce variation. All
these processes occur in nature but the contribution of each to
the cbserved variation is difficult to assess and probably vari-
able. Among the factors involved, incompatibility systems act-
ing at sexual reproduction.or between vegetative cells are par-
ticularly important in controlling the flow of genetic determi-
nants between strains. The variability of fungal species ex-
tends to their pathogenicity, which is a complex character with
gualitative and quantitative compcnents. The qualitative compo-
nent (viruvlence) is primarily involved in host specificity and
is contrelled by major genes, while the quantitative component
{aggressiveness) is polygenically determined.

INTRODUCTION

The genetic basis for variation in fungi encompasses much of fungal

genetics and cannot be comprehensively treated in the space available,

latiens,

This paper concentrates on 3 topics: (1) the variability of fungal popu-
(ii) the origin of variaticn and (iii) the genetic control of

pathogenicity. For basic information on the genetics of fungi and for dis-
cussion of other aspects of fungal variation and pathogenicity the reader
is referred to the texts by Day (1974), Burnett (1975) and Fincham et al.
{1979}.
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VARIABILITY OF FUNGAL POPULATICNS

Variation may be conveniently divided into qualitative and quantitat-
ive. With the former, the differences are discrete and any individual can
be unambiguously assigned to a particular class, while with the latter
there is a continuous gradient of types and discrete classes cannot be rec-
ognised. Physiologic specialization provides the best documented example of
qualitative variation in fungi. Isclates are classified into discrete races
on the basis of their reactien with host cultivars carrying different
sources of resistance and pathogen populations may be polymorphic with re-
spect to their racial composition. Likewise, Spieth (1975) showed that pop-
ulations of Neurcospora intermedia Tai are frequently pélymorphic for elec-
trophoretically-distinct forms of individual proteins. The presence of
gquantitative variation in fungal populations is alsc widely appreciated.
Brasier (1970) found that the growth rate of 77 dikaryons of Schizophyllum
commune Fr. sampled from a single locality varied centinuously and that the
isolates could not be placed into discrete classes on this basis. Extensive
quantitative wvariation occurs naturally for a range of other bkiologically
important characters including fruiting (Brasjer, 19%70), fungicide resis-
tance (Hollomon, 1978) and pathogenity (Clifford & Clothier, 1974). These
comparative studies of isolates reveal only the phenotypic variation pres-
ent in natural populations. However, many cases of gualitative and guanti-
tative phenotypic variation have been shown to have a genetic basis (e.g.,
Flor, 1956; Croft & Jinks, 1977; Caten, 1972) and it is reasonable to con-
clude that this is generally the case.

ORIGIN OF VARIATION

Genetic variation is due to the presence of 2 or more different forms
{alleles}) of a gene in a population. 5ince even such simple organitms as
fungi contain sufficient nuclear DNA for more than 10 000 genes it is clear
that a large number of different genotypes are possible, even allowing for
the fact that not all genes are polymorphic. Electrophoretic surveys of a
range of organisms have shown that a high, although somewhat variable, pro-
portion of genes is naturally polymorphic (Nevo, 1978). These different
alleles arise by mutation which is therefore the ultimate basis for the
genetic variation in fungi and all other organisms. However, mutation is a
rare event and the contribution of new mutants to the variability of a pop-
ulation in any one generation is very small. Most of the observed variation
results from prior mutations and from the repeated shuffling of these into
new combinations. Laboratory studies have shown that in fungi reassociation
and recombination of nuclear genes occurs through heterckaryesis, sexual
hybridization and parasexual hybridization. The mechanisms underlying these
processes are well understeood in a few species (Burnett, 1975, 1976;
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Fincham et al., 1979) but their contribution to the variability of fungal
populations is far from clear. In addition to the nuclear system, fungi, in
common with cother eukaryotes, possess a second genetic system located in
the cytoplasm. This cytoplasmic system does not conform to the laws of
Mendelian genetics that govern the nuclear system. Nevertheless, cytoplasmic
genes are subject to mutation and may be an additional source of wvariation.

I have identified mutation, heterokaryosis, sexual and parasexual hy-
bridization and cytoplasmic inheritance as potential sources of genetic
variation in fungi. To what extent do these processes occur in nature and
what are their contributions to the observed variability of fungal popula-
tions? No definitive answers to these guestions are possible but I aim to
identify some of the major factors involved, to point out some of the gaps
in our knowledge and to draw a few tentative conclusions.

Mutation

Several factors suggest that current mutation is of more significance
for the variation and evolution of fungi than it is for higher organisms.
Firstly, the dominant nuclear phase of most fungi is haploid and hence new
mutations are expressed once they are segregated into a spore of hypha.
Secondly, although spontaneous mutaticn rates are very low the large size
of many fungal populations ensures that mutant alleles arise.ceontinuocusly.
Slootmaker {(cited by Day, 1974) calculated that a hectare of barley in-
fected with powdery mildew may produce 1Q13 conidia per day. Even with a
conservative estimate of the mutation rate to virulence tec a particular

registance gene of 10"8, 105

virulent conidia mav be produced per hectare

per day and double mutants virulent to 2 resistance genes are a real possi-
bility {Person et al., 1976). The frequency of these virulent alleles in

the population may be very low (tco low to be detected) but their practical
significance 1s enormous because of the large selective advantage they have
on resistant hosts. Thirdly, the high asexual multiplication rates of many
fungi ensures that an initially rare allele can under selection increase in

number and frequency very rapidly.

Heterokaryosis

The role of heterokaryosis in the variability of fungi has been the
subject of considerable speculation (e.g., Snyder, 1961). However, Kknowl-
edge of heterokaryosis derives largely from laboratory studies utilizing
rather artificial techniques and confirmed examples of natural hetero-
karyons are rare (Caten & Jinks, 1966). (The dikaryons of heterothallic
Basidiomycetes are invariably heterokaryotic but constitute a special case
as part of the sexual cycle of these fungi.) The natural significance of
heterckaryosis will depend not only upon its cccurrence but also upon the
diversity of the associated gencmes. Attempts to form heterokaryons between
independent isolates revealed the presence of heterokaryon {vegetative)
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incompatibility systems in many species (Caten & Jinks, 1966; Esser &
Blaich, 1973). Strains carrying different alleles at one or more specific
heterckaryon-incompatibility genes (het) are restricted or blocked in
heterckaryon formation (Esser & Blaich, 1973; Croft & Jiﬁks, 1977).
Consequently heterokaryons form readily only between strains of similar

genotype. Rayner & Todd (1979) have recently shown that nuclear exchange
between dikaryons of wood-decaying Basidiomycetes is blocked by a similar
incompatibility system which they term intraspecific antagonism. These
considerations of the incidence of heterckaryesis and its genetical control
suggest that its natural significance is less than has frequently been

) assumed in the past.

Sexual hybridization
wWhere it occurs sexual hybridization is undoubtedly the major source of
variability in fungal populatiens. In rusts, many different races may be
produced by crossing 2 contrasting parent races (Flor, 1955). With gquanti-
tative characters even hybridization of phenotypically similar strainz may
! give a wide spectrum of variation (e.g. Fig. 1 in Caten & Jinks, 1976).
Despite the obvious effect of sexual hybridization in these examples it
should not be forgotten that many fungal species are asexual and further-
more that the sexual stage of certain perfect species occurs rarely or not
at all in nature.
v The amount of variation released by hybridization depends upon the
‘ diversity of the interacting genomes which is regulated by 2 independent
and oppcsing sexual incompatibility systems, termed homogenic and hetero-

; genic incompatibility (Esser, 1971). Homogenic incompatibility is the
control exerted by the mating-type genes and encourages outbreeding by
blocking matings between individuals of like genctype. The occurrence,
genetic contrel and biclogical significance of homogenic incompatibility in
fungi is widely appreciated ({Raper, 1966; Burnett, 1976; Fincham et al.,
1979) and will not be considered further here. Heterogenic incompatibili=-

; ty. in contrast, stops matings between strains of different compatibility

L genotype, thereby reducing outbreeding and the release of genetic varia-
tion. Knowledge of heterogenic incompatibility derives largely from inves-
tigations by Esser and assoclates into mating between races of Podospora

i anserina (Ces.) Niessl. where, in 1 case analysed in detail, compatibi-

% lity/incompatibility was determined by complex interactions between 4

? unlinked genes (Esser & Blaich, 1973). The homothallic Ascomycete,

M Aspergillus amstelodami (Mangin) Thom & Church, provides a second example
N {Caten, unpublished). In homothallic species the genetic significance of
sex depends upon the frequency of hybridization as opposed to selfing. Gen-
etic contrel of this character was sought by comparing the proportion of
hybrid asci (outcrossing index) in mixed cultures of related und unrelated
strains. Although all the strains hybridized, related strains did so more
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rabel 1. Heterokaryon formation and outcrossing between
related and unrelated strains of Aspergillus amstelo-
dami.

+ = heterokarvon compatible, - = heterokaryon incom-
patible. The figures indicate the proportion of hybrid
asci émong total asci. Strains with the same number are
related, strain 13w is related to 9b.

white-spored strains

9w 37w 115w 164w 13w
“ 9b + - - - *
g 0.24 G.03 0.01 0.01 0.22
[l
i
B + - -
37b - -
3 0.06 0.24 0.01 0.05 0.07
5
&
— - - - I
i 115b *
g 0.01 0.01 0.10 0.04 0.01
o
o
164b - - + -

g.01 0.06 0.12 0.33 0.01

readily than unrelated giving a higher outcrossing index {Table 1). The
related strains were.all heterckarycn-compatible while the unrelated
strains were incompatible, implyving that low hybridization is related teo
hetercokaryon incompatibility. This was investigated by determining the
outcrossing index for pairs of strains differing at known het genes. Of 5
het genes tested, 1 (hetB) gave a 5-fold reduction in outcrossing when
heterozygous while the others had no effect. Clearly in A, amstelodami
some, but not all, het genes also act as hetercgenic sexual incompatibil-
ity factors.

Parasexual hybridization

The occurrence in fungi of recombination by processes other than sexual
reproduction was first clearly demonstrated in Aspergillus nidulans (Eidam})
Wint. by Pontecorvo and associates (Pentecorvo, 1956). The sequence of
events was termed the parasexual cycle and is now extensively documented
and widely appreciated (for review see Roper, 1966; Caten, 1981). More
recently it has been shown that parasexual recombination in dikaryons of
heterothallic Basidiomycetes can occur through processes other than the
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parasexual cycle (Leonard et al., 1978; Day, 1978; Frankel, 1979). At least
one of these processes, meiotic-like recombination, produces both inter-
and intra-chromosomal recombinants at a freguency much higher than expected
from the parasexual cycle (Frankel, 1979}.

Evidence that parasexuality cccurs outside the laberatory has accumu-
iated over recent years. Somatic dipleoid strains have been isolated from
nature in several habitually-haploid species (Caten & Day, 1977; Caten,
1981) and new genctypes of rusts and smuts have been shown to arise in
mixtures of dikaryons under near-natural conditicns (Bartos et al., 1969;
Megginson & Person, 1974). The origin of these variants is unclear, al-
though diploid clones of Puccinica graminis Pers f. sp. tritici Eriks. &

E. Henn arise in axenic cultures (Maclean et al., 1974) and produce vari-
ants (Green et al., 1978). Even though parasexual processes occur naturally
their contribution to variation may he reduced by heterokaryon incompati-
bility since this restricts nuclear association to strains of similar
genotype. It is significant in this context that many naturally-occurring
somatic dipleids appear homozygous (Caten, 1981). Further work is required
to establish how common somatic diploids are in nature and the extent and
nature of the genetic variation they carry.

Cytoplasmic inheritance

The cytoplasm is important for the variability of fungi in 2 respects:
(1) the presence of a genetic system in the mitochondria and (ii) the oc-
currence of stable double-stranded RNA (ds RNA) molecules with genetic ac-
tivity.

Eukaryotic mitochondria carry DNA genomes which can underge mutation,
recombination and segregation in manners analogous to their nuclear coun-
terparts (G;;ham, 1978). The number of genes in the mitochondrial genome
is limited (appromimately 50 in yeast) but they are essential for the func-
tioning of the mitochondria. The mitochondrial genetic diversity present
in natural populations remains to be establizhed but analyses with restric-
tion enzymes have revealed sequence heterogeneity within species (Sanders
et al., 1977). It is particularly interesting that 2 long-recognised degen-
erative conditions in fungi, senescence and vegetative death, have recently
been shown to result from gross changes in the mitochondrial genome
{(Cummings et al., 1979; Lazarus et al., 1980}.

Double-stranded RNA molecules have been detected in many fungal species
and they are believed to reflect mycovirus infections, although virus-like
particles are not always visible (Ghabrial, 19%80). Not all strains within
a species carry any or the same ds RNA molecules and there may or may not
be phenotypic differences associated with the various complements. Double-
stranded RNA determines the production of, and sensitivity to, the toxins
responsible for the 'killer' phenotype in Ustilago maypdis (DC.) Cda. and
is almost certainly responsible for the hypovirulent phencotype in Endothia
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parasitica (Murr.) P.J. & H.W. And. (Day & Dodds, 1979). These phenotypic
effects raise the possibility of using mycoviruses tc control fungal patho-
gens. Since cell-free mycovirus preparations are unable to infect intact
fungal cells the normal route of transmission is via hyphal anastomesis and
will be affected by those factors which control hyphal fusion and hetero-
karyon formation (Ghabrial, 1980). For example, transmission of hypoviru-
lence in Endothia is restricted by heterokaryon incompatibility but suffi-
cient infection occurs to give curing of cankers following inoculation with
hypovirulent strains (Day & Dodds, 1979).

GENETIC CONTROL QF PATHOGENICITY

when a single host genotype is inoculated with independent isclates of
a phytopathogenic fungus and the level of disease is assessed guantitat-
ively it is typically found that the isolates differ in pathogenicity and
that this variation is continuous ranging from isolates which give no obvi-
ous symptoms to others which produce severe disease (Schwarzbach & Wolfe,
1976; Fig. 1). On many host genotypes there is an excess of isolates which
give only low levels of disease implying that the overall pictufe reflects
2 overlapping distributicns, one gualitative and the other guantitative. In
considering the genetic control of pathogenicity it is conventional to
distinguish between these gualitative and guantitative components, although
this @istinction may not always be clear in practice. The low-disease pro-
ducing isclates are generally classified as avirulent to that host genotype
in contrast to the virulent isolates which produce significant levels of
disease (Fig. 1). This classification provides the gualitative component of

quantitative qualitative
10¢ assessment dassessment
100 - -
. B 8o T
n 3 -+
8 B =
2 2 60 I
e @ T virulent
o -
- 4% 40 T
3 5 +
52 E 2{ T
OJ 5-5 }avlrulent

Figure 1. Assessment of the variation in pathogenicity shown by independent
igsolates inoculated onto a single host cultivar. Each horizontal bar repre-
sents the amount of disease produced by an individual isolate.
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pathogenic variation and will be referred to as virulence. It is particu-
larly important in denoting the host range of pathogen isclates. However,
as Fig. 1 shows, not all virulent isolates produce the same level of dis-
ease and this represents the guantitative component of pathogenic vari-
ation which will be referred to as aggressiveness.

Virulence

The classical studies of Flor (1942, 1956) with flax rust established
that avirulence/virulence t¢ a particular resistance gene was controlled by
alternate alleles at a corresponding major gene in the pathogen. This one-
for-one relationship applied to several resistance genes, such that for
every gene determining resistance in the host there was a specific comple~
mentary gene determining virulence in the pathogen. It has subsequently
been demeonstrated in several other host~parasite systems (Person & Sidhu,
1971; Day, 1974) and is formalized as the gene-for-gene hypothesis.
However, Lawrence et al. (198la) have recently found that pathogenicity
of flax rust to each of the Ml, Ll, LT, L10 and L® resistance alleles is
determined by 2 interacting pathcgen genes, indicating that, although of
wide validity, the gene-for-gene relationship does not fully account for
all gualitative host-parasite interactions. The avirulent and resistant
alleles in pathogen and host respectively are generally dominant over their
alternate alleles (Person & Sidhu, 1971} and are thought to be the physio-
logically-active forms of these genes, i.e. host-pathogen incompatibility
is the active response (Ellingboe, 1978). In a number of cases, resistance
factors against the same pathogen are closely linked and may be allelic
{Shepherd & Mayo, 1972). The little information available on the chromo-
somal location of the pathogen genes indicates that they are net clustered,
although in flax rust the avirulence determinants to the Pl, P2 and P3
resistance alleles are tightly linked and may be allelic (Lawrencelet al.,

1981b).

Aggressiveness .

The genetic control of aggressiveness has rarely been examined despite
the fact that this component may determine the severity of an epidemic or
whether a newly-arisen race gpreads or not. As a guantitative character ag-
gressiveness would be expected to be polygenically determined and the few
analysed examples indicate that this is the case. The enhanced pathogenici-
ty of the aggressive strain of Ceratocystis ulmi (Buism.) C. Moreau is de-
termined by an unknown number of genes which interact in a complementary
fashion (Brasier, 1977). Strains of Ustilago hordei (Pers.) Lagerh. differ
in the ¥ infection they produce on compatible barley cultivars. This vari-
ation in aggressiveness is determined by a polygenic system (Emara & Sidhu,
1974) and, at least in one strain, the genes involved shcow additive, domi~-
nance and epistatic effects {Caten, Groth, Person and Dhahi, unpublished).
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CONCLUDING REMARKS

Fungi possess a variety of mechanisms which can generate, store ang re-
lease genetic variation and it is not surprising that natural populations
are highly variable. The relative importance in nature of these different
mechanisms is not clear and is likely to vary between species, between lo-
calities and over time, precluding any general conciusions. The mechanisms
are themselves subject to genetic control and may evolve to higher or lower
efficiency in response to selection pressures and we might expect related
species inhabiting contrasting environments te utilize different mechanisms
and te exhibit different patterns of variation. Many agricultural chemicals
have genetic effects on fungi (Kappas et al., 1974; Bignami, 1977) and they
may enhance the activity of the genetic mechanisms and thereby increase the
general variability of fungal populations. Just as important as the genetic
mechanisms are the selection pressures operating in nature. These will mark-
edly influence the fate of new mutations and the rate of change of gene and
genotype frequencies. Clearly the host population is the major selective
force affecting pathogen populations, but many detailed guestions remain to
be answered. For example, are virulent and avirulent alleles edﬁally fit in
the absence of the matching host resistance and what will be the response
of pathogens to heterogeneous host populations? It is hoped that study of
the population genetics of pathogens will lead both to a better understand-
ing of host-parasite interactions and to the development of practical con-
trol measures (Person et al,, 1976; Wolfe & Barrett, 1980).
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Genetics of pathogenicity in Ceratocystis ulmi and its significance for elm
breeding

C.M. Brasier

Forest Research Station. Alice Holt Lodge, Farnham, Surrey, UK

ABSTRACT

The relationship between research on variation in
Ceratocystis ulmi and elm breeding is discussed. ¢. ulmi
falls into 2 major sub-groups, a highly pathogenic 'aggressive
strain' and a more weakly pathogenic 'non-aggressive strain'.
The 2 strains also differ in most other major characteristics

including colony morphology, growth rate, optimum temperature

for growth and mating system. Each strain shows a wide range

K of variation. The 2 strains show genetic isclation and probably

ﬂ do not freely interbreed. Laboratcory forced crosses between the

' aggressive and non-aggressive strains indicate that the genetic
systems governing their pathogenic abilities are complex,
polygenic and gualitatively different. The aggressive strain
divides into 2 further sub-groups, the Eurasian and North

| American races, which differ in a number of characteristics

including colony morphology and pathogenicity. They shovw a

; degree of reproductive iseclation, and a fairly discrete geo-
i graphical distribution. The terms 'strain' and 'race' as used

in C. wlmi are discussed and defined.
INTRODIICTION

i The elm is one of the most important shelter and amenity trees in the

Northern Hemisphere, comprising some 30 taxa extending from North America

through Europe and Western Asia eastwards via the Himalayas and the central

Asian uplands to China and Japan. Broadly speaking, North American elms

' tend to include the most susceptible species to Dutch elm disease, the

' Agiatic elms the most resistant species, and many of the Eurcpean elms lie

1 somewhere in between. :

' Currently, 3 main centres at Wisconsin USA, Wageningen the Netherlands
and Volgograd USSR are carrying out the breeding and selection of elms.

i Dutch elm disease is by far the biggest threat to the products of these

‘
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breeding programmes, and all 3 centres are attempting to incorporate disease
resistance from highly resistant Asiatic elms such as UlImus pumila L. into
their breeding material.

Tree breeding is obviocusly a long-term process and it is consequently
important tco have clear aims. In breeding for resistance to disease it is
important to know what one is breeding for resistance to i.e. the extent
of and the potential for variation in the pathogen. For a number of rea-
sons, knowledge of pathogenic variation in forest pathogens has been
lagging behind that in pathogens of arable crops. Indeed, until quite
recently eli breeders were very much in ignorance of what they were breed-
ing for resistance to. It was cnly in the early 1970s that the existence
of a highly pathogenic 'aggressive' strain of the Dutch elm disease fungus,
Ceratocystis ulmi (Buism.) C. Moreau, was reccgnised, and in consegquence
the elm breeding programmes inh the USSR and in the Netherlands were severly
shaken (Kryukova, 1972; Gibbs & Brasier, 1973; Heybroek, 1976). The breed-
ing programme at Wisconsin survived the trauma largely through geographical
accident, since they had, unknowingly, already been using the aggressive
strain in their resistance testing procedures.

Clearly we as forest pathologists and fungal geneticists hdve a duty to
the tree breeders to attempt te keep knowledge of variation in forest
pathogens at least one, and hopefully several steps ahead of what is geoing
on in their breeding programmes. Cur failure to recognise the existence of
geveral pathogenic forms within €. wuwimi has had a number of repercussicns.

Firstly, as just mentioned, it has undermined the basis upon which the
gselection of resistant elm material was carried out. Secondly, it has
resulted in a lack cof data on interactions between the products of the elm
breeding programmes - the different elm species and their progenies - and
the various strains and races of the fungus. This in turn must have result-
ed in the loss of valuable information on the genetic nature of host resis-
tance and of fungal pathogenicity. Thirdly, it has allowed 2 new epidemics
of Dutch elm disease to progress virtually uncharted and unrecognised
across much of Europe and South West Agia during the past 10-20 years
{Brasier, 1979).

Evidently continued negligence of variation in cur forest pathogens is
a short sighted policy. It should therefore be our constant aim to maximise
information on the pathogenic potential of these organisms, and te attempt
to understand the genetic systems controlling their pathogenicity by sur-
veying and monitoring the extent of variation in the field and by experi-
menting on potential variation in the laboratory.

In the case of C. ulmi, an attempt to identify the geographical centre
of origin of Dutch elm disease, still rather vaguely thought tc be ‘some-

where in Eastern Asia', is a third and vital requirement.
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PRESENT KNOWLEDGE OF STRAINS AND RACES WITHIN CERATOCYSTIS ULMI

¢. ulmi falls into 3 genetically distinct sub—gioupings: a highly
pathogenic aggressive strain which itself divides into 2 digtinct races,
and a more weakly pathogenic non-aggressive strain (Gibbs & Brasier, 1973;
Brasier, 1979). The non-agygressive strain is found from North America
through Eurcpe te Iran. 0f the 2 races of the aggressive strain, termed the
North American or NAN and Eurasian or EAN races, the NAN is distributed
throughout North America. In the late 1960s it was introduced into Britain
and it has since spread to adjoining parts of north-west Europe as far east
as Italy and northern Yugoslavia. The EAN race occurs mqinly to the east of
a line from benmark to Italy, extending to Volgograd and the Caspian Sea
area of Iran. The present situation in Europe is rapidly changing as the
NAN race of the aggressive strain spreads eastwards and southwards and the
EAN race spreads westwards. )

The aggressive and non-aggressive strains have many differing proper-
ties (Table 1). In agar culture they differ in growth rate, optimum tem-
perature for growth, upper temperature limit for growth and in colony
morphology. They also differ in the fregquency of their mating types in
nature, and a barrier to hybridization exists between them. Moreover, as
shown below, crosses provide evidence of considerable genetic isolation
between them.

The 2 races of the aggressive strain also differ in cultural charac-
teristics and some other features (Table 1). Barriers to their hybrid-
ization also exist but these are less marked than those occcurring between

the aggressive and non-aggressive strains.
DEFINITION OF 'STRAIN' AND 'RACE' IN C. ULHMI

The terminology applied to sub-units below the species level in’ fungal
populations is in a rather confused state, reflecting perhaps the youthful
state of the art! The field of fungal pathogenic polymorphism is particu-
larly difficult, and there ceftainly appears to be no established terminol-
ogy in the literature appropriate to major sub-groups of the sort encoun-
tered in C. ulmi. In the event the somewhat neutral term 'strain' was
chosen to apply to the aggressive and non-aggressive sub-groups of C. ulmi
{Gibbs & Brasier, 1973) despite the fact that the same word is sometimes
used rather leoosely by mycologists when they may really mean 'isclate! (the
difference between 'strain' and 'isolate' has been clearly defined by
Ainsworth (1961)). Subsequently it has been necessary to find a suitable
word to apply to sub-groups of lower rank than strain in ¢. wimi, and in
this case the word 'race' sensuy Stebbins {(1966) has been chosen {Brasier,
1979). Following Stebbins' hierarchy 'strain' as used in €. uimi should
probably assume a rank roughly equivalent to his 'sub-species', and indeed
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this seems appropriate for the aggressive and non-aggressive strains.

The following definitions of 'strain' and 'race' as applied to ¢. ulmi
are offered: .
Strain. (Aggressive and non-aggressive strains). Major sub-groups within
the ¢. ulmi population which de not freely interbreed and which differ in
almost all important physiological and pathological characteristics (see
Table 1). Each strain shows a wide range of variation comparable to that
often found in a single species. Inter-strain hybrids have yet to be found
in nature.
Race. (North American and Eurasian races). Sub-groups within the aggress-
ive strain population which do neot freely interbreed and which differ in
certain important physiological and pathological characteristics, but in
which their similarities broadly outweigh their differences (see Table 1).
The population of each race shows a wide range of variation. No inter-race
hybrids have yet been found in nature.

DIFFERENCES IN PATHOGENICITY

The strains and races of ¢. ulmi are best 'differentiated on elms of
moderate disease resistance such as UImus procera Salisbury or certain
clones of U. japonica (Rehd.) Sarg. Highly susceptible or highly resistant
elms such as U. americana L. or U. pumila are, for cobvicus reasons, unsuit-
able.

Fig. 1 shows the differences in pathogenicity between population
samples of the non-aggressive strain and of the EAN and NAN races of the
aggressive strain when inoculated into clonal U. procera. Fig. la is the
result of a pathogenicity test carried out in 1977 comparing 13 non-
aggressive isolates originating from 7 countries from the USA to Iran.
After 10 weeks, all the isolates had caused only relatively low leyels of
defoliation ranging from i4 to 39 % with a mean of 28.0 %. This is a typi-
cal result for the non-aggressive strain.

The existence of the North American and Eurasian races of the aggress-
ive strain was only recognised as recently as 1978, when it was supposed
that they both had comparably high levels of pathogenicity (Brasier, 1979).
However, a pathogenicity test carried out in 1979 showed otherwise. The
test (Fig. 1b, ¢) comprised a sample of 14 EAN race isolates originating
from 7 countries for Ireland to Iran, and 14 NAN race isolates originating
from 7 countries between the USA and Austria. Two non-aggressive control
isolates {arrow) gave 16 % mean defoliation. As in previous tests the NAN
race isclates caused very high levels of defoliation ranging from 81 to
100 %. With the EAN aggressive, however, defoliation ranged from 38 to
100 %, with a mean of 82 %, significantly below the NAN mean of 95 ¥%.

Thus the EAN aggressive showed an unexpected range of variation in
pathogenicity, with some isclates significantly less pathogenic than the
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No of Isolates

A Non Aggressive strain

® |-

8 EAN race

C NAN race

05— T " 100

Pathogenicity(% defoliation)

Figure 1. Pathogenicity of the non~aggressive and of the EAN and NAN

races of the aggressive strain of ¢, ulmi. A, sample of 13 non—agdressive
isolates inoculated into 3-year-old clonal U. procera in 1977, showing %
defoliation after 10 weeks. B, ¢, samples of 14 EAN and 14 NAN aggressive
isolates inoculated into 5-year-old clonal U, procera in 1979, showing %
defeliation after 13 weeks. The arrow indicates the mean of 2 non-aggress-
ive control isclates. Heavy bars represent sample means. There were 3 rep-
licate trees for each isolate.

NAN race, though stil] more pathogenic than the non-aggressive strain.
Further important differences between the strains are revealed in
disease progress curves. Fig. 2 shows the disease progress curves for the

above pathogenicity test. Typically, with the non-aggressive strain on U.
procera a burst of disease occurs in the first few weeks after inoculation,
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Mean 96 defoliation
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1

0 50 " 100

Time { days)'
Figure 2. Disease progress curves (mean % defoliation against time from
inoculation) for the non-aggressive strain and the EAN and NAN races of the
aggressive strain of ¢. ulmi on U. procera. Note final differences in mean
pathogenicity levels of the EAN and NAN races, and the recovery of trees
inoculated with the non-aggressive strain. The tests were carried out on
S5-vear-0ld clonal U. procera in 1979. The curves are the means of 14 EAN,
14 NAN and 2 control non-aggressive isolates. There were 3 replicate trees
for each isclate.

but thereafter disease progress is halted and the trees go inte a recovery
phase with the diseased shoots budding-up and eventually flushing. There is
normally no re-occurrence of the disease in the following season.

With both the EAN and NAN races of the aggressive strain there is
a greater initial burst of disease activity. with the NAN race disease
usually progresses until defoliation levels of 90-100 % have been reached
and most trees die within the same season. If they do not, disease re-
occurrence and death usualiy foliow in the second season.

With the EAN race the most highly pathogenic isclates behave similarly
tc the NAN isolates, but with the less pathogenic isolates some recovery
may take place. A full recovery may occur in the following season when dis-
ease re-occurrence appears to be a relatively uncommoen phenomenon.

The NAN race is the form of the aggressive strain first described in
1973 by Gibbs & Brasier. From its pathogenic behaviour the EAN race is
clearly a more distinct genetic entity than was originally supposed. Its
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present status as a race within the aggressive strain (alongside the HNAN
race) rather than that of a third strain in its own right may yet be called
into question. Its biological characteristics, distribution and history of
spread are, together with those of the NAN race and the non-aggressive
strain, still undergoing detailed survey and investigation.

GENETIC CONTROL OF PATHBOGENICITY: CROSSES BETWEEN THE AGGRESSIVE AND NON-
AGGRESSIVE STRAINS

Although the aggressive and non-aggressive strains may not hybridise
freely in nature, crosses canh be forced between them in the laboratory. Nu-
merous crosses have now been undertaken using aggressive and non-aggressive
isclates from 3 continents, and the results have been broadly the same.

In terms of the inheritance of growth rate, the progeny of aggressive
X non-aggressive crosses show considerable variation, many growing signifi-
cantly faster than the aggressive parent or slower than the non-aggressive
parent. Fig. 3 shows the result of one such cross between non-aggressive

No of Isolates 4

151 273 A

af—
Apr—— x|
——

10

o 1 1 —t —
.8 2 25 3 3.5 a4 4.5 [

Growth rate mm.day ™'

Figure 3. Growth rate distribution of Fl progeny from a cross between a NAN
aggressive (530) and a non-aggressive (273A) isolate of ¢. ulmi. The heavy
bar shows the progeny mean, and the arrows the parental growth rates and
the parent mid-point value. The test was carried out at 18 °C and there
were 2 replicates per isolate.
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parent 273A and aggressive parent $30. The progeny distribution indicates
that a large component of the variation is simply additive, but a degree of
negative interaction between the parents can often be detected, as here,
with the mean of the progeny {heavy bar} lying significahtly below the mid-
point of the 2 parents (middle arrow) (see Brasier, 1977}.

In colony morphology, progeny of aggressive X non-aggressive crosses
are always extraordinary variable (see Brasier & Gibbs, 1976, Plate 1).
Usually very few of the progeny can be characterised in terms of the
striate-petaloid colony morphology of the aggressive parent, cor the flat
relatively undifferentiated morphology of the non-aggressive parent, giving
a further indication of segregation of extensive genetic differences be-
tween the 2 parents. '

In their pathogenic behaviour the progeny of aggressive X non-aggress-
ive crosses are particularly interesting. Fig. 4 shows the results of 2
such crogses, one between non-aggressive isolate M35 and aggressive isolate
027 (left) the other between ncn-aggressive isolate wl0 and aggressive iso-
late G36 {right). Above (Fig. 4a, ¢) is the result when a sample of their
progenies were inoculated into the moderately resistant U. procera. Pointsg
to note are as follows: .

- The aggressive parents gave characteristically high and the non-aggress-
ive parents characteristically low levels of defoliation.

- The majority of the progenvy are weak pathogens. With the exception cof 1
igsolate (in the cross W10 X G36, Fig. 4c) none approached the aggressive
strain in pathogenicity. Statistically, only a few progeny were signifi-
éantly more pathogenic than their non-aggressive parent.

- There is a strong negative interaction: in both crosses the progeny mean
(heavy bar) fell significantly below the mid-point of the parents (middle
arrow).

Inoculation of the progeny of W10 x (36 into the more susceptible
U. glabra Hudson (Fig. 4d) produced a greater spread in their pathegenic
distribution thus providing a clearer picture of their pathogenic behav-
iour. Again, ncne cf the progeny approached the aggressive parent in patho-
genicity, and the progeny medn (heavy bar) lay significantly below the par-
ent mid-point value (middle arrow).

The behaviour of the progeny M35 x 027 on the even more susceptible U,
Iaevis Pallas (Fig. 4b) amplifies the picture even further. On this species
even the non-aggressive parent (left arrow) caused 57 % defoliation, with
the aggressive parent (right arrow) causing 97 % defoliation. The progeny
showed a broad distribution. Not only was the progeny mean (Heavy bar) sig-
nificantly below the parent mid-point (middle arrow) but statistically many
progeny were significantly less pathogenic than the non-aggressive parent,
1 progeny isolate causing only 0.5 % defoliation. A few progeny approached
the pathogenicity level of the aggressive parent, the highest giving 90 %
mean defoliation (compared with the aggressive parent value of 97 %).
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The picture given by the progeny is therefore cne of a large negative
interaction between the genetic systems of the aggressive and non-aggress-
ive strains {i.e. a drop in pathogenicity of the progeny relative to that
of the parents), together (as indicated by the U. laevis data) with some
additive component. The interaction cannot be accounted for by cytoplasmic

No of isolates

M35 X 027
48 .
[]
'
! w10 X G36
14+
—
104 -
5- B I4
4 I
T 1 T 1
15 s M35 % 027 4 o
101 =
W10 X G36
5— -
0 50 100 0 B0 100

Pathogenicity (% defoliation}
Figure 4. Pathogenicity of F1 progeny from crosses between the NAN aggress-
ive and non-aggressive strains of ¢. ulmi. A, B, progeny sample of non-
aggressive X aggressive cross M35 x 027 on 5-year-old clonal U. procera and
3-year-old seedling U. laevis respectively. The inoculations were carried
out in 1973 and data are for 10 weeks after inoculation. C, D, progeny
sample of ncn-aggressive X aggressive cross W10 x G36 on 3-year-old clonal
U, procera and 3-year-old seedling U. ¢glabra respectively. The inoculations
were carried out in 1974, and data are for 12 weeks after inoculation.
There were 3 replicate trees per isolate. The heavy bars represent the
progeny means and the arrows the pathogenicity levels of the parents and

the parent mid-point values.
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effects: reciprocal aggressive x non-aggressive crosses give the same re-
sults (see Brasier & Gibbs, 1976; Brasier, 1977).

The following explanation is proposed for the hegative interaction:
- The genetic systems governing pathogenicity in the agg}essive and non-
aggressive strains are complex, polygenic, and qualitatively different.
- The high level of pathogenicity in the aggressive strain is conferred by
special gene combinaticns which on hybridization with the non-aggressive
strain are dispersed, resulting in a large number of weakly pathogenic
genctypes (Fig. 4).
- It is suggested that the special gene combinations may involive gene se-
guences acting as functional units, such as a series of structural genes
governed by an operator gene. Thus the physiology of the host-parasite
relationship in this vascular wilt disease is highly complex, and several
highly specialised enzyme systems are likely to be inveolved. Their control
by operon-type genetic systems is a distinct possibility. Substitution of
an operator allele in the aggressive strain with the equivalent locus in
the non-aggressive strain might lead to half of the progeny being non-
functional at the operon concerned. Substitution of alleles at the struc-
tural loci might also impair the efficiency of the metabolic pathway in-
volved (see Brasier, 1977).

CONCLUSIONS

To summarize, it is clear that there are extensive genetic differences
between the aggressive and non-aggressive strains of €. uwlmi. These are
exemplified firstly by their differing properties of growth-rate, their
differing colony morphologies, and in their remarkably different tempera-
ture-growtly responses. Secondly, they are shown in their different mating
systems, and in the fertility barrier that operates between them. Thirdly,
they are highlighted by the complex patterns of inheritance that ocour
among their progeny, and by the fact that although thousands of wild iso-
lates of C. wimi have been examined, no indication of hybridization between
the 2 strains in nature has been found.

Many of these factors point to a considerable degree of genetic iso-
lation or evolutionary divergence. Indeed, we appear to have here 2 dis-
crete virtually non-hybridizing populations which approximate to the level
of sub-species. Whether the 2 strains have evclved as a conseguence of sym-
patric or allopatric evolution has been investigated. Experimental evidence
points to a sympatric divergence, with the aggressive strain having evolved
from the non-aggressive strain (Brasier, in preparation).

Turning to the 2 races of the aggressive strain, they have a number of
features in common indicating common ancestry, but it is also true that
ever greater genetic differences are being found between them as shown in
the pathogenicity data presented here. The present status of the EAN ag-
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gressive as a race rather than a separate strain could readily be called
inte guestion as menticned above. Further light may be thrown on this prob-
lem when crosses between the EAN and NAN races, now being carried out, have
been analysed in detail.

Thus it is clear that there are 3 distinct genetic groupings within the
wild population of ¢. wimi. With the geographical centre of origin of Dutch
elm disease still to be determined, the possible existence of further dis~
crete pathogenic ferms of the fungus cannot be ruled out. This possibility
represents a continuing threat to the products of ocur expensive elm breed-
ing programmes. Such a threat can only be alleviated by further detailed
mycological surveys, in particular in the several remaining uncharted areas
of elm diversity such as the Himalayas and parts of China.
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ABSTRACT

In the genus Cronartium, ecach pathogen that has been
investigated has shown a high degree of pathogenic variabil-
ity on both pine hosts and alternate host. Thus, constant
monitoring of the pathogen will ke required to detect shifts
in pathogenicity, and to determine the most effective placement
of resistant materials. In additien, an extremely broad genetic
base of resistance will be required in each of the host species
if tree rusts are to be controlled by the development of resise
tant strains of pines,.

INTRODUCTION

The rust fungi have earned a reputation for variability. This charac-
teristic was first demonstrated in rusts of cereals, particularly the black
stem rust opganism (Puccinia graminis Pers.)} which has several hundred
physiologic races. Research on pathogenic variability of rust fungi on
forest trees began much later. One reason is that the uredial, or iepeating
stage, of cereal rusts occurs on the economically important host. With the
tree rusts, this stage is usually on the less important hosts.

WHITE PINE BLISTER RUST

White pine blister rust, caused by Cronartium ribicola J.C. Fisch. ex
Rabenh., was the first tree rust to be closely studied. Widespread in Asia
and EBurope, it was introduced into the United States early in this century.
The first 50 years of research on white pine blister rust yielded little
evidence of pathogenic strains for this fungus. The fungus attacks many
soft pines, ranging from the very susceptible sugar (Pinus lambertiana
Dougl.) and western white (P. menticola Dougl.)} pines to the highly resis-
tant Swiss stone pine (P. cembra L.) of Europe. All species of Ribes can
serve as alternate hosts, but they also vary widely in susceptibility to
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infection. Mielke et al. (1937) showed variation both between and within 4
species of Ribes. Some highly resistant individuals were found in the gen-
erally susceptible R. petiolare Dougl. Anderson & French {1955) reported
variation in response to infection on R. hirtellum Michx. when collections
of ¢. ribicela from 3 different pine species were used as inocula.

Yokota et al. (1975) reported a further step in variability--, a
strain of the organism from Japan that was able to utilize both Pedicularis
and Ribes as alternate hosts. Subseguently, Yokota & Uozumi (1976) made a
tentative revision of Cronartium rusts on white pine (P. sérobus L.) in
Japan: C. ribicola £. sp. ribicola on P. strobus and Ribes sp.; . ribicola
f. sp. pedicularis on P. strobus and P, pumila, with both Pedicularis and
Ribes as alternate hosts. In Canada, Hiratsuka & Maruyama (1976) found a
strain of C. ribicola that was able to infect both Ribes and Castiileja
miniata Douglas. This was the first report of C. rikicola infecting a
scrophulariaceous host in North America.

In addition, Saho & Takahashi (1976) reported a Peridermium species on
P. pumila Regel in Japan which they consider to be an autoecious form of
¢. ribicela. That is, a pine-to-pine rust with an intermediate host not
being required to complete the iife cycle. This would be pathogénic vari-
ability of the first magnitude.

Some of the most extensive work indicating variation within ¢. ribicola
has been done on western white pine by McDonald & HBoff (1975). They have
shown extensive variation in pigmentation of spots developing on inoculated
pine seedlings. Their results demonstrate the existence of 4 seedling
types: those with only red spots, those with only vellow spots, those with
both red and yvellow spots, and those with no spots. They hypothesize that
these reactions indicate races of ¢, ribicola, and that the pine hosts are
differentially resistant. Further, they feel resistance to these races is
simply inherited. Seedlings with red needle spots are resistant to the rust
shown to produce yellow spots. Conversely, the seedlings with yellow spots
are resistant to the strain producing red spots. Seedlings with spots of
both colors are, therefore, susceptible to both strains, and seedlings with
no spots are resistant to both strains.

Recently, McDonald & Andrews (1980) found highly significant variation
in development of the pathogen on Ribes. They found differences in develop-
ment of uredial infections after single aeciospore inoculations on leaf
disks, and in the percent of these infections that produced teliospores
within 35 days. These variations could influence pathogenic capabilities of
the fungus.

Twe recent investigations provide some of the strongest evidence
found to date on pathogenic variability of C. ribiceola on pine. Kinloch &
Comstock (1981) found that sugar pines with single major gene resistance to
blister rust suddenly became susceptible to infection. These trees had been
free of disease under extremely hazardous conditions for up to 14 years in
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field progeny tests. Their sudden susceptibility demonstrates a new race of
C. ribicola that overcomes this gene for resistance in sugar pine. These
authors indicate that necrotic flecks on inoculated seedlings indicate
resistance while yellow or occasional red lesions indicate susceptibility.
G.1. McDonald {personal communication) alsc has found a new, more virulent
strain of C. ribicela on P. monticola. Compared to standard isolates of C.
ribicola, the new strain (Champion Mine) more readily infected previocusly
tested seedlings from one specific area of the Pacific Northwest.

HARD PINE RUSTS

Red and yellow needle spots also occur in Italy on seedlings of a hard
pine (P. pinaster Ait.) inoculated with ¢C. flaccidum (Alb, et Schw.) Wint,
These spots indicate 2 races of the pathogen and differential resistance of
maritime pine seedlings to these 2 races (Raddi, 1976). The host-parasite
interaction, in this case on a hard pine, closely resembles that of soft
pines with ¢. ribicola.

Studies on patheogenic variability of hard pine rusts in the United
States have primarily dealt with the ¢. gquercumwm complex. Kais & Snow
{1972) and Powers (1972) indicated sharp differential responses between
jack (P. banksiana lamb.) and Virginia (P. virginiana Mill.) pines when
inoculated with cultures of C. guercuum derived from each species. Each
pine species was susceptible to its isolate of the organism, but resistant
to the isolate from the other species. This work demonstrates a relation-
ship for this host-parasite complex comparable to that with the wheat rust.
That is, the isolates of ¢. guercuum from a given pine species were similar
to the formae speciales on the various cereals. These relationships within
the ¢. guercuum complex were clarified subsequently by Burdsall & Snow
(1977). Four formae speciales (banksianae, virginianae, echinatae, and
fusiforme) were established to accommodate the rust on jack, Virginia,
shortleaf (P. echinata Mill.), and the combination cf loblolly (P. taeda
L.) and slash (P. elliottii var. elliottii Engelm.) pines.

Snow & Kais (1970) provided evidence of pathogenic variability within
the fusiform rust organism (C. g. f. sp. fusiforme). They found differen-
tial reactions between resistant slash pine progenies and rust isolates
from 5 states. Later, Snow et al. (1975) found a significant inoculum
source x family interaction among rust isolates collected on a east-west
transect (Florida-Texas) and 2 north-south transects (Mississippi and
Florida-Georgia). Among 8 individual galls and 3 resistant slash pine
families a significant inoculum X family interaction was also found, as was
substantial pathogenic variability among collectione from individual galls.
An absence of active galls on 1 resistant family when inoculated with 2 of
the rust isolates was the first observation of an immune reaction between
this pathogen and slash pine. In addition, 2 of the 10 families were resis-
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tant to all of the inocula from 5 states. The authors hypothesized that
this phenomenon might be comparable to horizontal resistance in various
agronomic¢ crops.

Pathogenic variability of C. guercuum f. sp. fusiforme on loblolly pine
was studied by extensively sampling the pathogen across the Southern United
States (Powers et al., 1978). Isclates from 56 individual rust galls from 7
states from Louisiana through North Carolina were used to inoculate 3
loblolly pine families rated as resistant, intermediate, and susceptible
to fusiform rust. The results of these inoculations showed highly signifi-
cant variability at every level examined. The proportion of seedlings in-
fected was influenced by the host family, the state in which the rust was
ceoliected, interactions between host family and state of rust collection,
the individual rust collection within states, and interactions between host
families and individual collections within states. Several interactions
between specific rust collections within states and families demonstrate
the need to label highiy virulent strains and make tree hreeders aware of
the fact that these isolates can cause heavy damage on some of the most
resistant clones or selections available. Extensive planting based on only
1 source of resistance could lead to a rapid build-up of such virulent
strains of rust. For example, 1 of the isolates from South Carolina was
highly virulent on resistant family 11-20, which was selected in South
Carolina. In fact, it produced a higher percentage of infection on the
resistant family than on the susceptible family. This study also produced
evidence of the classic reversal of infection types between families and
rust isclates, similar to differential reactions on wheat host lines that
regult in the classification of physiological races of the wheat stem rust
fungus. In both slash and loblolly pine, differences among infection levels
caused by individual rust collections from within a state were sometimes
greater than the differences among collections from different states. Thus,
a broad genetic base of resistance is needed for planting, and tests for
resistance must include range of rust isolates from different geographic
areas.

A recent study included 7 loblolly pine families rated as resistant to
intermediate in resistance, 2 susceptible families, and 5 rust isolates
(Powers & Matthews, 197%9). Again, there were highly significant differences
in resistance among host families and in infection levels produced by the
various rust isolates. All resistant families had relatively low levels of
infection, but only 1 was resistant te all rust isolates. Highly virulent
rust isclates caused particularly heavy infection on pine families orig-
inating in the same geographic area. The South Carolina rust collection
again caused heavy infection on family 11-20. Families from Texas and
Louisiana were most susceptible to rust isolates from their own states.

snow et al. (1976) demonstrated increasing virulence of rust isolates
developing on resistant pine selections. They found a striking increase in
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virulence produced by collections of C. guercuum f. sp. fusiforme gathered
from one specific resistant slash pine family. Because such increases chal-
lenge programs of selecting and breeding for resistance to the rust patho-
gen, additional studies with loblolly pine were carried out (Powers et al.,
1977). They used 3 families: a resistant family from which the rust collec-
tions were obtained, an additional, non-related resistant family, and a
susceptible check. Collections of individual rust galls from field plant-
ings of the resistant family were compared with galls representing the gen-
eral rust populations from nearby trees. The rust isclates from the resis-~
tant family produced 9 % more infection on seedlings of that family than
did isolates from the general population. This increase-may be biologically
significant, even though it was not statistically significant. There was no
increase in virulence on the unrelated rust resistant family. The relative-
ly modest increase in virulence of these family-specific rust isolates

and maintenance of resistance to all isolates by the unrelated resistant
loblolly family were encouraging.

To determine if & trend for increasing virulence has been developing
in recent years, isolates of the fusiform rust organism originating in ap-
proximately 1945 were compared with those originating around 1970 (Powers
& Dwinell, 1978). No differences in virulence were found between the 2
groups, but the more recent isolates were much more variable.

Pathogenic variability has alsoc been found among 10 single-spore iso-
lates originating from 1 isolated rust gall (Powers, 1980). Three half-sib
families of loblolly pine previously determined to be resistant, inter-
mediate, and susceptible to fusiform rust were inoculated with each of the
isolates. Isolates differed significantly in percentage of seedlings in-
fected; the range, 42 % to 56 ¥, was similar to that produced by unrelated
galls within an individual county or plantation.

In populations of slash and loblolly pines, resistance to €. gquercuum
f. sp. fusiforme has been found in single, random trees. In loblolly pine
there are also specific geographic zones, primarily around the periphery of
its natural range, where bulk.collections of seed are moderately resistant
{(Wells & Wakeley, 1966). To compare seeds from 6 of these gecgraphic areas
and rust collections from each area, a study was degsigned to cross-inocu-
late seedlings from each seed source with each rust collection (Powers &
Matthews, 1%80). Seed and rust spores were collected from Arkansas, east
Texas; Livingston parish, Louisiana; the eastern shore of Maryland; and
Marion county, Florida. Seeds from central Georgia were included as a
susceptible control. The Maryland seed source was significantly more re-
sistant than any other source. Virulence of rust isclates varied by state
of collection, but the range in percentage of seedlings infected (< 10 %)
was too small to be biclogically meaningful. Interactions between seed
sources and rust cocllections from different gecgraphic areas were signifi-
cant. The range of responses was from 48 % infection on the Arkansas seed
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Table 1. Incidence of infection on loblolly pine seedlings from & geo-
graphic sources after inoculation with rust collections from each geo-
graphic area.

seed sources Seedlings (%) with galls 9 mo. after inocu- Host mean1

lation with spores from:

Ga. md. Ark. Fla. Tex. La.
Maryland 53 69 49 52 56 55 56a
Arkansas 54 48 72 61 68 61 61b
Florida 69 T4 49 76 61 73 a’vc
Texas 58 53 80 68 84 83 71c
Louisiana 78 73 81 81 81 82 7a9d
Georgia control 88 89 81 82 80 a7 84e
Mean 66a &8ab 69abc 70abc 72bc 73c

1. Infection percentages followed by the same letter do not differ signifi
cantly (P ¢ 0.01 for host means and P £ (.05 for spore means) as determine

by Duncan's multipie range test.

sources produced by the Maryland rust, to 89 % infection on the Georgia
check lot by the Maryvland rust. In all cases exXcept the control, the re-
sulting infection level on a specific seed source was highest when inocu-
lated with the rust isolates from the same geographic area (Table 1). This
and earlier results indicate that genes for virulence tend to develop where
the complementary genes for resistance are found, and that while this viru-
lence is relatively common in these areas, such genes are not common
throughout the ranges of the host and its parasite.

REFERENCES

Anderson, R.L. & D_.W. French, 1955. Evidence of races of Cronartium ribiccla on Ribes,
Forest Science 1: 38-39.

Burdsall, H.H., Jr. & G.A. Snew, 1977. Taxonomy of Cronartium quercuum and C. fusiforme.
Mycolagia 69: 503-508.

Hiratsuka, Y. & P.J. Maruyama, 1976. Castilleja miniata, a new alternate host of
Cronartium ribicola. Plant Disease Reporter 60: 241.

Kais, A.G. & G.A. Snow, 1972, Host response of pines to various isolates of Cronartium
quercuum and Cronartium fusiforme. In: R.T. Bingham, R.J. Hoff & G.I. McDonald
{Eds): Biology of Rust Resistance in Forest Trees, USDA Miscellancous Publication
No. 1221. p. 495-503.

Kinloch, B.B. & M. Comstock, 198l. Virulent race of Cronartium ribicola to major gene
resistance in sugar pine. Plant Disease 65: 604-805.

McDonald, G.I. & D.5. Andrews, 1980. Infliuence of temperature and spore stage on
production of teliospores by single aeciospore lines of {ronartium ribicola. USDA

241



Forest Service Research Paper 256. 9 p.

McDonald, G.I. & R.J. Hoff, 1975. Resistance to Cronartium ribicola in Pinus monticola:
an analysis of needle-spot types and frequencies. Canadian Journal of Botany
53: 2497-2505. .

Mielke, J.L., T.W. Childs & H.G. Lachmund, 1937. Susceptibility to Cronartium ribicola of
the four principal Ribes species found within the commercial range of Pinus
monticola. Journal of Agriculture Research 55: 317-346.

Pawers, H.R., Jr., 1972. Testing for pathogenic variability within Cronartium fusiforme
and C. quercuum. p. 505-509. In: R.T. Bingham, R.J. Hoff & G.I. McDonald (Eds}:
Biology of rust resistance in forest trees. USDA Forest Service Miscellaneous
Publication No. 1221.

Powers, H.R., Jr., 1980. Pathogenic variation among single-aeciospore isolates of
Cronartium guercuum f. sp. fusiforme. Forest Science 26: 280-282.

Powers, H.R., Jr. & L.D. Dwinell, 1978. Virulence of Cronartium fusiforme stable after
25 years. Plant Disease Reporter 62: 8§77-879.

Powers, H.R., Jr. & F.R. Matthews, 1979. Interactions between virulent isclates of
Cronartium guercuum f. sp. fusiforme and loblelly pine families of varying resis~
tance. Phytopathology 69: 720-722.

Powers, H.R., Jr. & F.R. Matthews, 1980. Comparison of six geographic sources of leblelly
pine for fusiform rust resistance. Phytopathology 70: 1141-1143.

Powers, H.R., Jr., F.R. Matthews & L.D. Dwinell, 1977. Evaluation of pathogenic
variability of Cronartium fusiforme on loblolly pine in the Southern USA.
Phytopathology 67: 1403-1407.

Powers, H.R., Jr., F.R. Matthews & L.D. Dwinell, 1978_ The potential for increased
virulence of Cronartium fusiforme on resistant loblelly pine. Phytopathclogy
68: 808-810. ’

Raddi, P., 1976. Indagine sui tipi di macchie fegliari e sul loro significate in
discendenze di Pinus pinaster infette da Cronartium flaccidum. Rivista di
Patologia Vegetale 12: 21-98.

Sahe, H. & I. Takahashi, 1976. A preliminary report on a Peridermium species found on
Pinus pumila Regel in Japan. European Journal of Forest Pathology 6: 187-191.

Snow, G.A., R.J. Dinus & A.G. Kais, 1975. Variaticn in pathecgenicity of diverse sources
of Cronartium fusiforme on selected slash pine families. Phytopathelegy 65: 170-175.

Snow, G.A., R.J. Dinus & C.H. Walkinshaw, 1976. Increase in virulence of Cronartium
fusiforme on resistant slash pine. Phytopathelogy 66: 511-513.

Snow, G.A. & A.G. Kais, 1970. Pathogenic variability in isclates of Cronartium fusiforme
from five southern states. Phytopathology 60: 1730-1731.

Wells, 0.0. & P.C. Wakeley, 1966. Geographic variation in survival, growth, and
fusiform-rust infection of planted loblolly pine. Forest Science Monographs II. 40 p.

Yakota, S. & T. Uozumi, 1976. New developments in white pine blister rusts in Japan. RVI
IUFRC World Cengress. Proceedings Divisioen II. Osle, Nerway. p. 330-337.

Yokota, S., T. Uczumi, K. Endo & 5. Matsuzaki, 1975. A Cronartium rust of strobhe pine in
eastern Hokkaido, Japan. Plant Disease Reporter 59: 419-422.

242



Relative virulence of Cronartium quercuum f. sp. fusiforme on loblolly pine
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ABSTRACT

Seedlings of 43 contrelled-pollinated pine families were
inoculated with 5 sources of Cronartium quercuum f. sp.
fusiforme. The seedlings were grown from seed produced in a
diallel crossing experiment witl. 10 loblolly pines in
Livingsten Parish. Data were assessed as to percentage of trees
with galls and the form of galls on infected trees./Differences
in pine families, inocula, and a pine family x inocula interac-
tion were identified with both variables. The most precise sep-
aration of inocula was achieved with gall-form. The variable
response of full-sib pine families to diverse inocula empha-
sizes the need to evaluate potential breeding stock with sever-
al different rust inocula. Progeny from some parent trees were
relatively stable to the varying sources of inccula. Such trees
may be valuable as testers in future breeding programs.

INTRODUCTION

Resistance to fusiform rust (Cronartium guercuum (Berk.) Miyabe ex
Shirai f. sp. fusiforme) has been found in certain geographic seed sources
of loblolly (Pinus taeda L.) pine (Wells & Wakeley, 1966; Wells & Switzer,
1971). Since large quantities of this seed is readily available, it has
been used extensively. Livingston Parish, La., is an important source for
loblelly seed. Trees grown from this seed perform well in growth and resis-
tance to fusiform rust. Moreover, the seed has performed well throughout
much of the southern pine region. As a result, the Livingston Parish area
will likely remain important as a source of resistant trees for seed or=-
chards.

Powers et al. (1977) recently reported that Livingston Parish (LP)
seedlings grown from bulk seed collections varied in susceptibility to
different sources of rust inocula. At least 1 of 10 rust collections from
each of 7 states was relatively virulent on bulk steck. Inocula from
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Mississippl were generally more virulent than inocula from other states.
In subsequent tests, differences in virulence of the pathogen were demon-
strated on a half-sib LP family (Powers & Matthews, 1979}. These findings
indicate a need to evaluate potential breeding stock from the Livingston
Parish area with an array of different inoccula to identify and maintain
adeguate genetic resistance.

This study seeks to evaluate the interaction amocng LP pine families
with varying levels of resistance and rust inocula with varying levels of
virulence. Understanding this interaction is necessary to maximize resis-
tant traits that are stable to the diverse rust population.

HETHQDS

Host material: Forty-three control-pollinated pine familiegs from 10
randomly selected lobleclly pines in'Livingston Parish, La., were tested.
The trees had been intercrossed in all combinations without regard to
which was used as the male or female parent of a given cross. The result
was a half diallel with 45 peossible crosses. Trees from this experiment
had been planted in replicated plots on the Harrison Experimental Forest
in Mississippi in 1968. Extra seed was available from all but 2 of the
crosses. In this experiment, pine seedlings from each cross were grown in
2.5 cm x 12.7 cm plastic tubes containing a 1:1 mixture of wvermiculite and
peat moss. They were transplanted to nursery beds 4-6 weeks after inocu-
lation.

Inocula: Five different inocula of C.g. f. sp. fusiforme were used.
These were chosen to be diverse in virulence on the stock. Each inoculum
was derived from 1 loblelly pine gall, the collection points for all inocu-
la were widely separated, and 2 inocula were from LP trees. The inocula
from LP trees were expected to be more virulent than the other inocula
(Snow et al., 1975; Powers et al., 1978). Inoculum A was from a trée grow-
ing in Livingston Parish; inocula B, C, and D were collected near Jasper,
Texas; Kiln, Mississippi; and Brewton, Alabama, respectively, and were
taken from trees thought to be native to the collection points. Inoculum
E was ccllected from a tree in the diallel planting on the Harrison Experi-
mental Forest.

Artificial inoculations: Ten 5-~week-old seedlings from each of the 43
pine families were inoculated with each of the inocula in 1978. The entire
procedure was repeated in 1979 to obtain a second replication. The order of
inoculation, with respect to both family and inoculum, was determined ran-
domly to provide a complete factorial arrangement. A forced air inoculation
system (Snow & Kais, 1972) was used throughout the experiment with basidio-
spore density maintained at 15-25/mm2.

$ix months after inoculaticn, the seedlings were scored for presence of
galls, gall length and diameter. Several derived variables were studied
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graphically to identify those most repeatable from replication to rep-
lication and that best separated families and inocula. The variables se-
lected were percentage of plants with galis and gall-form (gall length/gall
diameter). Gall-form is a quantitative measure of shape; round galls pro-
duce gall-form values near 1; elongated, or spindle-shaped galls vield
larger values. To interpret the results, it was assumed that resistance of
an individual pine family could be expressed as a low percentage of plants
with galls or by low gall-form values. Low gall-form values would indicate
a reduction in longitudinal growth of the fungus in the host tissues.
Analysis of variance was used to test for significance of differences among
families and inocula and for the family x inocula interaction. Significance
was appraised at the 0.01 level.

RESULTS
Analyses of percentage of plants galled and gall-form showed signifi-
cant differences ameng both inocula and pine families, and significant pine

family x inocula interactions:

pf F values

Percent galled Gall form

Replication 1 11.24 12.31
Inocula 4 3.75% 2i.69
Pine family 42 8.12 7.75
Inocula x family 168 1.70 1.54
Error 214
Total 429

The F values for pine family and the inocula by pine family interaction
were slightly higher for percent galled than gall-form. However, the F
value for inocula was much larger for gall-form, indicating that more pre-
cisicen in separation of inocula was achieved with the gall-form variable.
This resulted from (1) less replication-to-replication variation in the
gall-form data than occurred in the percentage data and (2) the uniformly
high percentage levels obtained with most of the family x inocula combina-
tions. '

More than 70 percent of the trees developed galls in 45 of the 50 half-
sib family x inoculum combinations (Fig. 1). Families 3, 5, and 7 had the
lowest percentages and families 3 and 7 showed the most variation with in-
ocula source. Families 4, 5, 8, and 9 showed much less variation with in-
ocula than the other families. Inoculum A ranked first or second highest
an 5 of 6 more variable families (nos. 1, 3, 6, 7, and 10)}. The rankings
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Figure 1. Percentage of trees with galls for 10 half-sib pine families 6
months after exposure to 5 different rust inocula. The half-sib family
values are an average of 8 or 9 full-sib families with a common parent;
family numbers correspond with the common parent numbers. Families are
ranked in decreasing order of susceptibility. Each entry represents the
mean percentage infection for all trees in a particular family x inocula
combination.

of the other inocula changed on these pine families and none ranked con-
sistently high or low.

Rankings of the 5 inoculﬁ were much more consistent with regard to
gall-form values (Fig. 2). Inoculum A ranked first or second highest on all
half-gib families. Inoculum E also ranked high with the exception of family
10. Inocula B and ¢ ranked lowest on most families, indicating that galls
caused by these inocula were generally rounder than galls caused by inocula
A, E, and D.

Gall-form was generally related to percent galled in that families 3,
5, and 7 with the lowest percentages (Fig. 1) also had the lowest gall-form
values (Fig. 2). Conversely, families 4 and 8, which ranked first and third
for highest percentages, had the largest gall-form values. A noticeable ex-
ception was family 9 which was second highest in percent galled and fourth

lowest for gall-form.
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Figure 2. Form (gall length/gall diameter) of galls on 10 different rust
inocula. The half-sib family values are an average of 8 or 9 full-sib
families with a common parent; family numbers correspend with the common
parent numbers. Families are ranked in decreasing order for average gall-
form values. Each entry represents the mean gall-form for all galled trees
in a particular family x inocula combination.

The interaction between full-gib families and inocula was strong.
Graphic analysis of this interaction revealed that crosses from parents 5
and 8 showed much less tendency to interact with inoculum source than the
crosses from other parents. Gall-form values for the full-sib crosses of
parent 5 are shown in Fig. 3. Cross 7 x 5 ranked lowest with inocula B, D,
and E, and intermediate with inocula A and €; families 8 x 5, and 4 x 5
were intermediate to high on all inocula. Tn contrast, the ranking of
family 3 x 5 changed from low to intermediate to high, depending on the
inocula employed. Similar changes in rank with inocula occurred for the
crosses of parent 8 (Fig. 4). Family 9 x 8 was one of the most variable
while 5 x 8 ranked uniformly low and 4 X 8 was uniformly high with most
inocula. The range between families with the lowest and highest gall-form
values on each inocula was greater for the families of parent 8 than the
families of parent 5.
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Figure 3. Form of galls on 9 full-sib
pine families with common parent No. §
six months after inoculation with 5
sources of C.q. f. sp. fusiforme.

Figure 4. Form of galls on 8 full-sib
pine families with common parent No. 8
six months after ineculation with 5
sources of C.q. f. sp. fusiforme.



DISCUSSION

Infection levels of inoculated seedlings were much higher than ex=-
pected. In the field planting at the Harrison Experimental Forest only
5.2 ¥ of all the trees had branch or stem galls at age 1¢, while another
seed source of loblolly pine included in the planting had 57 % infection.
It appears that all components of the diallel have a high level of resis-
tance. There is some reservation therefore about using the percentage data
from the artificial inoculations to make interferences about the field per-
formance of these trees. However, the results with the gall-form data are
encouraging and it is hoped that meaningful correlations can be made be-
tween field and greenhouse results using form data. Infection levels were
‘ too low in the field planting to make these correlations. The diallel was
re-established in a high rust hazard area in January 1980, and we hope
sufficient infection will occur for more valid comparisons in 2 or 3 years.

It is not known whether the mechanism that limits longitudinal growth
of the rust fungus in the host is different from that which limits its
establishment. Until the biological relationship between the host responses
is better understood, variables that quantify both events seem hAecessary
to assess resistance. The gall-form variable appears to be an adequate ex-
pression of longitudinal growth and has at least 3 advantages over percen-
tage data: (1) Data are from infected plants only and experimental error
associated with inoculation procedures is reduced; (2) fewer plants are
reguired to obtain repeatable results, and {3) there is no upper limit te
gall-form as in percentage data. The disadvantage of gall-form is that in-
fected plants that dec not develop galls are ignored.

It was not surprising to find that inocula A and E, which were col-
lected from LP trees, were usually more virulent than the other inocula.
Although a larger sample of inocula would be needed to establish that LP
stock select virulent forms of the rust population, the results are in line
with those of Powers & Matthews (1980) who recently reported inccula from
Livingston Parish tend to be more virulent on LP stock than inocula from
other areas.

The differences in virulence of the 5 cultures of C.g. f. sp. fusiforme
observed in this experiment are similar to those that have been observed by
Powers et al. (1977), and Powers & Matthews (1979) in other experiments
with loblolly pine. Use of full-zsib pine families and the gall-form vari-
able have provided a different and perhaps closer look at the effects of
diverse inocula on pines than previous research has indicated.

With respect te selection and breeding rust resistant trees, the re-
sults thus far are in general agreement with other experiments of this
nature (Powers et al., 1977; Snow et al., 1975). That is, resistance in LF
stock is relative to the virulence of the pathogen and efforts should be
made toward finding resistance that is stable to as many forms of the path-
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ogen as possible. The stability of progeny from 2 of the pine parents (8
and 5) is encouraging. These trees seem to impart stable response to vary-
ing sources of inocula when used in combinations with other parents in this
study. sSuch parents could prove valuable as top-cross testers in breeding
programs.
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Variation in pathogenicity and virulence in Fomes annosus and Armillaria mellea

Robert D. Raabe
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ABSTRACT

There are varying reports regarding the variability in
pathogenicity and virulence of Fomes annosus. The fact that
there are reports of the fungus differing in these characteris-
tics suggests that the fungus is somewhat variable. It also
suggests that this is an area where more research needs to be
done. Reports that crosses have been made in culturé and that
fruiting bodies have been produced in culture should lead to
studies on the inheritance of many characteristics of the
fungus, including its pathogenicity and wvirulence. In con-
trast, Armillaria meillea is an extremely variable fungus in
many characteristics including its growth in culture media,
pathogenicity and virulence. It also is wvariable in mating
types and recent research has shown that based on this phenom-
enon, these are 3 distinct 'biclogic species' in Finland and
10 in the United States. Matings between 5 from Eurcpe and the
10 from the United States have shown there to be some interfer-~
tility between isolates from the 2 continents. The complica=-
tions resulting from such 'biologic species!' suggest additional
research needs to be done concerning variocus aspects of this
fungus, and particularly in regard to pathogenicity and viru-
lence. Although fruiting bodies have been produced in culture,
a consistent method for this is not available. When developed,
it will be of great value in the study of many inherited char-
acteristics including those regarding pathegenicity and viru-
lence.

INTRODUCTION
A review of the literature regarding Fomes annosus (Fr.) Cooke and
Armillaria mellea (Vahl ex Fr.) Kummer reveals an extensive amount of re=

.search concerning these fungil and the diseases resulting from infection
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by them. Very little, however, has been published regarding the genetic
variability of these fungi, particularly in regard, to pathogenicity and
virulence. One could speculate as to the reasons for thig. Inoculations of
seedlings are easy but inoculations of larger trees are more difficult.
This might be complicated by the fact that trees of given species may vary
in susceptibility depending upcn the age when exposed to the pathogen. For
example, peach (Prunus persica Batsch} is susceptible at any age when ex-
posed to A, mellea. In contrast, Pinus radiata D. Don is very susceptible
as a young plant and can be killed by the fungus in a little over a wmonth
in inoculations in a glasshouse (Raabe, 1967). In its native area of
coastal California, this plant is rareiy infected and more rarely kilied
by the fungus. when tested for susceptibility in an open plot, it was

found to be very resistant (Raabe, 1979). Another reason might be that
knowledge of the bioclogy and genetipal constitution of pathogens fregquently
is correlated with programs for breeding or selecting for resistance. Such
research programs involve long term research projects with few rewards re-
garding research publications and therefore researchers are reluctant to be
involved. One other reason is that the difficulty of producing basidiocarps
of these fungi under contrelled conditions is”a deterrent to the study of
any genetic variability of the organisms.

There may be other reasons for the lack of research in this area but
the purpose of this paper is to bring together the information available
regarding variability in these fungi. To do this most efficiently, each
fungus will be discussed separately unless information may apply to both
fungi. Information concerning general variability will be included though
the main. emphasis will be variability in pathogenicity and virulence.

Pathogenicity here, refers to the ability of an organism to produce a
disease. Virulence, as used here, refers to the disease-producing ability
of an organism as measured by the severity of the disease.

FOMES ANNOSUS

Although found mostly in temperate zones throughout the world, F.
annosus generally is not considered to be an exceedingly variable fungus.
Roll-Hansen (1940) noted the absence of distinct strains in eastern and
western Norway. Dimitri (1974) reported minor differences in the virulences
of different races of the fungus. Kuhlman {1969c) used 8 isolates of the
fungus from 2 hosts from southern United States to inoculate seedlings of
Pinus taeda L. in a glasshouse and found no variations in virulence. Lane &
Witcher (1974) used 19 isolates to inoculate pine seedlings and they varied
only Slightly in virulence.

Possibly related to pathogenicity and virulence was the report of
Bassett et al. (1967), who found a toxin produced by F. annosus. Of the 9
isolates used, 7 produced the toxin. The authors concluded that toxin pro-
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duction was not related to pathogenicity or virulence. Gibbs (1972) sub-
jected 10 isclates from pine and 10 from nen-pine hosts to volatile compo-
nents of pine oleoresin and to various concentrations of pinosylvin and
pinosylvin mconomethyl esther. No detectable differences were found between
the 2 groups in regard to their reactions to the substances tested.

In contrast to reports of little variation in pathogenicity and/or
virulence are some reports of much variation in these characteristics.
Kuhlman {1970}, in further experiments, used 23 isolates of the fungus
collected from various parts of the world and from various hosts. He found
the igsolates varied considerably in their virulence on seedlings of P.
taeda and in addition, found they varied in virulence on different hosts.
James (1977) used 5 isolates to inoculate large roots of P. ponderosa Laws.
and found considerable differences in the percentages of infection and the
amocunts of colonization. He also used 10 isclates to inoculate seedlings of
pine and found considerable variaticns in percentages of infection, numbers
of trees killed and colonization rates. In another experiment, using mass
conidial inoculum from 2 i1solates, he found that the conidia from the more
virulent isolate proved to be more virulent that those from the less viru-
lent isolate. Negrutsky (1978) alsc reported differences in aggressiveness
to affected plants by different forms of the fungus.

Platt et al. (1965) studied the wood-rotting ability of different
isolates on excised branches and roots, and found considerable differences
existed between the isolates used. They also found that single basidiospore
isolates varied in their ability to rot wood and that they were generally
less vigorous than tissue isclates. Similar results were reported by
Kaufmann & Wellendorf (1978), who reported a procedure to by-pass the
years involved in testing trees for resistance. They found that the fungus,
when grown on heartwood sawdust in 1 % agar, varied in growth rates depend-
ent not only on the source of the weood but alsc on the strain of the fungus
used. If this could be used to determine accurately the resistance of
trees, great strides could be made in solving the F, annosus problem.

Of interest are the researches of Korhonen (1978a) and Worrall (1979).
The former, in Finland, divided the fungus intc 2 groups. One, called S,
from spruce was found mostly on Picea abies (L.) Karst. This type also was
found to attack Pinus sylvestris L. saplings near infected spruce stumps.
It was not isolated from mature pinesgs and there were few records of the S
group on plants other than spruce or pine in Finland. Another group of
isclates, from pine, was called the P group. These were common on pine of
all ages and some alsco were found on Juniperus communis .., Betula sp.,
Alnus sp., Calluna sp., and other plants. In further studies, the S group
was found to be present in Norway, Denmark, Germany, Italy, India, and
Japan. The P group was found to occur in Norway, Denmark, Scotland, France,
Italy, Madeira, Canada, and the United States. In addition, cultures were
received from Australia, New Zealand, the Fiji Islands and one from Japan
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that did not beleng in either group. Worrall (1979} found in California
that isolates from pine were more virulent on pine than on fir and that
though most isolates from fir were more virulent on-fir than on pine, some
isclates from fir were more virulent on pine. He suggesteé that the pine
isalates might be excluded from fir whereas the fir isolates could infect
both pine and fir.

An exciting contribution by Korhonen (1%78a) was the finding that
mating in F. annosus can take place in culture. The fungus showed a bipolar
mating system and heterocaryosis was indicated by the presence of clamp
connections. This information with that of Sychev & Negrutsky (1978), in
which they reported the production of fruiting bodies in pure culture,
should lead to many studies regarding the genetics of F. annosus and its
variability in many characteristics including pathogenicity and virulence.

The fact that F. annosus produces a conidial stage must also be con-
gsidered. Little is know of the importance of the conidia in the disease
cycle. It has been reported they are not found fregquently in nature
{Risbeth, 1951) though Risbeth (1957) and Kallio (1971} reported natural
producticn of conidia on stumps covered by branches. Morris & Knox (1962),
Kallic (1967) and Nuorteva & Laine (1968) also-have reported the production
of conidia on stumps. If they are important, this might account, in part,
for the lack of variability. The fact that the numbers of nucliei in the
conidia may vary from 1 to 4 or more (Griffin & Wilson, 1967; Ahrbergq,
1975) also might have an effect upon the variability of the fungus.

It ig known that under laboratory conditions, the conidia can infect
seedlings of pine and spruce (Hippel, 1970). Kuhlman (1%69%9b) also used
conidia for infecting roots of pines under nhatural conditicns. It is also
known that conidia can be used to infect stumps (Kuhlman & Hendrix, 1964;
Ross, 1968; Hunt et al., 1974, and others). In their experiments, Kuhlman
and Hendrix found basidiocspores were more than 600 times as effective as
conidia in celonizing stumps. '

Of interest is the fact that the ceonidia are more resistant to heat
than basidiospores {Ross, 1969} and are able to retain their viability up
to 10 months in soil under field conditions {Kuhlman, 196%a), suggesting
the possibility that as more resistant structures, they might have an
important part in the disease cycle.

Although not connected with virulence or pathogenicity, the variability
of cultural characteristics when grown on media may give an indication of
the general variability of a fungus. In regard to F, annosus, there are
varying reports regarding the variability of the fungus in culture. Bega &
Hendrix (1962), Bega (1963}, de Azevedo et al. (1974), Fedorov & Staichenko
(1974), and Negrutsky (1978) reported considerable variations in cultural
characteristics. Based on cultural characteristics, Kaufamnn & Wellendorf
(1978) separated isolates of the fungus from Denmark and Germaﬁy into 2 - &5
strains. In contrast, Etheridge (1955) reported that cultures originating
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in Eurcpe could not be distinguished from those originating in North
America by colony appearance, growth rate, pH optimum or cellulitic activ-
ity. He divided them into 3 growth rate groups and ncted that though some
variability occurred, all could be included in these groups. Ccurtois
{1974), based upon cultural characteristics, reported 2 ecotypes of the
fungus. Roll-Hansen (1%40) and Cowling & Kelman (1964) reported little ef-
fect of temperature oﬁ the growth of different isolates in culture. The
variability of this fungus in culture thus is somewhat in guestion.

Of interest are the reports of Dimitri (page 260 of this book) and von
Weissenberg {(in prep.). Dimitri reported that the fungus is known to vary
considerably in in-vitro characteristics. However, using a total of 10 iso-
lates of the fungus in inoculaticn studies, he found that with his method
of using only 3 isolates tc inoculate a single tree, there were no differ=-
ences in the growth of the different isolates in any given tree. Von
Weissenberg used single basidiospore isolates, crosses of single basidio-
spore isolates and hyphal tip isclates from Finland. He also found they
varied considerably in in-vitro characteristics but did not wvary much in
their growth rates when used to inoculate trees. Delatour (page 268 of this
book) showed various isolates of the fungus grew differently in culture and
he found that there was a negative correlation between the growth of the
fungus on malt agar and the growth of the isclate in trees from where they
had been isolated.

ARMILLARIA MELLEA

although there is a present tendency to use the binomial Armillariellia
mellea {Vahl) Karst., in this paper the suggestion of Thiers & Sundberg
{1976) will be followed, thus retaining the name Armilflaria mellea {Vahl ex
Fr.) Kummer.

In contrast to F. annosus, A. mellea is an exceptionally variable
fungus. Isolates from infected plants throughout California, single-spore
isolates from a singlelsporophore (Raabe, 1966a), and single-spore isolates
from various California crops (Maclean, 1950) showed considerable vari-
ations in many characteristics when grown on potato dextrose agar. These
variations were much more pronounced than those reported by Hintikka (1973)
where the colconies produced mainly an aerial mycelium with usually nc brown
crustose formation. ‘

The first report of variation in pathogenicity in A. mellea was that of
Childs & Zeller (1929) who reported an ovak strain which was pathogenic and
a fir strain which was non-pathogenic. Van Vlcten (1936} found wvariations
in the ability of different isolates to attack potato tubers. The fact that
the isolate most virulent on potato also infected Ligustrum sp., Pinus sp.,
and Rosa sp.. led him to state that specialization by the fungus was not
apparent. Bliss (1946) also noted differences in the pathogenicity of iso-
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lates of A. mellea. Raabe (1955, 1967) reported distinct differences in the
pathogenicities and virulences of field isolates of.A. meliea when 3 dif-
ferent host species were inoculated under glasshouse conditions. These
differences were also shown to occur when single-gpore isolates from a
single sporophore were used to inoculate the same 3 host species (Raabe,
1972}). In that experiment, the single-spore isclates were compared with the
parent isolate and none were as virulent as the parent and only 1 was as
pathogenic as the parent. The results of the inocculations usihg field iso-
lates and those using single-spore isolates were tabulated (Raabe, 1969)
and in general, the single-spore isolates were less pathogenic and much
less virulent than isoclates from infected plants. This apparent decrease in
vigor is alsc found when the isoclates are grown in culture. The same has
been shown for F. annosus (Kuhlman & Hendrix, 1964; Platt et al., 1965).
This may be due to genetic variability alone, the small sample of isolates
selected or may be due to the fact that hyphae in a haploid mycelium are
less vigorous than when in the diploid condition. Also, it is important to
consider that in comparing single~spore iscolates with those from infected
plants, the latter were selected because of their pathogenicity, and poss-
ibly because of their virulence. ’

In 1973, Hintikka showed that mating of single-spore isolates of A.
mellea could take place when pairing compatible isolates in culture. With
a compatible reaction, the resultant new diploid produced a distinctive
different growth pattern in culture and therefore was detected easily.
This has led to the determination that in Finland, there are 3 distinct
intersterile ‘'‘biologic species' in A. mellea (Korhonen, 1978b) and that
in North America, there are at least 10 ‘biologic species'! (Anderson &
Ullrich, 1979). The relationships between the 10 North American 'biologic
species' and 5 'biologic species' from Europe alsc have been studied
{Anderson et al.} 1980). ,

The discovery of different ’'biologic spécies' of A. mellea in rather
limited areas raises questions as to how many other 'biologic species!
night be found throughout the -world. It also raises questions as to the
pathogenicities and virulences of these many groups and the individuals in
these groups. The discovery of an easy laboratory method for determining
the degrees of virulences and perhaps the degrees of pathogenicities would
be most helpful. An attempt to do this has not bheen successful (Raabe,
1969} but if found, such methods would be most helpful in a testing program
for selecting resistant plants. Presently, in Californié, a program is in
progress to find resistant species of ornamental plants and fruit trees
{Raabe, 1966b, 1979%9). In such experiments, plants are grown in areas known
to be infested with the fungus. In addition, incculum of 2 pathogenic and
virulent isolates of the fungus are put near the test plants when they are
planted. Plants are rated as to the length of time before they are killed.
Those still alive after 10 years are dug and the roots examined and rated
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as to the amounts of infection.

A most important aspect in the research regarding this fungus would be
the discovery of a reliable method of producing basidiocarps easily. The
closely related A. tabescens (Scop. eX Fr.) Emel. produces basidiocarps
readily in culture and successful matings in culture have produced basidio-
carps (Tang & Raabe, 1973) but A. mellea fruits only occasionally and
reluctantly, though there are reports of it fruiting in culture (Reitsma,
1932; Raabe, 1972). If a consistent and reliable method for this could be
found, many studies on this important pathogen could be made including
those regarding pathogenicity and virulence.
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Some hostiparasite relationships between Norway spruce (Picea abies) and
Fomes annosus

L. Dimitri

Hessische Forstliche Versuchsanstalt, 3510 Hann. Minder, BRD

ABSTRACT

Regearch on the root rot caused by Fomes annosus has been
underway for more than 100 vears. However, experiments on host-
parasite interactions and the norm of reaction (i.e., the re-
sistance) against Fomes have been initiated only quite recent-
ly. The paper presents some results of extensive work (Dimitri,
1980) on the interrelationships between host/parasite as well
as host/environment/parasite, in the case of Norway spruce in-
oculated with F. annosus. In spite of considerable differences
in morphological and physiological features of special strains
cf the parasite F. annosus in vitro, we have so far been unable
to find any significant difference in the spread of these
straing in the host plants in vivo. We should, therefore, not
imply that strains show the same parasitic activity in vive as
in vitro. On the basis of present resuits we can assume a hori-~
zontal resistance of Norway spruce to F. annosus. Environment
seems to influence both height-growth of the host and spread
of the mycelium in the trees. Most provenances show the same
trend: the better the height-growth of the host, the higher
the mycelium=-height in the trees. But in each provenance a
certain portion cof individuals is found, which compine out-
standing height-growth with high phenotypic resistance against
the spread of the mycelium. Thus, in view of resistance to F.
annosus, the selection of Norway spruce individuals will be
more efficient than that of provenances.

INTRODUCTION

$tem rot is the most important and most sericus fungal disease which
afflicts Norway spruce (Picea abies L. Karst.), the silviculturally and
economically most significant tree species in the Federal Republic of

Germany. The causes of this damage and the organisms which induce it can be
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very different. When the lower part of the stem is wounded, the ensuing
wound-rot is caused mainly by 2 Stereum species. Heart-rot, on the other
hand, which spreads up from the root zone, is usually caused by the root
and butt rot fungus, Fomes anncsus (Fr.) Cooke. A substantial reduction

of wound-rot definitely appears to be possible if surface wounds receive

an early treatment with suitable preservatives (Dimitri & Schumann, 1975;
Schérhar, 1979; Bonnemén, 1979). Several preventive measures against heart-
rot are also possible (Greig, 1980).

One possibility for reducing damage, which has sc¢ far received compara-
tively little attention and study, is the utilization of this tree species'
natural resistance to F. annosus. Since this resistance is dependent upon
several factors (virulence of the causative organisms, environmental condi-
tions, etc.), it was investigated within the scope of an extensive project
~ (Dimitri, 1980). Only a few results of the experiments, which have been
described in detail in the above-mentioned paper, are specified here.
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Figure 1. Spread of the mycelium of different F. annosus strains, 3 of
which had been inoculated simultaneously into each of ten 60-year-old
Norway spruce trees 12 months earlier.
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RELATIONSHIP BETWEEN THE HOST PLANT AND THE PARASITE UNDER IDENTICAL SITE
CONDITIONS

It is known that in laboratory tests different F. anmosus strains vary
distinctly in their morphological and physioclogical properties (Courteis,
1980; Dimitri, 1980). More important than the behaviour in vitro is the
parasitic productive capacity of the parasite strains in vive. Neither in
simultanecusly inoculated 8-year-old spruce clones nor in older spruce
trees, which had been inoculated simultaneously with 2 F. annosus strains
(obtained from different parts of West Germany) as well as a third check
strain (F2-culture, obtained from a basidiospore) could any significant
differences in the mycelium height be determined. As examples of the dif-
fering virulence of individual F. annosus strains in vivo, Figures 1 and 2
illustrate the results cbtained in 60-year-old and &7-year-old spruce
stands. .

In both figures the dominating effect of the host plant upon the verti-
cal spread of the mycelium can clearly be seen: if a tree has a high phe-
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Figure 2. Spread of the mycelium of different F. annosus strains, 3 of
which had been incculated simultaneously into each of ten 67-year-old

Norway spruce trees 12 months earlier.
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notypic resistance, the spread of all F. annosus strains is checked to al-
most the same extent (e.g., trees no. i and 24 in Fig.1l, as well as trees
no. 22 and 32 in Fig. 2). Vice versa, all parasite strains can develop very
well if the host tree has a low resistance (e.g., trees no. 16 and 18 in
Fig. 1, as well ag trees no. 21 and 29 in Fig. 2}. If one compares the in-
dividuals in these 2 populations of spruce, each of which had been inocu-
lated with the same F. annosus strains, the picture of Table 1 develops.

on the basis of these results, which are still to be substantiated by
means of further experiments, it can be assumed that one cannct readily
draw conclusions from morpholegical characteristics or from physiological
behaviour in test cultures about the parasitic activity of different
F. annosus strains in nature.

From the fact that older spruce trees react to several F. annosus
strains in completely the same way {(that is, either wvulnerable or resis-
tant), a horizontal (i.e. generalized) resistance can be deduced.

Table 1. Resistance and reaction of trees to Fomes annosus strains.

Tree No. Strain Resistance Reaction
In Fig. I
1 F 2 high

K different
4 b medium
24 F 2 high

Frbg different
25 Frbyg low
16 F 2 low
18 G 6 low identical
19 Hi 57 low
In Fig., 2
16 F 2 medium

Hi different
21 F1 low
22 F2 high different
23 G 6 medium identical
26 Hi 57 medium
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INFLUENCE OF PROVENANCE AND SITE ON THE RESISTANCE OF NORWAY SPRUCE T0
FOMES ANNCSUS :

For the investigation of these interrelations, 3086 trees from 10
different Norway spruce provenances were inoculated with the F2 F. annosus
strain, half of these within, the other half outside of the vegetative
period. These 10 provenances grew with approximately the same number of
stems on & different sites. A descripticn of the provenances, the sites,
the methods of inoculation and investigation, as well as the individual
results can be found in Dimitri {19%80). Again, 2 diagrams will serve to
illustrate these interrelations. .

Fig. 3 shows the mean values for the height of the Norway spruce (HWL)
and the height of the mycelium (M) which were attained in trees of indi-

vidual provenances on respectively the same sites after inoculation outside

the vegetative period. As expected, the mean HWL of all provenances (X h)
varied greatly from site to site, which is an indication of the differing
site gquality of the experimental sites for the spruce plantations. Among
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Figure 3. Average height of different Norway spruce provenances (X h) and
average mycelium height (X m) in trees of these provenances in provenance-
order inoculated outside the vegetative period 12 months earlier.
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the provenances on the same site of each test plot it was possibly to
ascertain substantial and statistically significant differences in the
mean HWL, which clearly points out the differences in the hereditary pro-
duction potential of the provenances.

Both the individual values and the respective means of the myceiium
height (M} have a much greater deviation than those of the HWL. Among
different sites there can be considerable variation in the mean mycelium
height (X m) of all provenances. Statistically significant differences
could be determined for this property (X m) as well.

The very substantial differences among the mean values for the my-
celium height of individual provenances on the same site (e.g., between
provenances 10 and 38 in Nentershausen, site no. 11) could not be proved
statistically significant by means of analysis of variance, due to the ex-
tremely large deviation of the single values.

Also in an analysis of covariance (with height as covariant) there were
no significant differences between the tested variables; among the sites,
however, significant differences in the mvcelium height were found.

Sites on which almost all tested Norway spruce provenances have at-
tained an above-average HWL but a mycelium height far below avefége {e.qg.,
Bieber, site no. 6) are especially suited for the cultivation of spruce.

1f one compiles the data for the characteristics 'height' and 'mycelium
height', which were attained on different sites after inoculation of the
respective provenances outside of the vegetative peried, the following
observations can be made (Fig. 4).

- There seems Lo be a positive correlation between height and mycelium
height: all provenances with a mean HWL (X h) which reaches or surpasses
the overall average (X H) also consistently have a mycelium height (X m)
surpassing the overall average (X M). In a calculation of correlation
according to Pearson, the interrelations of HWL and MH proved to be statis-
tically significant.

~ The best-growing provenance (No. 13) had the Jowest resistance to the
spread of F. annosus mycelium.

~ The mean HWL of provenance No. 7 ranks close behind that of provenance
No. 13, however, the average mycelium spread was distinctly lower (by

20 ).

- Individual provenances appear to be suited for different sites: thus, for
example, provenance 23 had a below-average HWL in K&nigstein (5) but an
above-average MH, whereas this relationship was exactly the oppesite in the
forest district Bieber (6). (Compare also provenance 3 in Reinhardshagen
(1) versus in Ober-Ramstadt (10).}.

Even if the mean values of the HWL and the ML for each provenance
and repetition are taken as a ratio of the respective sample plot mean
{= 100 %) (relative tree and mycelium height), it can be seen that all
factors with a positive influence on the HWL (nutrient supply, moisture

265



g Tm Winter 197
=
.E' —
§® = 1
£ M - %h
_— 1
—— T B o

5 B ] k- - L7 H

‘ | ——— -

| W

2 017 7 2313 0 3 7”.17 38 6 17 23 38 7 10 16 17 4 7 6 14 237 13 W3 W 2313
1L04mm 16 14 38 B ® 23 513 6 6 % 3 13 3 233813 W17 8 6 6 17 38 7

1 [ — — provenance

130+ 0 A - . _
£ 1201 | -
2110+ M
Eingd — F—— —_ — H [ FEm
g | H 710
; 204 — ] — —
E o — HH —— - ——] || % M

80 H  ——dIr |

701 B —

60 —1ql—Ft i I

504 R

40- = .

304 ’

201

10 .

¢ Kgnigstein |5) Reinhardshagen {1)  Chausseehaus (9)  Nentershausen(11}  Bieber (6) Ober- Ramstadt {10)

Triat areas

Figure 4. Average height of several Norway spruce provenances (X h) and
average mycelium height (X m) in the trees of these provenances in site-
order inoculated outside the vegetative period 12 months earlier.

content, temperature, etc.) also appear to influence the development of
decay in the same direction. Analyses of regression between tree height
and mycelium height for each site and provenance could establish only a
low correlation coefficient (r) for this tendency, in other words, no
close relaticnship was found.

It has been made evident that a selection of individuals appears to
promise more advantages, alse for F. annosus resistance, than selection
of provenances. The propertion of individuals with above-average yield
in growth (HWL 50 % above the mean of the repetition) and above-average
phenctypic resistance to the spread of mycelium (MH 50 % below the mean
of the repetition} is much higher (6.4 te 10.3 %) in the best-growing
provenances (Cottbus, Chausseehaus, Rothenkirchen, Westerhof) than in the
others (0.4 to 4.0 %). The influence of site in this respect is less clear-
ly recognizable; the proportion of positive individuals on the whole was
nearly the same on all tested sites (approx. 4.5 %).
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Behaviour of Fomes annosus in the stem of Norway spruce and in the
laboratory ’

C. Delatogr

CNRF, Laboratoire de Pathologie forestiére, Champenoux, 54280 Seichamps, France

ABSTRACT

The growth rate of F annosus in the stem of Norway spruce
is connected with in vitro characters such as mycelial growth
rate on malt-agar (negative correlation). This demonstrates
that fungug variations are at least partially responsible for
variations of the disease in nature. Such variations have to
be taken into account for breeding experiments. Observations
indicate that F. annhosus may encounter Ilimitations in height
extension in stems, thus leading to the Potentially Colonizable
Column concept. The significance of data achieved by the stem
inoculation method are discussed and experiments comparing
natural and artificial infections are advocated.

INTRODUCTION

Very little is known about the behaviour of F. annosus (Fr.) Cooke in-
side trees, e.g. in Norway spruce (Picea ablies (L.) Karst.). It is ‘known
that Norway spruce sapwood can exhibit strong reaction against diametrical
growth of F., anncsus in the stem (Shain, 1971), but does F. annosus encoun-
ter limitations in its height‘development in trees? This is probably true
because some workers {Weissenberg, 1975; Dimitri & Kliefoth, 1978) have
found that 7. annosus does not grow equally in all the inoculated trees,
allowing the hypothesis of an internal resistance. But is this resistance
the same in all parts of the stem wood (excluding resistant sapweood) and
during the whole life of the tree?

On the other hand the parasite itself exhibits variations studied by
some authors (e.g. Courtois, 1972; Kaufmann & Wellendorf, 1978) in the
laboratory, but we do not know exactly their significance in nature. I per-
formed in Nancy some observations and experiments in this field that are

the subject of this paper.
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GROWTH RATE OF F. ANNOSUS IN THE STEM OF NORWAY SPRUCE

Growth In natural conditions

My observations have been performed in a second generation stand of
Norway spruce, 60 years old, growing on calcareous soil 60 km S.W.of Nancy.
In 1973 and again in late 1977 I determined the height of F. annosus in
the stems of 46 trees by the increment borer method, and thus measured the
growth rate of the fungus in every individual tree. ]

Results: Variations are very large in height and also in gfowth rate
(Table 1). These variations are not clearly explained by tree size (height
and diameter}. The height reached by the fungus is probably related, at
least partially, to the infection age which is not known. The growth rate
might be connected with the height of F. annosus in the stem as we can
expect slower growth at great heights. This assumption was not exactly
confirmed within our 46 trees: indeed the correlation between these 2
characters is not significant (r = «0.11).

Growth following inoculation at different heights in the stem ,

To achieve a clearer view of this height effect on the growth rate of
the fungus I performed trial inoculations of some trees. The inoculation
method was similar to Dimitri’s, i.e. an incculated dart of wood introduced
in a bore hole, Four trees, 25 years old, were inoculated in April 197%
from the so0il level up to the living crown. One strain was used, collected
from an infected Abies grandis Lindl. in Dec. 1976 at the Arboretum des
Barres (Center of France), then not stored on artificial medium but in
living spruce. This strain belongs to the $ intersterility group. The
trees were felled 6 months later, discs were cut into them and observed
for F. annosus.

In spite of the very small number of trees studied some interesting
phenomena were cbserved (Fig. 1). An unguestionable result is the identical
growth rate of F. apnosus in every tree at 6 m high, which is approximately
the living crown level. Below, the growth rate of the fungus is very er-
ratic, although we generally observe greater growth rates at lower levels.
Incidentally, we can emphasize the annual growth of F. annosus inside the
inoculated stems is frequently greater than the 'natural growth', which is
a very common feature for inoculations ranging over a period of 12 months
or less.

BEHAVIQUR OF F. ANNOSUS IN THE LABORATORY

From every tree in which I measured the growth of F. annosus, was
collected in pure culture the corresponding strain of the fungus (at the
top of the decay column). So it was possible to undertake some studies on
variations of the parasite in connection with its natural perfermance, in-
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cluding (1} the mycelial growth on malt-agar,

(2) the decay capacity,

(3) the cellulolytic capacity, and (4) the intersterility group of each
strain. Mycelial growth took place in petri dishes (diam. 8.5 cm) on Difco

malt-agar (3 %) at 23 °C in darkness during 8 days. Decay capacity was

Table i. Height growth {(cm) of F.

annosus in the stems of 46 Norway

spruces.
Tree Height of Height Annual Tree Height of Height Annual
No. F. annosus 1increase growth No F. annosys increase growth
between rate between rate
1973 1977 1973-1977 1973 1977 1873-1977
1 380 605 225 56 24 260 460 200 50
2 270 407 137 34 25 285 447 162 41
3 31z 437 125 31 26 335 410 75 i5
4 85 272 187 47 27 210 335 125 31
5} 210 260 50 13 28 +110 272 162 4]
6 582 644 62 16 29 160 335 175 44
7 480 617 137 34 30 110 272 162 41
8 382 482 100 25 31 110 222 112 28
9 425 475 50 13 32 260 435 175 44
10 582 694 12 28 33 235 285 50 13
11 182 269 87 22 34 310 460 150 38
12 282 319 37 G 35 410 522 112 28
13 25 137 112 28 36 185 447 262 66
14 290 407 117 29 37 160 372 212 53
15 330 592 262 66 38 260 385 125 31
16 230 380 150 38 39 185 347 162 41
17 210 210 0 o 40 210 247 37 g
18 360 522 162 41 41 185 247 62 16
19 235 445 210 53 42 185 222 37 9
20 460 572 112 28 43 135 297 162 41
21 235 347 112 28 44 315 427 112 28
22 260 360 100 25 45 295 470 175 44
23 360 522 162 41 46 255 352 87 22
General values: Min. Mean Max.
height in 1973 25 268 582
height in 1977 137 396 694
height increase 0 128 262
annual growth rate 0 32 66
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Figure 1. Growth of F. annosus in 4 Norway spruces inoculated at different
heights.

studied on wood blocks in test tubes (Delatour & Sylvestre-Guinot, 1978).
Cellulolytic capacity was studied following a classical method used by
Eghbaltalab et al. {(1976). Intersterility groups were defined following
the Korhonen method (1978).

Results: Nearly all the strains belonged to the P intersterility group
(No. 22 and 29 belonged to the § group), so that no comparison between
these 2 different groups is possible. The correlation between the growth
rate of the fungus in the trees and the 3 in-vitro characters was calcu-
lated. No significant correlation was found either with decay capacity
{(r = -0.19) or with cellulelytic capacity (r = ¢.01). In contrast, a sig-
nificant negative correlation exists with mycelial growth (r = -0.49),
which means the strongest strains in the trees generally grow more slowly
on malt-agar (Fig. 2).

DISCUSSION

The most conspicuous result is the connection between growth rate of
the fungus in the trees and on malt-agar.

Nevertheless some criticism exists. A very important question is: what
really was measured in the stems between 1973 and 19777 In fact it is the
growth of the decay columns after holes had been drilled in the stems in
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Figure 2. Relationship between growth rate of F. annosus in the stem of
Norway spruce and mycelial growth on malt-agar. The line is the regression.
Regression equation: y = ~0.025x + 7.42; r = -0.4%; level of significance

< 0.01.
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1973. In this way there are certainly introduced some disorders in the in-
ternal wood and then in the fungus growth, but one doesn't know at all the
extent of them. So it is possible that the measured growth rate of the
fungus is not exactly the 'natural growth' in the stems; but one can expect
any error that exists is the same from one tree to another. Furthermore one
may expect that over a 4 year period the trees overcame the digorders. In
spite of these restrictive remarks it may be emphasized that variations of
the fungus itself are, at least Lo some extent, responsible for the varia-
tions of disease in nature. Unfortunately in vitre variation of the fungus
in this study was only based on mycelial growth on malt-agar, which is
quite a rough character. Tt certainly would be more interesting to observe
correlation with more precise physiclogical characters. In a breeding pro-
ject it appears necessary not only to compare the trees vg, one individual
strain of F. annosus, as is currently done, but also to take into account
the performance of the fungus itself.

As concerns liability of the trees to the spread of F. annhosus, some
tentative hypotheses may be propeosed. My cbservations show that F. annosus
probably does not grow equally fast in all parts of the heartwood in Norway
spruce. Cenerally speaking, the slowest growth occurs at the top of the
stem; that is not a surprising fact and one may suppose theoretically there
exigsts a height limit to F. annosus extension in the stem at every moment
of its lifetime. So one may conceive of a Potentially Celonizable Column in
the stem of Norway spruce. This potential column is likely related to the
eXistence of 'heartwood', and its eveolution depends on many factors such as
ecological, silvicultural, and genetic conditions. Moreover the potential
column is not necessarily homogeneous as regards fungal growth: some pre-
existing factors in it may adversely affect the fungus such as wood struc-
ture, composition of the ligno-cellulosic compound, or presence and chemi-
cal evolution of phenclics. The nearby living tissues (i.e.: sapwood,
cambium) may also play a role that is in connection with the current
physiolegical status of the tree.

I believe that this Potentially Colonizable Column concept may be use-
ful to consider, especially when inoculating young trees in which the po-
tential column is probably not yet largely developed. For instance, inocu-
lations inside the potential column or above it may not have the same sig-
nificance, as the origin of the resistance is probably not the same. It may
be postulated that inoculations for breeding purposes have to be performed
inside the Potentially Colonizable Column because it is the natural area of
development of the fungus. Another consequence of this concept is the fol-
lowing guestion: is it utopic to imagine that one can reduce the height of
the potential column by genetic means or silwvicultural practices?

Finally, another field of discussion is the significance of data col-
lected after artificial inoculations. What is measured in this way? When
inoculating trees by drilling holes in the stem it is well known that deep
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perturbations occur within it. I believe that the growth of F. annosus
measured by this method is really the growth in a traumatic area where
resistance factors of the stem seem to have been weakened.+*Indeed several
unpublished cobservations show that the mycelial extent of F. annosus is
at first large after inoculation and then decreases more or less constant-
ly; for example, I observed at & months the extent is greater than at 12
months; a large extension 3 yvears after inoculation then decreased till 5
yvears (Weissenberg, pers. commun. 1978). So the tree builds up its resis-
tance again. Possibly the phenomenon is different, depending on whether
inoculation occurred in the Potential Column or outside it.

Unfortunately the connection, if any exists, between 'resistance
measured by means of stem inoculations and that occurring in nature is
not known at all. It would certainly be very important to study this con-
nection to determine the effectiveness and limits of breeding based on
artificial inoculations.

This knowledge will be achieved in a long term experiment only, by
promoting natural infection of clones planted in an inoculum-managed area.
Results may be compared then to those achieved §n a stem inoculation ex-

periment.
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ABSTRACT

Natural resistance to effects of digease in Douglas~-fir
gseedlings inoculated with Phellinus weirii was detected by
water stress reaction monitoring. A series of four patterns
were discussed relative to moisture stress reactions exhibited
by inoculated seedlings. In addition, it was demonstrated that
a synthesized karyotype of the pathegen exhibited virulence
equal to that expressed by naturally occurring wood decay tis-
sue isolate dikaryons. Homokaryons were found to be of lower
virulence than dikaryons. These results indicate that it should
be possible to develop a program for the detection and breeding
of Douglas-fir for improved natural resistance to the serious
root rot pathogen P, weirii.

PART T

Introduction

Poria root rot of Douglas-fir (Pseudotsuga menziezii (Mirb.)} Franco)
induced by Phellinus welrii (Murr.) Gilbertson is a major problem in the
intensive management of this tree species. It is estimated that the disease
results in an annual loss of 1 000 000 m3 of Douglas-fir wood volume in the
states of Washington and Oregon in the USA (Childs & Shea, 1967). Such
impact is thought to increase as the young growth forest stands become
cultured more intensively.

Present methods of limiting the impact of this disease may not be
economically feasible under meore limited management priorities. The use of
Douglas=-fir seedlings, with improved natural disease resistance to the
pathogen, in artificially regenerating P. weirii infected sites would be a
sound silvicultural practice.

Since Douglas-fir is an indigenocus tree of the Pacific Northwest forest
of the United States and the pathogen P. weirii is also known to be native
to the area, sources of natural disease resistance should have heen deve=-
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loped through natural selection. To date, to our knowledge, no method has
been reported for the detection in Douglas~fir seedlings of natural disease
resistance to infection and disease effects induced by P. weirii.

Therefore, a program of research was initiated to deteimine if seed-
lings of Douglas-fir exhibited natural resistance to infection by P.
weirii. A second part of this effort was to investigate variation in patho-
genicity of homokaryotic, dikaryotic and tissue isolates of this hetero-
thallic pathogen. a&n initial step in the program was to develop a method of
detection of natural resistance in seedlings of Douglas-fir upon being in-
fected by P. weirii. The following details will describe the results of
such efforts.

Methods

Root vascular pathogen activities have been demonstrated to increase
the resistance to flow of water in the transpirational stream in many
plants (Dimond, 1970; Helms et al., 1971). Waring & Clary (1967) demonstra-
ted that the Scholander pressure chamber could be used to measure plant
water stress in Douglas~fir infected by P. weirii. In addition Ritchie &
Hinckley (1971) found that needles instead of twigs could be used with this
system for monitoring seedling water stress. Such technigues were used to
monitor seedling water stress changes in our research.

The second step in the program was to accomplish a standard pathogen
exposure system to allow the expression of disease resistance. A standard
infection technique was folliowed that incorporated the methods of wallis &
Reynolds (1962), Kuhlman (1969) and Nelson {(i972). It consisted of introdu-
cing a 20 to 25 g infected red alder block segment into seedling tissue
wounded by removing the bark at the root cellar area. Such a procedure, as
reported by Nelson {1972}, resulted in a method always vielding better than
60 % initial infection.

Utilizing these methods of seedling incculation and monitoring of water
stress change a system was developed for following the results of infection
by the pathogen and host resistance reactions.

Results and discussion

The following are the results when some 200 randomly selected nursery-
run 2-year-old Douglas-fir seedlings were tested for the expression of
natural disease resistance. .

Seedlings were inoculated with known karyotype isolates of P. weirii.
Using the Scholander pressure chamber, plant water stress was monitored on
second year needles randomly selected from the leader of each test seed-
ling. Pressure chamber evaluations were conducted during predawn morning
hours beginning 1 week after inoculation.

Four general patterns of moisture stress were detected.

- No abnormal water stress pattern was exhibited different from the control
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treatment seedlings. This was interpreted to indicate no infection had

resulted from exposure to the pathogen.
- Within 16 days after exposure to the pathogen a significant increase in

water stress was exhibited by many seedlings (Fig. 1). By 22 days many

seedlings exhibited over -30 bars (1 bar = 0.985 atm., Slatyer, 1967) of

water stress and never recovered. Seedfings, which exhibited -30 bars

reactions for a period of 10 days, were considered dead. Tissue from many

of these seedlings yielded the pathogen upon isolation from sites distant
from the place of inoculation.
- Some seedlings continued to exhibit abnormally high water stress indica-
tions for a period of 100 to 200 days (Fig. 2) before exceeding the =30
bars point of no recovery. Such seedlings also were found to yield the
pathogen on isclation. This type of reaction could be interpreted as some
indication of relative disease resistance. Further work, however, is re-
. guired in this respect.
- A small number of seedlings (7 %) exhibited a most interesting water
stress reaction (Fig. 3).
A constantly higher-than-normal water stress was detected for a period
of 120 to 240 days before the seedlings return to what appeared to be
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Figure 1. Lethal plant water stress of representative 2-year-old seedlings

of Douglas-fir exhibiting typical disease reactions to infection by Phelli-
nus weirii. The seedlings were inoculated with either synthesized dikaryon

isolates D-1 or D=2, or a Douglas-fir decayed wood tissue isolate (DF).

) Dl-seedling no. 4; (—-—) Dz-seedling noe. 3; (——-) DF-geedling no. 17;

(——) average of 20 control seedlings.
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Figure 2. Latent, lethal plant water stress disease symptoms exhibited by
2~year-old Douglas-fir seedlings infected with Phellinus weirii. The seed-
lings were inocculated with either a synthesized dikaryon (D-1) isoclate or a
Douglas-fir decay tissue isclate (DE). (——-) Dl-seedling no. 13; (----- )
DF-seedling no. 9; {——) average of 20 control seedlings.
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Figure 3. Water stress patterns typical of 2-year-old seedlings of Douglas-
fir exhibiting natural resistance to Phellinus weirii. The seedlings were
inocculated with either a synthesized dikaryon isclate (D-2) or a homokaryon
isclate (H~-3)}. (------ ) Dz-seedling no. 11; {(---3 H3-seedling no. 4; (=)
average of 20 control seedlings.

comparable to the control seedlings water potential. These seedlings were
exposed to a second complete series of inoculations and water stress evalu-
ations that yielded similar results. Most of these seedlings remained alive
after 1 year and exhibited vigorous growth. Such seedlings were thought to
exhibit some form of relative disease resistance after exposure to P.
weirii.

In conclusion it was determined that:
- needle water stress monitoring evaluations can be used to detect infec-
tion of Douglas-fir seedlings infected by P. weirii:
- Douglas-fir seedlings after inoculation with P. weirii that exhibit -30
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bars never recover from the effects of the disease;

- and finally, Douglas-fir seedlings éfter being exposed to the pathogen
and exhibiting the water stress patterns of Fig. 3 are thought to demon-
strate some form of natural disease resistance to P. weirii.

PART IT

Introduction

A second phase of our program of investigation was to search for the
expressiocn of variation in pathogenicity by P. weirii. Utilizing the above
described methods for detecting disease reactions by the host a series of
investigations were conducted using known Karyotvpe cultures of the patho-
gen.

The majority of the infection centers in present day young growth
forest are thought to be attributable to the vegetative persistence of the
pathogen from the previous stand's infected roocts. To date no asexual spore
stage is known and sexual spores have not been demonstrated to be effective
in the spread of the pathogen (Childs, 1970}.

A wide range of morphological variability has been recognizéd by vari-
ous workers (Buckland et al., 1954; Clark, 1958; Childs, 1963) studying
vegetative cultures under laboratory conditions. Genetic characteristics of
this prominent forest pathogen, however, were not described until recently
(Gillette & Driver, 1974; Gillette, 1975; Driver et al., 1979). These
workers and Hansen {(1979) have demonstrated »P. weirii to be heterothallic.
In addition, dikaryctic cultures have been demonstrated to induce higher
rates of white rot type of wood decay than homokaryotic cultures of this
pathogen (Charlermpongse, 1976}).

In respect to further cultural variation, Childs (1963) indicated that
isolates from decayed wood from trees from a given infection center within
a forest stand yielded a single vegetative type, which was designated as a
clone. In addition, it was found that 2 different clones could be isolated,
each from separate infection centers, within the same stand. These were
demonstrated to be different clones by the development of a distinct zone
reaction line between the different clones at the contact area between the
mycelial mats when cultured together on a plate. Since Childs' (1963}
cultures were initially derived from infected tree tissue, it could prob-
ably be assumed that most of his cultures were dikaryotic, therefore,
making genetic interpretation difficult.

This limited review of the literature establishes the existence of
cultural strains in P. weirii that logically lead to pose the question of
the existence of variability in pathogenicity.

Raabe (1967, and this book, page 251) showed that strains of the root
rot inducing fungus Armillaria meliea (Vahl ex Fr.) Kummer exhibited sig-
nificant variation in pathogenicity. In addition, Day (1960) points out
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that heterokaryosis often leads to variation in ability te attack.host
species. These indicatioﬁs for strain variability in pathogenicity and the
in~-depth work on breeding southern pine species for resistance to strains
of Cronartium fusiforme Hedgc., & Hunt (Snow et al., 1975;+Powers et al.,
1977; and this book, page 236 and 427} indicate the need to consider the
potential for strain differences in P. weirii for pathogenicity. In this
case the heterothallic sexuality of P. weirii offered an initial opportun-

ity to conduct such studies.

Methods

Heterokaryotic strains were synthesized in the laboratory and were
demonstrated to be compatible dikaryons {D-1 and D-2)} by the ability to
produce fertile fruiting bodies in culture. Homokaryctic strains (H~3 and
H-5) were derived from monosporic cultures, and were used to produce the
dikaryotic strain, D-1, used in these studies.

In addition to these known Raryotype strains, tissue isolates were
obtained from decayed wood from infected Douglas-fir (DF) and from western
hemlock (WH) (Tsuga heterophylla (R.) Sarg.) trees. The tissue isolates
were used to function as the wild-types occurring in nature. Such isolates
were usually found to give rise to fertile fruiting bodies under labora-
tory cultural conditions and were therefore determined to be compatible
dikaryotic heterokaryons.

The thus obtained cultures were used to prepare inoculum employed in
the seedling infection and detection of natural resistance techniques
described in the previous part of this paper.

To accomplish a comparative pathogenicity evaluation induced by the
described strains of the pathogen a disease rating system was employed. The
disease ratings were based on the following seedling reactions after inocu-
lation with the known karyotype cultures of P, weirii,

Disease rating values were designated as follows:

Pathogenicity  Symptom characteristics

rates

0 absence of abnormal growth conditions,

2 latent mortality (after 200 days),

3 average mortality (approximately 12¢ days),
4 or rapid mortality (before 20 days).

Mortality was indicated when seedlings exhibited above -30 bars of
water stress for at least 10 days.

Reszults and discussion
These results (Table 1) indicates no statistically significant differ-
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Table 1. KRaryotype of cultures of Phellinus weirii as related to abilities
toc induce disease reactions in seedlings of Douglas-fir. 0.0 = No digease
reactions, 3.6 = rapid mortality.

Isclate Disease reaction ratings

Synthesized dikaryon D=1
synthesized dikaryon D-2
Douglas-fir tissue isolate (DF)
Western hemleock tissue isolate (WH)
Homokaryon H-3

Homeokaryon H-5

o N W W Wwow
(= e s o+ ]

ences in pathogenicity between the synthesized dikaryons (D-1 and D-2) and
tissue isolates (DF and WH). Each of the dikaryotic isolates and the tissue
isolates yielded significantly higher disease ratings than the homckaryoctic
isolates (H-3 and H-5). In addition, it is of interest that the homokaryo-
tic isplate H-3 was significantly more pathogenic than the H-5 isolate. The
H-% isolate failed te induce abnormal water stress patterns in inoculated
seedlings. It is of special interest to note that the synthesized dikaryon
isolate D-1 produced the highest disease rating of all isolates tested,
even including the naturally occurring tissue isolates. In conclusion, it
can be stated that true differences in pathogenicity can be demonstrated
between karyotypes of P. weirii,

In additien, the results of these initial trials indicate that it
should be possible te maintain a standard inoculum culture egual in patho-
genicity te naturally occurring strains; or, at least possible to synthe-
size a karyotype to represent those combinations found in nature.

We feel that this latter attribute offers a rare opportunity for the
plant breeder of improved natural disease resistance in forest trees to
maintain a standard inoculum of known pathogenicity. In addition, it
appears that since P. weirii has been reported to be spread mainly by
vegetative systems, little unexpected changes in virulence should occur;
thereby offering assurance of maintaining established lines of dependable
disease resistance in artificially produced forest tree progeny.
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ABSTRACT

Since 1974, there has been considerable research on the
variability of host and pathogen in the pitch canker complex.
There is tremendous variation in the susceptibility cof the
hostg and pathogenicity of the causal fungus, F. moaniliforme
var. subglutinans. However, researchers have cnly begun to
assess the impact that environment has on this host~parasite
system.

INTRODUCTION

Pitch canker is an important disease of planted pines in the Southern
United States. The disease was originally attributed to Fusarium Iateritium
Neeg emend. Snyd. & Hans. f. sp. pini Hepting (Snyder et al., 1949), but
recent research has demonstrated that the causal agent is Fusarium monili-
forme Shelid. var. subglutinans Wr. & Reink. {Kuhlman et al., 1978). This
species of Fusarium occurs on many hosts and in many areas of the worlid
{Booth, 1971}.

In the pitch canker complex, the plasticity of the pathogen and the
variability of the hosts make the problem of evaluating the host/parasite
interaction extremely difficult. In a study of Fusarium moniliforme from
corn, Leonlan (1932) noted that even the most vigorous strains exhibited
their pathogenicity in cycles; at one time they were able tc infect the
host, at another time and under identical conditions they failed to do so.
The pitch canker fungus frequently demonstrates this same type of variabil-
ity on pine.

VARITATION IN THE HOST
Several species of pines, inciuding slash (Pinus elliottii Engelm. var.
elliottii), south Florida slash (P. elliottii var. densa Little and Dor-

man), loblolly {(P. taeda L.), Virginia (P. virginiana Mill.), shortleaf (P.
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echipata Mill.), longleaf (P. palustris Mill.), pitch (P. rigida Mill.),
Table Mountain (P. pungens Lamb.), Monterey {(P. radiata D.Don), scotch (P.
sylvestris L.), eastern white (P. strobus L.), pond (P. serotina Michx.),
and sand (P. clausa (Chapm.) Vasey), have been reported as hosts of F.
moniliforme var. subglutinans in the United States (Hepting, 1971; Hepting
& Roth, 1953). Pitch canker has also been reported on Cuban pine (2.
occidentalis Sw.) in Haiti (Hepting & Roth, 1953). Of these pine species,
slash and loblolly pines are the most important economically in the south-
eastern United States.

The incidence and symptoms of pitch canker are highly variable and
depend on the inherent susceptibility of the pine species and the environ-
mental conditions in which the trees are growing. In Florida, for example,
shoot dieback ig the principal symptom on planted slash pines (Dwinell &
Phelps, 1977; Phelps & Chellman, 1976). However, elsewhere in the South,
bole cankers are the predominant symﬁtom of the disease on slash pines. In
slash pine seed orchards, cankers are frequently associated with the use of
tree shakers for cone removal. In loblolly pine, pitch canker is rarely
observed in plantations and natural stands, but can cause serious dieback
in seed orchards, markedly reducing seed crops "(Dwinell et al., 1977). Bole
and branch cankers are the common symptoms on Virginia pine, both in seed
orchards and plantations. On eastern white pine, bole cankers are normally
found on trees planted in urban environments outside the species' natural
range.

To delineate the relative susceptibility of southern pines, we recently
inoculated 7 species with 4 isolates of F. moniliforme var. subglutinans.
Based on shoot mortality from girdling cankers, Virginia pine was ranked as
highly susceptible; slash, loblolly, shortleaf and pitch pines were rated
as moderately susceptible; and pond and eastern white pines as highly
resistant. The isolate x pine species interaction was not statistically
significant. In a previous study, utilizing less quantitative proceﬁures,
shortleaf pine was rated as highly susceptible (Dwinell, 1878). It is
apparent from greenhouse studies and field observaticens that pine species
vary markedly in their susceptibility to pitch canker.

Within pine species, the incidence of pitch 1s frequently related to
the geographic source of provenance of the host. In 3 loblolly pine seed
orchards on the Coastal Plain, for example, incidence of pitch canker on
loblolly pines was higher on Piedmont than on Coastal Plain seed sources
(Dwinell et al., 1977). In Florida, Blakeslee & Rockwood (1978) found that
pine clones from central Florida were more resistant than clones from other
geographic areas.

Individual clones also vary greatly in their susceptibility to infec-
tion by F. moniliforme var. subglutinans. This phenomenon has been noted
for loblelly, slash, longleaf, shortleaf and Virginia pines grown in
southern seed orchards (Dwinell et al., 1977; Phelps & Chellman, 1976). In
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a Virginia pine progeny test, Barnett & Thor (1978) also found clonal
variation in the incidence of pitch canker.

There may be sufficient genetic variation in resistance to select and
breed pines for control of the disease. Open-pollinated families of slash
and lcblolly pine varied considerably in their susceptibility to F. moni-
liforme var. subglutinans {(Dwinell & Barrows-Broaddus, 1979). Shoot mortal-
ity for the 7 slash pine families ranged from 46-96 %, with a mean of 8¢ %.
Recently, this study was expanded to include 43 open-pollinated families of
slash pine collected from trees in natural stands in Florida. Of the 43
families, 3 were classed as highly susceptible, 33 as moderately suscep-
tible, and 7 as highly resistant (unpublished data). These slash pine
families are currently being field tested in Florida. For the 12 loblolly
pine families, shoot mortality ranged from 26-78 % with a mean of 52 %.
However, there was no correlation between the response of the families and
the shoot dieback of the parent clones (unpublished data). In progeny
tests, stress, insects, host nutrition, and physiolegy will probably have
to be considered, along with envirommental factors which influence the

host: parasite interaction.
VARIATION IN THE PATHOGEN

Although F. moniliforme var. subglutinans occurs on a wide range of
hosts and is found in many areas of the world (Booth, 1971), not all
strains of the fungus are pathogenic to pines. In a studvy on the pathogeni-
city of F. moniliforme var. subglutinans from nonpine hosts, only isolates
from Gladiolus corms grown in Florida were capable of infecting slash and
laoblolly pines. The other 17 isolates from corn, Dracaena, sycamore, pecan,
lily, Araucaria and Amaryllis were avirulent (Dwinell & Nelson, 1978).

In studies on sources of inoculum, we have isolated the virulent var-
iety of Fusarium from forest soil (Dwinell & Barrows, 1978), surfaces of
pine needles, branches and boles, and from tree-shaker pads. Results of
pathogenicity tests on slash and loblolly pines indicate that the fungus
occurs naturally in mixed populations of saprophytic and pathogenic
gtrainsg. For example, 55 % of the isolates of F. moniliforme var. subglu-
tinans from seed orchard and forest soils were pathogenic on slash and
lobleolly pine seedlings. Similar results have been obtained with isclates
from bark and needle washes and from tree-shaker pads (unpublished data).
Isolates of F. moniliforme var. subglutinans are identified as the pitch
canker strain if their pathogenicity is demonstrated.

wWithin pathogenic populations of the pine pitch canker fungus, there is
considerable variation in virulence. However, the variation generally
appears to be among isolates rather than among geographic sources or pine
host sources of isolates (Barrows-Broaddus & Dwinell, 1979).
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PATHOGENIC RACES

Most studies to date indicate that the relationship between the suscep-
tibility of the host and the pathogenicity of the causal adent is additive
(Barrows-Broaddus & Dwinell, 1979; Dwinell, 1978; Dwinell & Nelson, 1978;
Dwinell & Barrows-Broaddus, 1979; Kuhlman et al., 1978). However, some
exceptions have been noted. In a comparison of the pathogenicity of F.
moniliforme var. subglutinans on slash and loblclly pine, one isolate from
loblolly pine in South Carolina was highly virulent on loblolly pine, but
avirulent on slash pine (unpublished data). This condition may be caused by
the racial difference that Hepting noted in 1971. Edwards (1935) reported
pathogenic specialization in F. meniliforme var. subglutinans on corm in
the New South Wales. There may also be pathogenic races of the pine pitch

canker fungus.
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Pest outhreaks as a function of variability in pests and plants

Nancy Lorimer

USDA-Feorest Service, North Central Forest ExXperiment Station, 1992 Folwell Avenue, S5t.
Paul, Minnesota 55108, USA

ABSTRACT

A model is propesed that describes pest outbreaks as a
function of variability in both plant and pest populations.
Plant variability selects for pest variability and pest numbers
remain low. Envirommental factors may reduce genetic and pheno-
typic variability in plant populations so that the plant popu-
lation gquickly selects a homogeneous pest populatioﬁ. Pest num-
bers then increase rapidly. Crashes occur because lack of vari-
ability in the pest population increases its vulnerability to
elements of its environment, including its own predators and
parasites. The model incorporates principles of genetics, ecol-
ogy, and evolutionary biolegy in the attempt to understand the
economically and biolegically important phencmenon of pest out-

breaks.
INTRCDUCTION

The dynamical behavior of populations of some forest insect pests
(Malacosoma disstria Hibner, Choristoneura fumiferana {(Clem.), Orvgia
pseudotsugata, Zeiraphera diniana Guén. and others) can be characterized by
quick changes in population size over time. Insect numbers, very low for
some time, suddenly and rapidly increase, or outbreak. The outbreak stage
continues for several years until the population rapidly decreases, or
crashes. The outbreak stage is shorter than the period of time from crash
to new outbreak.

Forest insects that outbreak and crash also show properties that fa-
cilitate rapid changes in variability (Lorimer, 1979d). Therefore, I pro-
posed in an earlier paper that changes in pest variability may be related
te changes in pest population size, with natural selection playing an im-
pertant role (Lorimer, 1979d). In this paper I wish to extend the model of
pest outbreaks by adding a third parameter, variability of the plant host
populations. Some considerations for forest tree breeding and management

emerge.
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PEST AND HOST VARIABILITY

Populaticon variability is defined as the following: the space and time
differences in properties or traits within and among individuals in the
population. Space refers to differences within parts of an individual, and
differences from individual to individual over the physical area of the
population habitation. Time refers to differences within an individual's
life cycle, and differences from individual to progeny. Factors that deter-
mine differences between individual ®x and individual y in population P are
genotype, age, and environment during development.

The genetics of forest insects is beginning te be studied (e.g. Stehr,
1955, 1959; Harvey, 1957; Campbell, 1966; Morris & Fulton, 1970; Morris,
1971; May et al., 1977; Lynch & Hoy, 1978; Stock et al., 1979; stock &
Guenther, 1979; Lorimer, 197%a, b, c), and the possibility of genetic
changes in forest insect populations ﬁuring rise and decline is being rec-
ognized {Franz, 1949; Baltensweiler, 1971; Lorimer, 1979d; Haukioja, 1980}).

When individuals from 2 populations interact, like herbivores and
plants, or pests and trees, variability is defined in terms of individual
differences in properties or traits that affect the interaction. The impor-
tant properties of plants in their interaction with herbivores in general
and with insect pests in particular can be divided into 2 broad classes: 1.
properties that satisfy pest needs, and 2. defense properties., Properties
in the first class include nutritional content (i.e. protein, amino acids,
vitamins, minerals), water content, shelter, and a large group cf other
properties that enable insects te survive and reproduce. Defensive proper-
ties are alsoc many and varied and would include secondary compound produc-
tion and physical features like thorniness and leaf toughness.

Plant populations are also variable among individuals. Individual trees
% and y in population P will not have identical amounts of nutrients (Shaw
& Little, 1977) or secondary compounds (Chew & Rodman, 1979) in their
foliage, for example. Nor will they have the same amounts of these com-
pounds at different times (Seigler & Price, 1%76).

VARIABILITY AND NATURAL SELECTION WITHIN THE INTERACTION

Consider a heterogeneous plant population in opposition to a homegene-
ous herbivore population (Fig. 1lA). Suppose that each herbhivore can survive
and reproduce successfully only on plants that 'match' it, meaning plants
that meet the herbivore's needs and whose defenses the herbivore can over-
come (Mattson et al., page 295 in this book). Thus y herbivores can survive
and reproduce only on v plants and not on u and w plants. The offspring
will be y.

Now consider the situation where the herbivore population has increased
in variability (Fig. 1B). Herbivore x survives and reproduces on plant u,

288



“1X93 8y3 ut
pauTteTdxe ‘sysed pue sjueld jyo suoT3ieIndod ussmieq UOT1OsT9s jJuspusdsp Aousnbary pue AytrIqeTIes -7 sanbrg

I ; p

%xtm%

289



but not on plants v and w. Similarly, y does well on v, but not on u or w,
and sc on. The progeny reflect the successful reproductions. Hence, heterco-
geneity in the plant population has maintained heterogeneity in the herbi-
vore population by a process of frequency dependent selection (Clarke,
1978).

When the plant populaticn is homogeheous (Fig. 1C), there is rapid
selection for the herbivore genotypes that grow and reproduce successfully
on these plants: in our example, herbivore y. The whole of the next genera-
tion will be y. Their offspring will show a marked increase in numbers
(Fig. 1D). The increase in pest numbers has come about because a homogene-
ous plant population selected an adapted, homegenecus herbivore population.
The herbivere/plant interaction will be governed by a hiéh degree of uncer-
tainty if the plant population maintains space and time variability. Vari-
ability keeps the number of matches low. '

DECLINING VARIABILITY IN THE PLANT POPULATION

The degree of variability in a population of trees is first a function
of the original genetic base, the variability of the founders of the stand.
A population established from a homogeneous seed scurce is likely to be
less variable than a population from a heterogeneous seed source. As popu-
lations age, variability may be reduced if natural selection or thinning
eliminates some members from the population. Short-term genetic recomposi-
tion is impossible for populations of long-lived individuals.

Phenotypic variability in plant populations is more changeable than
genetic variability and may be a function of stress. Stresses may reduce
the variety of chemical defenses produced in plants (Rhoades, perscnal
communication). Environmental stresses like temperature changes and drought
have been documented as preceding insect outbreaks. But rather than affect-
ing the insects directly, these occurrences may be affecting the indects
indirectly by reducing variabjlity in the tree population. Stresses may
trigger simultaneocus metabclic and physiological responses among individual
trees, thereby reducing variaﬁility.

For example, drought stress decreased protein levels and increased
levels of free amino acids in Eucalyptus prior to psyllid ocutbreaks (White,
1969). Although the data are not available to ascertain biochemical vari-
ability among the trees before and after the drought stress stimulus, simi-
larity of response is indicated.

As a second example, occurrence of flowering in balsam fir increases
with the age of the stand, and is promoted by certain weather conditions,
so that nearly all of the trees flower at the same time (Morris, 1971).
Spruce budworm outbreaks have been known to cccur following heavy flowering
(Greenbank, 1963; Kimmons, 1971). Although flower feeding appeared to
enhance larval development, nutritional value of flowers was not a likely
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factor in the outbreaks (Greenbank, 1963). In the light of the hypothesis
propesed here, massive flowering represents synchrony of response to
stress. Decrease in the plant population's variability results in uniform
selection of the pest population. The pest population then quickly in-
creases in number (Fig. 1D}.

Haukioja (1980) apparently observed a different pattern in outbreak
areas of the autumnal moth, Oporinia autumnata Bkh. on birch, Betula pubes-
cens Ehrh., in northern Finland, where poor climatic and edaphic conditions
prevail. While these populations might be subject to more stresses than
populations in moderate climates, interindividual variance in defense was
noted as being 'high'. However, the defensive characters were not spec-
ified, and no direct comparison of defense variance with other populations
was supplied.

The evidence for changes in variability in insect and plant populations
before outbreaks is sparse for several reasons. (1) The role of the plant
in the population dynamics of the herbivore has only recently been recog-
nized and documented. With the realization that the plant is not merely a
passive partner in the interaction but an active defender of its own tissue
has come the necessity to re-evaluate former assumptions about the factors
controlling population numbers. (2) Entomologists have tended tc regard
variability as noise. Life table studies have concentrated on means, and
individuals in populations were assumed to be nearly identical. (3) The
process of natural selection has been investigated mostly on an evolution-
ary, rather than an ecclogical, time scale. The process of natural selec-
tion as a force in the relationship between trophic levels has not been
sufficiently recognized.

A CATASTROPHE APPROACH 70O MODELLING PEST OUTBREAKS

Systems with variables that cannot be averaged over time and space can
be visualized with catastrophe wodels (Thom, 1970). Thus catastrophe models
may be useful in solving problems that deal with non-linear systems, pheno-
mena involving sudden change, the kind of problems that abound at the in-
terface of genetics and ecology. Population outbreaks exhibit the 5 qual-
ities of the cusp catastrophe {Zeeman, 1976}, so the model is applicable to
this aspect of population behavier (Jones, 1975). The 5 features of cusp
catastrophes (Zeeman, 1976) shared by cutbreak phenomena (Lorimer, 1979d)
are (1) bimodality of behavior: populations at very low or very high
levels, (2) sudden jumps between modes: guick increases in numbers, or out-
breaks, and gquick decreases in numbers, or crashes, (3) hysteresis: popu-
lation composition before the outbreak dissimilar to composition at the
end of the crash, {4) inaccessibility: the population seldom at a moderate
level, and (5) divergence: a gradually changing force causing an abrupt
change in behavior.
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Figure 2. Control surface (C) and behavior surface (B) of a cusp catas-
trophe of pest outbreaks and crashes. The 2 control variables are pest
variability and plant variability. The behavior variable is pest numbers.

The model is described in the text.

The cusp is described by the function x4/4 + ax2/2 + bx, where a and b
are control parameters, and x is the hehavior variable. If plant and pest
variability are made the 2 control dimensions in a cusp model, and pest
numbers is the behavior dimension, an outbreak and crash cycle can be
traced on both the behavior surface (Fig. 2B) and the control surface
(Fig. 2¢). At (1), high variability in the plant population and low vari-
ability in the pest populatiomn keep the pest population at a low level. As
variability in pest population increases, the system passes into and out of
the bifurcation set, jumping up to (2). Here variability is low in the
plant population, but high in the insect population, and pest numbers are
high. From (2) to (3) insect variability decreases, plant variability
remains low, and the pest population, passing through the other side of the
bifurcation'set, crashes to a very low level.

why does the population crash? The homogeneous tree population has
selected for homogeneity in the pest population, which, in turn, makes the
pests vulnerable to their enemies or the weather or other factors in their
environment. The population is no longer genetically buffered against
environmental influences. Secondly, in large numbers the pests are forced
by density considerations te feed on other species of plant, which would
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have the same effect as increasing the variability in the original plant
population (Fig. 1A).

MANAGEMENT PRACTICES AND THE PEST CUTBREAK MODEL

Management practices will clearly affect a system represented by the
moedel proposed here. In natural systems, diversity maintains dynamical
equilibria {Browning, 1974), but agricultural pests encounter built-in
homogeneity in food crops and the response is outbreak {Marshall, 1977).
The same danger exists in forestry. Besides reducing genetic variability in
stands, human-applied stresses could lead to reduction in phenotypic vari-
ability and then to pest outbreak. Presenting a homogeneous phenctype %o
pests promotes rapid selection and ultimate destruction of the tree crop.
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Role of plant variability (trait vector dynamics and diversity) in plantfherbivore
interactions?

William J. Mattson, Nancy Lorimer & Rolfe A. Leary

North Central Forest Experiment Station, 1992 Folwell Avenue, St. Paul, Minnesota 55108, USA

ABSTRACT

Plants and insects interact in a manner prescribed by their
respective individual, population, and ecosystem level proper-
ties. At the individual level, an insect's properties must
match those of its host plant because insect performance de-
pends on the goodness of match. However, the plant's properties
are not constant but ever changing, thereby influencing the
quality of match and thus insect performance. Individual plants
or their modular compartments each present a highly variable
set of properties owing to their (a) rapid phenological and
ontogenetic change, and (b) induced change in response to
herbivery and variations in the environment. We propose that
all plants, but especially long-lived ones (relative to their
consumers) depend upon rapid changes or variability in their
properties to thwart matching with phytophagous organisms.

INTRCDUCTION

Each living organism may be characterized by the cecllection cof proper-
ties or special traits it possesses. However, the list of traits assigned
to an organism will vary depending on the organism which perceives it
because each cbserver's perception is a function of its own set of traits
and no two organisms have identical sets of traits. Ultimately then, the
relationship between organisms or the manner in which they interact is
prescribed by the set of traits that each possesses, modified, of course,
by environment,

All plant/herbivore coevolutionary arguments begin with a large, im=-
portant assumption; namely that the herbivore population is somewhat pre-
adapted to the set of traits possessed by the plant population. In other

1. This research was supported in part by the Canada-United States (CANUSA} Spruce Bud-
worms Program, USDA Forest Service, 870 Reed Road, Broomall, PA 19008.
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words, the herbivore population must consist of at least a few individuals
which each possess a set of traits that allow it to. interact with a corre-
sponding set of traits possessed by some members of the plant population.
If this is not the case, the plant population is immune or incompatible
with the hgrbivore pobulation. Hence, no coevolutionary scenario is poss-
ible. We emphasize that this is not a trivial assumption because the match-
ing of corresponding plant and herbivore traits is at the heart of under-~
standing the nature of plant/herbivore interactions. We propose that the
variability in the 'goodness of fit' or matching between the trait sets of
plant and animal populations contributes significantly to their long-term
coexistence, their population dynamics (Haukioja, 1980}; and their evol-
ution.

Traits are those individual properties of each individual organism that
are impertant in its interactions with menmbers of its own and the other
trophic level. Examples of some plant traits are growth rate, phenology of
development, compositions of amino-acids, carbohydrates, lipids, moisture,
and allelochemics, physical characteristics (toughness, hairiness, ete.),
and associations with members of other trophic levels such as predators and
parasites of herbivores. Examples of some herbivore traits are growth
rates, timing of emergence for feeding and mating, sensory apparata for
detecting chemical and/or electromagnetic cues from the host plant, systems
for sequestering cr detoxifying harmful substances, and associations with
members of other trophic levels such as gut micro-organisms.

TRAIT VECTORS

Each trait (Ti) can be measured at some time t and assigned a particu-
lar numerical value, (Ti(t))' The reference to time is exceedingly import-
ant because trait values are not invariant. Change occurs in response to
internal (i.e. spontanecus) and external (i.e. inducing) factors. Particu-
lar traits may not only change in numerical value, they may even submerge
or disappear; just as others may suddenly emerge or appear in an individ-
ual's trait collection. Such changes are deep or gualitative changes in
contrast to ordinary or quantitative change (Bunge, 1977). Furthermore,
each trait may have its own characteristic rate of change, and sometimes
the rates of change of several traits may be correlated because traits are
not entirely separate and independent (Gould & Lewontin, 1979). Traits are
not necessarily independent of one another both in their origin and their
effects on other organisms. For example, several traits may be linked to
the same gene(s), and other traits may be influenced by more than one gene.
Moreover, we want to emphasize that the interactions between organisms
depend on the whole collectien of traits, i.e. the set of traits possessed
by each organism, neot any individual traits of and by themselves.

Thus, the properties of each individual plant and herbivore can be de-
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scribed by a set of traits having specific trait values; in short, a trait

vector [T 'Tn(t)]' Any 2 individuals within a popula-

1ty Taqeyr Taqny oo
tion can differ with respect to the number of traits they posses as well as
their specific trait values. &s we have defined traits, some are clearly
pervasive, that is they will occur in the trait vectors of all members of
the population (growth.rates, flushing phenologies, etc.). Whereas, others

will not necessarily occur in all individual trait vectors.
FITNESS IN RELATION TO TRAIT MATCHING

We believe that the cutcome of a particular plant/herbivore interaction
is a function of the goodness of matching between their respective traits.
A non-match occurs either when one or more of the instantaneous trait
values (Acti) in the plant's trait vector fall ocutside of the tolerance
limits (Mini and Maxi) for the corresponding traits of the herbivore, or
when a plant has one or more traits for which the herbivore has no corre-
gsponding traits. On the other hand, a match occurs when the instantaneous
values for all the indiwvidual traits of a plant's vector fall be}ween the
tolerance limit values for the corresponding individual traits of the
herbivore. A match can vary from poor to gooed depending on how near the
individual plant traits come to exceeding the tolerance limits for the
corresponding herbivore traits. For example, as plant trait values (Act,)
approach the 'optimum' wvalue (Opti) of the herbivore's corresponding trait
tolerance range, the match becomes increasingly better. However, as the
instantaneous values for the plant traits (Acti) deviate from the 'optimum’
to the limits (Mini and Maxi) of the herbivore's trait tolerance range, the
match becomes progressively worse. We suggest the following matching func-

ticn:
a n Opti - Acti bi
= - K, —mm™™™ i in. ., = \
Mt z 1-k; If and only if Min; $ Act; £ Max,,
n 1=l Opt, otherwise L 0.
where Mj nt is the match between herbiveore. and plantm at some time t; n

is the total number of traits of concern, ki and bi are trait specific
numerical constants and a is a numerical constant specific te the particu-
lar species ¢of herbivore and plant.

We contend that the better the match (Mj,m,t) between the herbivore
(Hj) and the plant (Pm), the higher the likelihood that. the herbivore will
be able to express its full reproductive potential (rij) and therefore
realized reproduction (rrHj’m) will be maximal. On the other hand, a poor
match brings about the opposite effect. The outcome of the interaction for
the plant is usually the opposite of that for the herbivore; namely plant

realized reproduction (rer j) approaches its reproductive potential (erm)
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when herbivore matching is very poor. The likely relation between these
variables is formalized in the following equations:.

tn = death Hj

=b
rTH. rij (i-e ].(Mj,m,t)(Ej,m,t)dt)

j.m
t0 = birth Hj
t, < death Pm
rrPy o = rpPy (1-e™/ ] (M) ) By )4t
t0 = birth Pm
where Ej,m,t is an encounter functiqn which is a unit step function that

has value one when the encounter occurs and zero where there is no encoun-
ter, and b and c are numerical constants.

The equations explicitly consider the impact of matching "guality" over
the entire life span {birth to death) of each organism in the determination
of realized repreduction. If, however, reproduction normally ceases well
before death occurs, one could integrate the matching function (Mj,m,t)dt
just up to that point, unless the post-reproductive adult still contributes
in some way to the survival of its progeny - hence its realized reproduc-
tion. These eguations are most easily interpreted when both members of the
interaction pair have similar life spans or generation times., However, if
their life spans are different, then the evaluation and impact of matching
become more complicated because the longer-~lived member outlives the influ-
ence of the shorter-lived member. To adiust for this relational asymmetry,
one can allow the shorter-lived member to reproduce {(if it can after the
initial encounter) so as to carry the interaction through time to the end
of the life span of the longer-lived member. .

Fitness (f) for both organisms is merely the realized reproduction (rr)
of each, ranked relative to that of all other members cof its own popula-
tion. In other words, it is simply relative realized reproduction (rrr).
The notion of fitness is important because evolutionary thecry purports
that those organisms with higher rrr will eventually supplant those with
lower rrr. Given enough time, a population should finally evolve to consist
of individuals which have nearly equal rrr. In the case of a plant/her-
bivore coevolutionary scenaric, the ultimate survivors would be those indi-
viduals whose trait vector matching gualities and reproductive potentials
resulted in nearly equal rrr. For example, such plants might on the one
hand be individuals which have kighly matching trait vectors and high rp,
or on the other hand individuals which have poorly matching trait vectaors
and low rp. Thus, an organism's capacity to 'stay in the game', tc be an
effective competitor with its conspecifics, depends on the relationship
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which exists between the matching quality of its trait vector and its
reproductive potential. Next we examine changes in matching quality of
plant trait vectors.

TRAIT VECTOR DYNAMICS

Both the instantaneous values of traits and the magnitude and periodic-
ity of their wvariation are important because the goodness of matching be-
tween herbiveores and plants has to be evaluated not just at an instant, but
over the entire life span of each organism. The variability of matching is
really a special case of a more general issue of the variability or stabil-
ity of favorableness cf a habitat for particular occupants of that habkitat
(Southwood, 1977). In this special case, we propose that change in the
quality of the herbivore habitat (i.e. plant trait vectors) is selected for

as a consequence cof herbivory.

Seascnal and ontogenetic change

Perhaps the most obvious (to humans anyway) changes in plant trait
vectors are these that we casually observe and recognize as seagonal
change: changes in leaf coloration, and leaf morphology, changes in woodi-
ness of plant parts, fruit development, and the like. Although each plant
has a trait vector containing n individual traits, we will focus on just 2
of them for a more detailed examination of seasonal change. Two which are
extremely important to herbiveres are foliar organic nitrogen content (Tl)
and moisture content (Tz). The trajectory for these traits (Fig. 1} shows
that plants begin with both high nitrogen and high moisture and then stead-
ily decrease over the duration of the growing season. The pattern is the
same for many kinds of plants (Scriber & Slansky, 1981). The importance of
such change for herbivores becomes obvious when one plots the herbivore's
corresponding trait ranges, that is the minimum (Mini) and maximum (Maxi)
tolerable limits for each particular plant trait (Fig. 1). For example, we
know that certain kinds cf herbivores must have diets containing at least
2.0 % nitregen or survival is zero. On the other hand, as plant nitrogen
levels approach the upper bounds, around 7.0 %, the survival of herbivores
likewise approaches zero, but for different reasons (Mattson, 1980). One
can make the same determinations for moisture content. The result when
plotted is the domain of plant nitrogen and meisture wvalues for which
herbivory by a particular herbivore is possible. It appears as a rectangle
in our two-dimensional plant state space. If the plant trait space were
instead n-dimensional, then the herbivore's domain would be an n-dimen-
sional volume. We call this rectangle or volume the herbivore's 'window' in
the plant's state space. Different kinds c¢f herbivores have different
windows and hence, as plant trait vectors change through seasonal time,
plants can pass in and out of the windows of different kinds of herbivores
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Figure 1. Seasonal change in foliar nitrogen (Trait 1) and foliar moisture
content (Trait 2} in relation to the minimum and maximum tolerable limits
or trait ranges (TRi) for these traits by different herbiveres. The region
delimited by the herbivore's trait ranges for all plant traits is the
herbivore's window on the plant's trait state space. Time (ti) is repre-

sented parametrically.

(Fig. 1).

Just as there is trait vecter change over geasonal time, there is
simijar change over the life span of the organisms, i.e. over ontogenetic
time. Particularly important are the gualitative changes; i.e. the emerg-
ence of new traits and the submergence of old cnes. Those which are most
obvious (to human beings) are the emergence of reproductive traits during
the course of an organism's ontogeny such as those associated with sex
identification, and reproductive capacity. Other less obvious c¢hanges are
those in an organism's immunity systems, growth capacities, and so on.

Induced change

The fact that plants are highly responsive to their abiotic and biotic
environﬁent has long been well known (Bradshaw, 1965). For example, it is
now common knowledge that plants react in many ways to wounding by biotic
agents. Typical changes are increased levels and kinds of various phenolic
compounds, protease inhibitors, altered levels of photosynthesis and phyto-
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synthate allecation, as well as altered phenclogy, morphology, electromag-
netic spectra, growth rates, and structural form or complexity {Bradshaw,
1965; Knutson, 1979}.

Just as significant as the biotic inducing agents are the abiotic ones,
e.g. moisture, heat, nutrient, and light regimes. Changes in the abiotic
flux can elicit large, significant changes in a plant's trait vecter. In-
ereasing levels of nitrogen, for example, coften increase growth rates at
the expense of other processes in the plant that compete for carbon and/or
amino acid precursors, such as the production of polyphenols (Mattson,
1980). In short, each plant has a unigue potential to react to various
kinds of inducing agents with the result that it has a unigue capacity to
change its state or its trait vector (Bradshaw, 1965). Consequently, a
plant's trait vector may change in its matching relationship with an her-
bivore. If matching becomes poorer, this would be advantageocus because it
would increase the plant's opportunity to fulfill its reproductive poten-
tial. On the other hand, some inducing factors could cause a plant's trait
vector to change in the opposite direction, thereby making it better match-
ing. Moreover, some inducing factors may restrict the plant'’s potential to
change, thereby 'locking' it onto a relatively stable state which may be
more susceptible or highly matching for a particular population of her-
bivores. Similarly, various spontaneous ontogenetic changes in the plant
may also induce plants to move intc more susceptible states or cause them
to lose flexibility and thereby remain in susceptible states longer than
usual.

I1f one expresses the duration of plant suitability (i.e. good matching)
by D and the duration of the herbivore life cycle as d, then over the
course of eveolution between plants and herbivores, one might expect D/d to
evalve toward values of 1. In other words, one would expect the plants to
evolve labile trait vectors which would permit them to escape from their
'adapted' consumers through time by quickly passing through the herbivore's
window, thereby minimizing herbivore impact on plant fitness attainment. On
the other hand, because herbivores themselves have a capacity for change
(cc), one might expect that plant/herbivore coevelution would eventually
result in both organisms evolving nearly egual capacities for change:
ccP/ccH = 1. They need not, however, employ the same basic mechanisms for
generating change (e.g., mutations, recombination, trait wvector dynamics,

etc.).
TRAIT VECTOR DIVERSITY

Up to this point we have emphasized that the susceptibility of an indi-
vidual piant to an herbivore population depends on the properties or trait
vector of that individual with respect to the trait vectors of the individ-
ual herbivores, all with respect to some time, t. Thus, at a given time ¢,
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a particular plant may be a poor match for a very large fraction of the
herbivore population, and therefore is defined to be.minimally susceptible,
As time passes, however, not only the plant's trait vector, but also the
herbivore population's set of trait vectors can change. The 'direction'
that the herbivore population changes is particularly important to the long
term 'reszistance' of the particular plant. This direction is, of course,
due in part to both spontaneous factors as well as inducing factors in the
herbivore's epvironment. Especially important is the selection pressure
exerted on the herbivores by the resi of the plant population, i.e. the
contemporaries of the particular plant in question. In the short term an
individual plant's susceptibility or resistance depends primarily on its
own particular properties, but over the longer term (i.e. over successive
generations of the herbivore populations) its susceptibility depends also
upon the properties of other plants in the same population because they
have a marked influence on the direction of eveoluticn or the trait vector
change in the herbivore population.

The effect of a plant population on an individual herbivore can be
viewed in terms of the number of different plant trait vectors that an
individual herbivere encounters through attacks' in its given life span.
When an herbivore attacks a plant, each organism is changed as a result of
the interaction. The change is more or less unique tec the specific trait
vectors of each interacting pair. Moreover, the order in which different
herbivores and different plants interact is alsc important because each
different sequence of plants that a particular individual herbivore attacks
has unique cumulative effects on the survival and reproduction of that
herbivore. The herbivore's attack sequence, then, really represents the
cumulative selection pressure exerted by the plant population on an her-
bivore.

We can quantify the total possible number of different attack sequences
or attack pathways that herbivores could trace or follow in a plant'popula—
tion given (1) the total number of different plants, that is those having
different trait vectors, and (2) the usual number of plants attacked per
herbivere. For example, if the plant population consists of m different
individuals, all of which have different trait vectors, and the herbivores
normally attack n plants each, then the total possible number of attack
sequences and hence possible different selection pressures facing her-
bivores in the particular population of plants is simply m. If the entire
plant population consists of only 3 different trait vectors such as
(A, B, C), and the individual herbivore normally attacks only 2 individual
plants during its life span, then there are only 32 or 9 potential attack
sequences or selection pathways facing the herbivere populations: [Aa, AR,
AC, BA, BB, BC, CA, CB, CC]. On the other hand, as m increases the number
of possible attack sequences increases exponentially. From the other direc-
tion, as the numbers of trait vectors in the plant population decrease to
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approach one, that of the hypothetical resistant plant, the selection
pressures facing herbivores become increasingly homogeneous and therefore
convergent instead of divergent. In a nutshell, then, as the rest of the
plant population becomes more and more like the 'minimally susceptible’
plant, then more and more selection pressure will direct the herbivore
population's evolution toward better and better matching with the here-to-
fore minimally susceptible individual and hence with the plant population
as a whole.

This argument holds not only for within herbivore generations but also
between generations. For example, if each individual herbivore attacks but
one plant during its life span, it has the possibility of selecting any one
of m different types in the plant population. Its progeny {let's say it
produces a minimum of p of them) each also have the possibility of selec-
ting any one of the m different types of plants in the plant population.
Therefore, over the course of n different generations there are mPT differ-
ent attack seguences or pathways for a given herbivere's germ cell line.

In conclusion, the type and intensity of interaction between plants and
herbivores depends on the collective goodness of matching between the trait
vectors of individuals comprising the plant and herbivore popul%tions.
Variations in the goodness of match depend on changes which can occur in
the trait vectors of both plants and herbivores. Minimal goodness of match
will occur when individusl plants show high rates of trait vector change
with respect to capacity for change in the herbivores, and high trait
vector diversity among individuals. On the other hand, maximal goodness of
match will cccur when individual plants show low rates of trait vector
change with respect to capacity for change in herbivores, and low trait
vector diversity among individual plants.
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Stability in a multi-component host-pathagen model
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Canberra 2600, Australia

ABSTRACT

A 4 component model of 2 competing organisms, each with a
gpecific parasite, has been exercised so as to investigate its
eguilibria. In additicon to the eguilibrium to which the model
was already known to return after moderate disturbance, severe
perturbation led to a new steady state which had the appearance
of an equilibrium but which was not'maintained in the long
term. Stapility of equilibria and what constitutes an equilib-
rium are also discussed.

INTRODUCTION

In 1972 Graham Chilvers and I (Chilvers & Brittain, 1972) published a
nodel for a system of 2 specieg in competition with each other and each
subject to attack by 1 host-specific paragite. We presented this model in
general terms but in fact in developing it we thought in terms of 2 com-
peting and closely related trees, each subjected to a specific leaf spot
fungus disease, so that the equations used in the model are intendad to be
appropriate for that particular system.

In the course of discussing this model, we asserted that it was stable
in the sense that for a given set of parameters, it would return the
amounts of the 4 components to the same level from almost any set of
initial values.

Since 1972 there have been a number of papers which have been concerned
with stability of multi-component systems. Most of these have been mathe-
matical in presentation and have been concerned with seeking analytical
methods with which one might predict whether a given model should be stable
or not. Discussing the problem from rather a different standpoint, May
{1977) has considered the possibility that natural multi-species assemblies
of plants and animals and also models of them, are likely to possess sever-
al different equilibrium points. The possibility that an ecosystem may
possess more than one stable equilibrium is of considerable interest be-
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cause it raises the thought that the familiar stable state of the system
may have some degree of instability, sufficient that it may, if perturbed
sufficiently change to some aiternative and perhaps very unfamiliar egui-
librium.

For these reasons, I have recently made an effort to exercise our 1972
model more vigorously than before in order to test more stringently our
contention that it had only one equilibrium point (Brittain, 1980}.

The equations which constitute the 4 component model are set out below.
I do not propose to discuss the details of these now. The assumptions made
and the arguments used in deriving the model are set out in full in the
original paper. For the purposes of the present work, the medel has been
implemented in ACSL on a Univac 1100/42 computer at the Australian Naticnal
University (ACSL - Advanced Continuous Simulation Language. Mitchell and
Gauthier Associates Inc. P.C. Box 685 Concord, Mass. 01742).

I should mention that in the model, the enviromment is conceived to be
capable of supporting a limiting guantity of biota to which we ascribed the
value of unity, so that the amounts of each of the components as they vary
within the environment are correctly described as proportions. However, I
propose loosely to call these guantities, since proportions of ‘components
in a multi-component system has another meaning.

MODEL EQUATIONS

Host X:
dx/4t = RXX(I—(X + Y)) - (Dxx + an - Dxx~DnX) {i)

Host Y:

dy/dt = RYy(l—(x + Y)) - (Dyy + DY - Dyy-DnY) {ii)
Parasite x:
2

dx/dt = Rxx(x—x) (l—x(Axx+AyY)) - (Dxx+an—DXan ) (1i1)

Parasite y:

dy/dt = Ry(¥-y) (1-y(Ayy+A X)) = (D y+D y-D D, y°

¥ ) {(iv)
Dead tissue p:

dp/4dt = Rxx(x—x) (1—x(Axx+AyY))

2
{Dyx+D %-D D x“) (v)

Where X = amount of one host

Y = amount of second host

b4 = amount of X specific parasite

¥ = amount of Y specific parasite
RX’RY’Rx'Ry = growth constants

D_,D. = death rate constants for parasites
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death rate due to other causes
absorption constants for collectien of inoculum

amount of dead tissue.
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EXERCIBING THE MODEL

The model was first run using the parameters and initial amounts of the
4 components (Table 1) until the steady state was reached. I shall refer to
this as the first steady state. The values of the state variables at this
point are in column 2 of Table 2.

Perturbation of this first equilibrium by reduction of either host with
its attendant parasite from the equilibrium amount to its initial amount
resulted predictably in a temporary upsurge of the other host-parasite pair
due to reduction of competition, followed by recovery of the perturbed pair
and, after some strongly damped oscillations, return to the first steady
state. However, when the perturbation was more extreme, as when I reduced
one host to 1/108 cof its equilibrium value, something rather different
occurred. Removal of 1 host and its parasite to that low level allowed the
other pair to surge upwards as before. They reached a new steady level 120
time steps after the perturbation. This new level was maintained for a
further 880 time steps. I shall refer to this as the second steady state.
only after 1000 time steps nad elapsed since perturbation did the perturbed
component reappear in an amount sufficient to be distinguished from zero.
Then after a period of more or less violent oscillation, the first steady
state was restored.

Perturbation of the first equilibrium by reducticn of 1 parasite to
much smaller proportions, in all cases resulted in a temporary upsurge in
the corresponding host which was thus relieved of its parasite locad. How-
ever the parasite always came back again before any eguilibrium could be
attained so that after a few oscillations, the first steady state was re-
stored. Only by reducing a parasite exactly to zero could any other equi-

librium be demonstrated.

Table 1. Initial state variable and parameter values.

State variables Growth constants Other rate factors
X 0.01 RX 0.04 Dx 0.014
Y 0.01 0.035 D .
RY v 0.014
x 0.0005 R}'I 0.18 . Dn 0.009
y ¢.0005 R, 0.19 A, 0.05
0.05
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Table 2. Values of state wvariables in the first and second steady states.

State variable Steady state

=
[
n

£.01, Yi = 0.01
0.3353
0.2243
0.2072
0.1028

MM KM

0.4 x 10~

F

i=0.01, Yi

0.5137
.25 x 10
0.3853
0.46 x 10

WM <X
=]

6.4 1078, vi = 0.01

)
-
il

.21 x 10
.4516 .
62 x 1074

.3301

ST -
o o o o

MODIFICATION OF THE MODEL

May (1977) has presented curves for the rate of change of vegetation
biomass plotted against the amount of that biomass. The curve appears to be
parabolic, which is a natural consequence of plotting the first derivative
of data for a symmetrical sigmoid growth curve in this way. He has super-
imposed on this curve, a set of other curves for rate of removal of vege-
tation biomass by various fixed levels of grazing. These intercept the
parabelic curve at either 1 or 3 peints. At each intersection, grazing
removes vegetation biomass at the same rate as it is produced so that an
equilibrium appears to be indicated. May uses this diagram as a means of
emphasising his peint that multi-component systems may possess multiple
equilibria.

It ccocurred to me that it would be fairly easy to modify ocur model and
arrange its output in such a way as to resemble May's diagrams and so to
check whether we in fact have the possibility of multiple equilibria in our
model.

In order to simulate this situation it was first necessary to reduce it
to 2 components and that was done by setting the other host-parasite pair
to zero. Then in order to obtain a fixed level of parasitism to compare
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with May's fixed level of herbivory, I broke the feed-back link between
parasite and host. This was readily done by changing the left hand side of
equation (iii) from dx/dt to dp/dt. The initial value of x, amount of
X-specific parasite, which appears in eguation (i) was then retained as a
fixed value. We thus had a fixed amount of parasite reacting with a growing
host. The product of this interaction, which I called p, may be thought of
as dead tissue, neither living host nor infective parasite. The rate of
production of p was then eguivalent to the rate of removal of host.

A set of values for different fixed amounts of parasite was investigat-
ed. These, I have not superimposed on the 1 parabolic curve for the amcunt
of host because the amount of parasgite present itself hag an effect on the
host curve. Therefore 1 have presented them separately.

& pair of curves for each of 4 different levels of parasite is shown in
Fig. 1. The model operates dynamically sc that it actually begins at the
left with a small amount of host X aﬁd then progresses to the right. Even-
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Figure 1. Rate of growth of host (0) and rate of production of dead tissue
(4) plotted as a function of the amount of host present in a 2 component
model. Four different Fixed amounts of parasite were used: a 0.01, b 0.10,

c 0.20, 4 0.30.
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tually the host curve passes through an intersection with the curve for the
rate of formation of dead tissue, p, and then it continues to decrease
along the descending limb of the approximately parabolic course. Removal of
host tissue to dead tissue also continues past the intersection and the 2
curves cross but presently come together again at what I am calling a
confluence. At this point the rates of increase of host and of dead tissue
are virtually zero and we have what I believe to be the only equilibrium
for the system. In no case was there ever more than 1 crossover point,
contrary to the contention of May that there could be 3. Furthermere the
crossover point was never an eguilibrium. I have checked that deliberately
by setting the guantities to those obtaining at the crossover but the model
then moved away from that to the confliuence.

At the crossover points the 2 first derivates are egual but nonzero.
. Put another way, the rate of removal of host equals the rate of growth of
host but neither is zero. Yet these points are not equilibria. They are
not, because although the rates are equal they are sc only briefly. Both
are changing more or less rapidly so that their courses intersect and
continue beyond the intersection.

I use the term confluence to describe the circumstance where/the 2
curves approach each other and come to an end while coinciding. They do
this enly when both the net rate of growth of host and the net rate of

production of dead tissue become zerc.
EQUILIBRIA AND STABILITY

I now want to discuss a simple physical model. Consider a cubic prism
at rest on one of its faces on a stationary horizontal plane. We may cer-
tainly say that the cube is in equilibrium, is in a steady state and is
stable. The cube can be perturbed by tilting it. Because it is highly
stable it will return to its original state from guite large perturbations.
However if the limit of its equilibrium is exceeded it will assume a second
steady state, different from the first. We know that it can assume in all 6 ;
such steady states, resting on each of its 6 faces. Thus the cube is a !
system which has multiple eguilibria or steady states in each of which it :
is highly stable. The cube in fact possesses 20 other possible equilibrium
positions which are unstable states, 12 on the edges and 8 on the apices;
positions in which it might be balanced if one had sufficient patience and
skill. Civen a steady enviromment, a cube balanced in any of those 20
unstable positions might be said to be in a steady state or in equilibrium.

But it would be highly unstable, the slightest perturbation causing it to
revert to one of its more stable positions. ’

The point I want to make with this simple illustration is that stabili-
ty is quantitative and that equilibria and steady states exist which have
varying degrees of stability.
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In our 1972 paper, Chilwvers and I stated that 'the equilibria eventual-
ly arrived at are typical of the rate constants used in the model but are
quite independent of the starting proportions ... of the components'. This
statement is true only if the model has a unigue egquilibrium position.

In the present work some quite extreme perturbations were used and it
was found that some of these produced a new state which appeared to be
steady for a significant length of time. This second steady state was
virtually indistinguishable from that which the system assumes when one of
the hosts is reduced exactly to zero, from which of course neither it nor
its parasite can ever recover. However slight changes were cccurring, below
the level of resolution of graphic output but clearly visible in the numer-
ical results. These ultimately led to a return from the second state to the
original equilibrium. It is interesting to consider whether that second
state, which can be seen to have been transitory, should be called zn equi-
librium. Probably a decision con that-would depend on one's own time scale.
I1f this were a real system and the time steps were years, I helieve we
should all be happy to call it an equilibrium if we lived at any time
between about year 200 and year 800. Yet in the model situation with an
arbitrary time scale, we see that it is not a final equilibrium.

One might say that there is a risk that a steady state of such long
duration might be mistaken for an eguilibrium. Alternatively it might be
suggested that a steady state deserves to be called an equilibrium if it
endures for long encugh. In either case the crucial point would involve a
subjective decision about the length of the apparent steady state. The
dictionary meaning of 'equiliprium' is 'state of balance' with no gualifi-
cation as to the duration of this state. Yet there seems to be a tendency
in the modelling literature to reserve the term for situations which have
some element of permanency. Certainly if this were not done, if the term
could be used for any fleeting condition, it would not be of much value.

CONCLUSIONS

1 have argued that for the interacting pairs of rate curves of Fig. 1
it is not sufficient for the rates to be egual for an equilibrium to be
defined. It is also necessary that the net rates of change be zero. Egui-
librium occurs when the quantity of a substrate and the quantity of its
product become stationary, which is to say that their rates of change
become zero.

wWhether or not a system or a model system possesses multiple equilibria
depends at least to some extent on the definition of equilibrium. I have
concluded that a necessary condition for equilibrium is that the first
derivatives of the amounts of the components should be zero.

This must be regarded as an ideal state for in any real system or even
in a computer model if it is operated within realistic constraints of time
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and cost, exactly zero rates of change seldom occur. Rather they may seem
to approximate zero. Whether they will not continue to remain near zero or
tend away from it again may only be resolved if a great deal of observation
time is available. Meanwhile one may speak of the existence of an equilib-
rium although with the reservation that this may be transitory on some
other time scale.
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ABSTRACT

A mathematical model for a natural host-parasite system
with genetic coupling is developed. The genetic variances and
the heritability needed for predicting genetic gain in the
course of a selection programme are dependent on the actual
genetic state of the parasite population. The results suggest
that without detailed knowledge of .the evolutionary state of
the system, genetic improvement by artificial selection may not

be successful.
INTRODUCTION

In forestry a widely accepted method for breeding for resistance to
fungal diseases is started by selecting some parent trees with low infec-
tion within a heavily infected area. Controlled crosses with several tegter
trees are made and the progenies are grown in field tests and observed for
symptoms after artificial infection (Becker & Marsden, 1972; Bingham et
al., 1969). The measured variation is attributed to several sources, such
as additive genetic variance, dominance variance, etc., and the heritabili-
ties and genetic gains are calculated. An assumption underlying this breed-
ing metheod is that the genetié background of the disease-producing parasite
population does not change over time. But this assumption is unrealistic,
especially in reference to forest trees whose parasite populations may
reproduce up to several hundred times within one host generation. Thus
there could be a considerable change in the genetic composition of the
parasite population. Breeding for disease resistance differs therefore in a
fundamental way from breeding for characters such as frost resistance or a
high growth rate.

In this paper I present a model of a host-parasite system. The analysis
shows how artificial mass selection acts on the dynamic behaviour of the
system. The dependence of heritability and genetic gain of the character
'infection density' on the time and state of the system is demenstrated.
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Even though this model may no correspond in detail to any real host-
parasite system, it aims to clarify the inherent dynamics and may stimulate
discussion in order to improve the theoretical basis of reszistance breed-

ing.
THE MODEL

The model is an improved version of a similar model from Krusche
{1975), and is based on the work of Mode (1958), Person (1967), Groth &
Person {1977) and the 'genetic feedback' concept of Pimentel (1961). Con-
sider a closed host-parasite system with the following properties:

- The host and parasite are diploid and random mating with non-overlapping
generations and alternate reproduction.

- The host population carries a locus with 2 alleles, R standing for resis-
tance and r for susceptibility, R being dominant over r.

- The parasite population has 2 alleles on a corresponding locus, A stand-
ing for avirulence and a for virulence, A being dominant over a.

- The interaction of host and parasite is according to the gene-for-gene
concept (Flor, 1956). Whenever a parasite with an A-gene comes into contact
with a host possessing an R-gene, the parasite cannot reproduce. The re-
maining 3 possibilities result in successful infections of the host.

~ The absolute fitness of the host genotypes is a decreasing function of
the number of infections present on a host before reproduction.

In the following section R- denctes RR and Rr genotypes and A- denotes
AA and Aa genotypes, and relative gene frequencies are in brackets.

The fitness of the parasite genotypes on different host genotypes is:

Parasite
A- aa
Host R- 0 P2
Irr Pl P2

The total (net) fitness of the parasite population is
W, = (A=) (rrip) + (aa)p, (1)

1 = prO‘ with P0 the number
of parasites before reproduction. Let H, be the number of hosts in the

The number of parasites after repreduction is P

present generation, then o« = Pl/HO is the number of parasites coming into
contact with a single host, i.e. the parasite density.

The numbers of successful infections by different parasite genotypes on
different host genoctypes are:
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Figure 1. Fitness functions of the host genotypes.

Parasite
A- aa total
Host R- 0 w(aa} a(aa)
Irr " a{A-) o(aa) o

wWe assume the fitness functions: ny for a R- host and n, for rr hosts
as presented in Fig. 1.
The fitness of the host populaticn is

Wy = (R-)n; + (rr)n, (2)

THE EQUILIBRIUMN OF THE SYSTEM

The equilibrium condition for the system is met when the fitness of all
genotypes is 1. From (1) we have (¥, a, etc., are the stationary values):

rr P, =1, py =1, py > 1

The stationary value of the sﬁsceptibility gene frequency is fully deter-
mined by the reproductive properties of the parasite. A requirement for
the existence of an equilibrium is Py > l, i.e. a fully differential fit-
hess pattern of the parasite. The difference of the fitness of the A-
parasites on R~ and rr hosts must exceed the difference of the fitness of
the aa parasite on R- and rr hosts (Person et al., 1976).

From (1) we have the change in gene frequency for the virulence gene:

Aa

"

a%(1-a) (p,=(rr)p) /W,
a®(1-a)p, ((R-)-(RZD/W,

Accordingly, the evolutionary sﬁeed of the virulence gene is proportional
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to py and to the excess of the resistance gene freguency over the equilib-
rium value. The selective advantage of the virulence gene is positive when
the related resistance gene exceeds its equilibrium, which has been termed
the 'genetic feedback mechanism' (Pimentel, 1961).

The equilibrium condition for the R- gene is from (2): nl=n2=1. We
linearize n, and n, in the neighbourhood of the equilibrium:

1 2
n, = (a{aa) ~ cl)s1 + 1
n, = (o - c2)52 + 1

It follows that o = c, and aa = €1/Cy, Cp € Cy.

The equilibrium frequency of the virulence gene is determined by the
reproductive properties of the host population. The rr hosts have to sup-
port o infections on the average. R- hosts suffer only a fraction (aa)a
infections, but the decrease of fitness with increasing o is lower than
the decrease of fitness of the rr hosts.

A typical sample run is represented in Fig. 2. We notice that:

- The equilibrium gene frequencies for each population are determined by
the reproductive properties of the other population. 7

- Polymorphisms of the R- and A- genes are maintained in the system.

- The gene~for-gene concept allows negative genetic feedback.

- The highest evolutionary change in the gene frequencies is for medium
values, i.e. all genotypes are present in sufficient proportions.

HERITABILITY AND GENETIC GAIN

The selection of plants apparently low in infection as parents for the
next generation in a mass selection programme will increase the R- gene
frequency. aAs we do not know the exact state of the system, the conseguen-
ces may be guite different.

In our model the character to be improved by selection in the negative
direction is the number of infections per tree, i.e. the infection density.
It is a direct measure of the relevant economic damage to the host individ-
ual, and easy to assess. The genotypic values of the infection density for

the host genotypes are:

host genotype RR Rr rr

infecticon density a(aa) a{aa) o

Thus the R- genotypes are less infected than the rr genotypes, as we would
expect. We calculate the additive genetic and dominance variance v, and Vp
and assume that there is environmental wvariance Vg for the infection densi-

ty. h? denotes the heritability.
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Figure 2. A typical sample run of the system (pl:l.234, p2:l, cl=6.4,
02210). The time is measured in host generations.

v, = 2r°R o?(a-)?
VD = r2R2 az(A-)z
v, 219k a?ia-)2
n? = =
2 2 2
VA+VD+VE F“(R-) a” (A=) +VE

The phenotypic population mean of the infection density is

M = a{(R-)(aa) + (rr)}

The genetic gain divided by the standardized selection differential i

and the population mean M for mass selection is
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AG/i/M = h2 vp”i M,

vhere V_ is the phenotypic variance.

The additive genetic variance and the heritability are large for inter-
mediate gene frequencies of the R~ gene, and tend toward 0 for values near
0 or 1. Very important is the dependence of VA and h2 upon the evolutionary
state of the parasite population. For a very high virulence gene frequency,

VA and v, are very low. The reason is that the difference between the high

infection class (rrv hoste) and the low infection class (R- hosts)} decreases
with increasing virulence gene frequency. Furthermore all genetic variances
increase with the parasite density.

As a result there is a strong dependence of the genetic variances upon
the actual state of the parasite population. In Fig. 2 it is shown that for
the same phenotypic mean infection density M, different heritabilities and
genetic gains can be realized. Without knowledge of the internal evolution-
ary state of the system, the normal heritability may be a poor predictor of
the realized genetic gain from artificial selection.

CONCLUDING REMARKS

- The present model should be extended to several loci.

- A genheral quantitative genetic theory for the description of interacting
host-parasite systems should be developed.

- The influence of the breeding systems of the interacting populations is
very impertant for the dynamic behaviour of the system.
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Non-specific interaction based on polygenes

C. Person, R. Flemingl & L. Cargeeg
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ABSTRACT

Polygenically-based systems of host-parasite interaction
are expected by many researchers to exhibit: non-specificity;
stability; and constant ranking of host and pathogen genotypes.
This paper briefly describes a theoretical analysis that also
leads to these expectations. It also describes experimental
studies that have demonstrated the reality of polygenically-
hased pathogenicity for at least one parasitic system. For this
particular system (Ustilago hordei and Hordeum vulgare) the
experimental results suggest that polygenes are only part of a
total genetic system that includes major genes with which the
polygenes interact.

'Field resistance to disease is extremely common and appears to be the
normal type of resistance to those diseases which normally infect our crops
but do little damage. Tt appears to be evoluticnarily stable, not likely to
be upset by changes in the pathogen, and so should be the type of resis~
tance used by plant breeders... Field resistance appears to be polygenical-
1y contreolled, so that to overcome resistance, several gene changes may be
necessary by the fungus.' These statements are taken from a paper written
almost 20 years ago by C.M. Driver (Driver, 1962). The postulates they
contain have since received a great deal of attention: they have been
examined from the epidemiological (Vanderplank, 1963) and ecclogical
(Robinson, 1976) peints of view, and new terminologies have been introduced
{loc. cit.). It is now widely accepted that field, or horizontal, resis-
tance is stable, and that its stability arises from the fact that it is
non-specific and polygenically controlled.

The evidence on which Driver's postulates were based was, and has

1. Present address: School of Civil and Envirenmental Engineering, Hollister Hall,
Cornell University, Ithaca, N.Y., 14853, USA.
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remained, largely empirical. Much cof it originates from the history of the
late-blight disease (Phytophthora infestans {Montagne) de Bary) of potatoc.
To quote again from Driver's paper: 'A familiar example is the potato
blight fungus on non-immune varieties. These varieties can be rated in the
same order and with the same degree of infection as when first introduced
even though some are over one hundred years old. This is true throughout
the world, so that there is no evidence of potato blight varying the bal-
ance between it and the field resistance of commercial varieties over the
past century'. This guotation also presents the concept of 'common ranking'
which was subsequently amplified by Vanderplank and, later, by Recbinson.
Constant ranking is now regarded by many researchers as a distinguishing
characteristic of polygenically-controlled resistance.

The mechanisms that make for stability and for constant ranking of
polygenically controlled resistance are neither known nor understood.
Fleming & Person (unpublished) have examined this problem in a theoretical
way by assuming: (i) that resistance and pathogenicity were both non-
specific and polygenically controlled; and (ii) that for each of the 2
interacting populations the variability was continuous and of the kind
described by a normal curve. Since nothing is actually known of how these
agsumed polygenes would interéct, 2 different 'models' of interaction were
constructed (Fig. la, b). The normal curves in the upper part of each fig=-
ure represent the polygenically-based potential for enabling the disease to
develop. Each of the upper curves is divided (by 1, 2 and 3 standard devia-
tions from the mean) inte 6 classes to which are assigned arbitrary values
{ranging from 0 to 5, inclusive} that numerically represent the potential
for enabling the disease to develop. The numbers in the matrix represent
the levels of disease that are assumed to develop when hosts and parasites
interact. For the additive model (Fig. la) these 'realized' levels of dis-
ease are obtained by adding, and for the multiplicative model (Fig. 1b) by
multiplying, the numbers that were arbitrarily assigned. The bottom curves
describe the 'realized' levels of disease. For the additive model it was
shown mathematically: (i) that the 'realized' levels of disease would also
conform to a normal frequency distribution, and (ii) that a shift in the
mean of the distripution curve for 'potential' disease development, occur-
ring in either of the 2 interacting pecpulations, would result in a rela-
tively smaller shift in the mean of the curve that represents 'realized®
disease development. This reduction in effect has been labelled 'phenotypic
damping', it is thought to be a source for stability in polygenically-
determined systems. The multiplicative model was less easy to analyze:
the mean level of disease favoured host resistance and the effects brought
on by assuming changes in either of the 2 interacting populaticns were more
complicated. However, examination of the 2 contrasting models did support
the following general conclusion: (i) polygenically-based systems should
display constant ranking, and (ii) polygenically-based systems should be
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Figure 1. For these figures (la and 1b}, f(P) and f(S) represent the fre-
guencies with which individuals with varying levels of pathogenicity'(P) or
susceptibility (S) occur in parasite and host populations. Because of their
assumed polygenic determination these are represented as normal frequency
distributions. For the additivé model (Fig. la), where it is assumed that
the amount of disease is D = A + S, the matrix records the severity of
disease for the variocus indicated classes of host-parasite interaction. The
resulting frequency distribution for D, f(D), is ncrmally distributed. For
the multiplicative model (Fig. 1b), where it is assumed that D = A x 5, the
shape of the resulting frequency distribution for disease reaction, f(D).
depends on the parameters of the distributions for pathogenicity and sus-
ceptibility, and the distribution is one that would faver host resistance.

(Fig.'la was used, with our permission, by Robinson, 1976&.)
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relatively stable. This second conclusion depends on the assumption that
pathogenicity and resistance both correlate positively with repreductivity.
Thus the directions taken by natural selection in the 2 interacting popula-
tions will be diametrically opposed. (This conclusion is in disagreement
with Vanderplank's (1975) suggestion that the expected stability derives
from stabilizing selection operating independently in each of the 2 inter-
acting populations).

Although there have beenh numerous studies of polygenically-determined
host resistance, relatively little is known of polygenically-determined
pathaogenicity. At the University of British Columbia, Emara (1972) and
Emara & Sidhu {1974) have demonstrated that strains of Ustilago hordei
{Pers.) Kell. & Sw. differ in their pathogenicity toward susceptible
barley cultivars and that this variability is polygenically determined.
These experiments have been continued in cooperation with Dr. Caten at
Birmingham and, at least in 1 strain, the genes involved show additive,
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dominance and epistatic effects (unpublished data).

For the remainder of my talk I wish to describe another set of experi-
ments that illustrate the combined action of major genes and polygenes in
determining levels of disease development. These experiments also involve
U. hordei and take advantage of the fact that U. hordei forms an ordered
tetrad from which 4 'selfed' (and obligately parasitic) dikaryons can be
established. A 'selfing' that results in a 3:1 ratio identifies the 2:2
ratic of 'V' and 'v' gametes in the tetrad (see Table 1), and the identi-
fied 2:2 gametic ratio can be readily verified in a test cross. A large
number of gametes can thus be extracted from a single dikaryen, and for
each of these the genetic content (V and v) in relation teo the major gene
can be determined. Where pathogenicity is also determined in part by poly-
genes it is also to be expected that the gametes formed by a single di=-
karyon will vary in their content of polygenes. This expectation leads
to the prediction that the V- and v-containing gametes will vary in their
pathogenic behaviour, and that this wvariability will be polygenically
determined. To test this hypothesis the prediction was made that the V-
and v-containing gametes would show constant ranking (Table 2).

Table 1. The 3 kinds of tetrad, and the progeny obtained via selfing from
single teliospores, of a Vv dikaryon for which the original mating was

V+ X v-. Parental ditype (PD) and non-parental ditype (NPD) tetrads do not
segregate when 'selfed'. Tetratype (T) tetrads yield 3:1 (V-:vv) segrega-
tions that lead to identification of V and v sporidia.

Type of tetrad

PD NPD T
1 v* v vt
2 V+ V* V+
Sporidia 3 v v v
4 v I’a v
1 x 3 Vv Vv vV
Matings and 1 x 4 vv Vv Vv
tselfed! 2x 3 vv Vv Vv
progeny 2% 4 Vv vy vl

Segregation (V-:wvv) 4:0 4:0 3:1

a. This culture identifies the two v-containing and, by &xtension, the two
V-containing sporidia of the tetrad.
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Table 2. Expectation cof 'constant ranking' among dikaryons: when plus and
minus sporidia with varying numbers of polygenes (range 0 to 5) are ar=-
ranged in ascending series the resulting dikaryons (having 0 to 10 poly-
genes) are expected to show constant ranking in respect to their patho-

genicity.
Number of polygenes in '+!' sporidium

5

2 0 1 2 3 4 5
=]

1]

]

%‘5 o 0 1 2 3 4 5
&g i 1 2 3 4 5 6
"S’g 2 2 3 4 5 6 7
o 3 3 4 5 6 7 8
’5— 4 4 5 6 7 8 9
]

= - 5 5 6 7 8 9 i0

The results of a large experiment are shown in Table 3. Mathematical
analysis of these data confirm the expectation of constant ranking. Within
each of the 3 major genotypes (VV, Vv and vv) there is a considerable range
of pathogenicity attributable to polygenes. The analysis of variance shows
significant variation between the gametes in their contribution to the
pathegenicity of dikaryons. Hewever the analysis of variance also showed
significant interactions, detected in the VvV group and in one of the Vv
groups, which indicate that the polygenes governing pathogenicity do not
always act in an additive manner as assumed by the general theory of poly-
genes. These can also be seen by direct visual inspection of Table 3. with

use of sporidium 21B3+ the performance of VvV dikaryons was enhanced while
that of Vv dikaryons was reduced, whereas with use of sporidium 22G3+ the

opposite result was obtained. The genetic basis for these particular inter-
action effects is now being studied further.

So far as we are aware, the expectation of constant ranking among
gametes represents an approach to the analysis of polygenes that is entire-
ly new. The method is, of course, restricted to organisms such as U. hordei
for which it is posgible to establish gametic cultures. The method has
yielded results which add support to the conclusions that were reabhed
earlier by using the traditional approach,

To summarige: polygenically-based systems of host : parasite interac-
tion are expected by many researchers to display 2 important characteris-
ticg, viz. constant ranking of host and pathogen genotypes, and stability.
Although a good deal is known of polygenically-based host resistance, rel-
atively little is known of polygenically-based pathogenicity, and almost
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nothing is known of how polygenically-based systems of host and parasite
would actually interact. Constant ranking has received very little study,
and the mechanisms that would lead to stability have vet to be discovered.

our experimental studies have demonstrated the reality of polygenical-
ly-based pathogenicity for at least one parasitic system. These studies
suggest that polygenes are only part of a total genetic system that also
includes major genes with which the polygenes interact.

our theoretical analysis leads To the expectation that polygenically-
based systems will show constant ranking, and that such systems will be
relatively more stable than those that are based exclusively on major genes
and specific gene-for-gene interaction. However, there is both practical
and theoretical investigation to support the view that major genes couid
be used more efficiently than they have been in the past.

our overall conlusion is that the question of major vs peclygenes is
still an open one that requires extensive study. At this particular peint
in time it seemz that both kinds of resistance (if indeed they exist sepa-
rately) are valuable, and that for both kinds of resistance the objective
should be to breed for genetic heterogeneity rather than for a monoculture.

I
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Monoculture versus mixture: interactions between susceptible and resistant
trees in a mixed stand

Hans M. Heybroek

"Dorschkamp" Research Institute for Forestry and Landscape Planning, Wageningen, the
Netherlands

ABSTRACT

The use of diverse genotypes is an effective way of spread-
ing risks. For this purpdse, a mosaic of pure stands, each
consisting of a single genotype, may be adequate under certain
conditions. Mixed stands may offer a bonus if and in so far as
an interaction between resistant and susceptible trees in a
stand will reduce damage by pest, disease, wind, etc. A survey
of such interactions and the mechanisms involved is given with
regard to diseases, including Fomes annosus, Nectria cinnabari-
na and Lophodermium pinastri. Beneficial effects for the sus-
ceptible partners in the mixture as well as harmful effects for
the partially resistant partners are noted. The net effect for
the stand is dependent on many factors, including the damage
threshold. Consequences for testing designs are mentioned.

INTRODUCTION

In the decisions to either plant or avoid stands of mixed genotypes,
many considerations must play a role. Pure stands of a single genotype
often may cost less to establ;sh, tend and harvest, they may promise to
produce more timber of a higher value, they seem to require less silvicul~
tural expertise. There may be no alternative to a pure stand in cases where
only one resistant or locally adapted genotype is available.

Monocultures are, however, widely believed to attract diseases and
pests and to be more vulnerable than mixed.stands, especially in the long
term. Multiclonal varieties have been regarded as a means of deploying not-
too-resistant clones (Schreiner, 1965). Further, mixed stands may have the
advantage of offering a more varied scenery and, under certain conditicns,
of giving a higher production (Heybroek, 1978}.

Meonocultures have health hazards that come in 3 forms: first they may
constitute a large, undivided risk, and it may be better to spread risks;
second, the concentration of suséeptible plants per se might increase the
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disease rates of the individuals, while the interaction between neighbours
of different susceptibility might reduce those rates; third, monccultures
might stimulate the eveclution of new, more virulent or aggressive forms of
the parasite. This paper deals briefly with the first aspect and concen-
trates on the second.

Mixing of different species that serve as alternate hosts to the same
rust (or aphids, etec.) has profound but evident effects and will not be
discussed here.

The severity of some diseases is considerably affected by the microecli-
mate in the stand. Mixing of species may influence disease severity in
either directicon by influencing the microclimate. This effect will not be
discussed either.

SPREADING THE RISKS

The notion is widely accepted that the exclusive use of a single geno-
type (e.q. clone) over a large area entails an enormcous risk: if the clone
fails for any reason, the failure couid be total over the entire area, thus
causing almost insurmountable problems for the management of theé forest and
for the industries depending on it. It seems mere acceptable to have 10
clones, each on one tenth of the area: even if the chance of failure of
any of these is 10 times as great (supposing that each has the same chance
of failure as the earlier monopolist clone) the prospective damage is only
one tenth and can be much better absorbed. It is the wisdom of not putting
all eggs in one basket. It is the philosophy of insurance: many small risks
are less serious than a single big risk that could radically destroy con-
tinuity. Spreading the risk is a good commen sense precaution.

From this limited point of view, there is little advantage in individ-
ual mixtures: planting 10 blocks of 1000 ha with 1 clone each would spread
the risk just as effectively as planting 10 000 ha with the mixture of the
10 clones.

The individual mixture may have an advantage, however, if compensation
occurs: compensation being the process in which the neighbours fill the gap
caused by a failing tree, thus increasing their own production and more or
less compensating for the loss. Thiz mechanism may be particularly effec-
tive if the failure occurs early in the stands' development and if initial
spacing was narrow. On the other hand, if 2-5 clones fail, the mixed forest
would become defective over the entire area. That loss is less easy to
handle than if the failing clones had been planted in pure stands, which
could be salVaged and replanted.

These considerations might apply particularly to poplar planted at
final wide spacing, which reduces the effect of compensation, and grown in
short rotations. The latter silvicultural trait is among those mentioned by

Kleinschmit (1979) as reducing the need for mixing.
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A relatively safe situation may exist even when monoclonal stands are
used, provided the number of clcnes used per region is not small, provided
the clones have varying backgrounds, and provided they are backed up by a
wide array of experimental clones which are being kept under test for
different sites and which form a reserve from which cld clones can be
replaced when failing for some reason (Heybroek, 1981).

THE EFFECT OF INTERACTIONS

This section deals with the question of how far the damage tc a suscep-
tible plant is decreased if it is surrcunded by resistant instead of sus-
ceptible plants. It seems important to study the mechanisms involved.

Trees with different levels of resistance are found mixed in:
~ stands consisting of different tree species, differing in resistance;

- stands consisting of a seedling population of 1 species with variation
in resistance;

- stands consisting of clonal mixtures, varying in resistance;

- stands in which trees of 1 species of different ages are mixed, while
susceptibility to the disease in question is limited to a narrow age-class.

This means that experience gained with traditional 'mixed stands' can
be used to understand and perhaps to predict what will heppen in a clecnal
mixture. However, in spite of the customary interest by foresters in the
advantages and disadvantages of mixed stands, literature does not abound
with well-documented examples of diseases that are much more serious in
pure than in mixed stands. A case often cited, having the charm of the
exotic, concerns Hevea brasiliensis {Willd.) Muell.: this species is said
te be severely damaged by leaf disease if grown in pure stands in South
America, but to be mainly healthy in the neighbouring virgin forest where
it occurs singly between other species (Boyce, 1954)}. The search for
examples is complicated by the fact that in.the older literature, examples
were collected and used mainly to prove or disprove the idea that diseases
etc. are bound to be more serious in 'unnatural' stands than in 'natural’
ones (Boyce, 1954; Peace, 1962, p. 18).

The disease process can be divided in 2 phases, and in both neighbours
can play a role. In the first phase, the individual host-tree must be
reached by the parasite, and in the second, the parasite must multiply or
spread on or in the hest until the damage-treshold is reached.

Reaching the host

In the first phase, in which the host is reached by the parasite, 3

groups of cases can be distinquished.
1. In one group of cases, the host needs to be reached only once: once the
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parasite has reached the tree, it can survive and spread in it or on it.
This applies for example to perennial cankers, wood inhabiting fungi, etc.
The presence of resistant neighbour trees can have a delaying effect,
which may or may not be of practical use, as illustrated in the following
examples:
- The chestnut blight spread quickly through most of the area of Castanea
dentata (Marsh.) Borkh., scarcely differentiating between pure and mixed
stands. Some outlying stands or individuals escaped at first, but even
isolated trees, planted in the Midwest of the United States, far outside
the natural area of the species, were finally reached and succumbed.
- The perennial canker of beech, caused by Nectria ditissima Tul., was a
rarity in the original mixed coppice-with-standards in north-eastern
France. It increased to epidemic levels after these forests were converted
te pure even-aged beech woeds (Perrin & Vernier, 1%79). Apparently, under
the old regime, the presence of many non-hosts allowed even susceptible
beeches to escape infection.
- Several tree diseases spread through live root grafts; for some, even
mechanical root contact is sufficient (Epstein, 1978). Among them are oak
wilt, Dutch elm disease and Fomes root rot. It seems plausible that plan-
ting tree species susceptible to these diseases in mixtures with resistant
individuals, of the same or of other species, will greatly reduce this type
of spread cf the disease. Indeed it has been shown that both oak wilt
(Epstein, 1978) and Fomes root rot (Rennerfelt, 1947) are much less severe
in mixed than in pure stands. From the models in Fig. la-c it appears, that
the use of 50 % resistant trees is enough to virtually stop the spread from
one focus, provided transmission cccurs between neighbours only. Roots may,
however, extend much further than the crown of the tree, making root con-
tacts possible among trees that are not direct neighbours (Stiell, 1970;
Eis, 1978). If root contacts occur between diagonal neighbours in 50 ¥ of
the cases, reduction in infection is still considerable (Fig. 1): in the
same time required to infect 20 trees in the pure stand, only 5 trees would
be infected in the 50 % resistant stand. In the models of ¥Fig. 1, systemat-
ic mixing was more effective than randem mixing. The protective effect will
clearly diminish as the roct systems range wider, and tends to disappear
when the initial infection is higher, that is, when the number of foci in-
creases. There is also an age-effect as the relative range of the root sys-
tem changes with age (Fis, 1978) and as mixtures of different species tend
to be more difficult to maintain with increasing age. Perhaps the possibil-
ity of reducing the incidence of these diseases through mixed plantings
should be explored further. It may be difficult to find non-hosts that can
be mixed in without silvicultural problems, but even the admixture of par-
tially resistant hosts, that is trees through which spread is slower, might
give a worthwhile reduction cof disease in the stand.
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Figure 1. Spread of disease through root contacts; assuming that all direct
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bourships; over a time period sufficient for two diagonal transmissions.

330



2. In a second group of cases, diseases that require an annual reinfection
from outside, the poplar rusts Melampsora medusae Thuem. and M. Jlarici-
populina Kleb. can be taken as examples. In these, the fungus often has

to come from far. A mixture of susceptible poplars with some nen-hosts
might at best cause a minor delay in the first infection and the onset

of the build-up of the epidemic. This effect may be even non-existent

if the whole stand is infected at the same time by a cloud of spores.

{(The effect of mixing on the build-up of the epidemic is discussed in

the next section.)

3. Between these 2 groups, Nectria cinnabarina (Tode) Fries provides an
intermediate case. Pathogenic strains of this fungus form annual cankers
that continue to sporulate for 1 or 2 years. For a successful infection,
wounds must be present at the right time of the year and under the right
weather conditions. Genetic resistance occurs. If genotype, condition and
environment of the host are favourable for disease development, a single
tree can reinfect itself vear after vear; if not, the tree will lose the
parasite for few or many years until a new colonization occurs. Then, a
larger closed population of host trees is needed to maintain a lécal popu-
laticn of the pathogenic strain of the fungus. & single such tree, sur-
rounded by non-hosts, might remain free of infection for many years as the
fungus did not happen toc reach it at the right moment.

For this intermediate category, in which a tree may shed or lose the
parasite for some time until the next recolonization, parallels can be
found in the island-theory of MacArthur & Wilson (1976). These authors,
comparing the numbers of animal species present of islands of different
size and at éifferent distances from the mainland, conclude that the chance
for extinction of a species on an island increases as the island is smaller
and as the possibility for recolonization decreases where other islands or
the mainland are more remcte. Chances for extinction also depend on the
size of the population: all populations fluctuate in size over the years,

a small population can easily disappear completely in such a fluctuation.
Now, the groups of host-trees may be regarded as ecological islands in a
'sea' of non-hosts; local extinction of the parasite on the group of host
trees might in critical cases depend on the size of the group, and on the
distance from the 'mainland', the source of reinfection. It further depends
on the intensity of attack on the hest cr the amount of parasite present on
the single tree: the 'population size'.

Returning to Nectria cinnabarina, it can be expected that at low levels
of disease, a mixed stand of host and non~host trees may lead to better
health of the hosts. Matters are complicated, however, hy the fact that
pathogenic strains can survive for scme time as saprophytes. Local extinc-
tion of N. cinnabarina is pursued artificially by the nurseryman who prac-
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tices sanitation rigorously. Once the nursery is ‘clean', many susceptible
moments will not lead to infection because of the absence of the parasite.

In forestry practice, this mechanism of local extinction of and delayed
recolonization by the parasite seems of limited value, as it may reguire
the reduction of the proportion or number cof host trees to a level that is
not intereéting economically. '

The build-up of a parasite population

Once the parasite has found the host tree, generally a build-up of its
populaticn is needed before the disease can reach the damage treshold. Here
again, resistant neighbours may have an effect on the outcome of the pro-
cess.

The classical and successful example is the multiline in oats, as
described by Browning & Frey (1969). It consists of a mixture of several
separate host-parasite combinations, in which host A is compatible with
parasite race 1, and B with 2, etc., but not A with 2, nor B with 1, etc.
Thus the spores of 1 generated on A and landing on neighbour B, will be
ineffective and lost for the epidemic on A, and vice versa. Thus the build-
up of the population of parasite 1 on the component A will be based on a
severely diluted spore cloud, so that the build-up is delayed considerably.

The concept cannot be simply copied for all host-parasite combinations.
Success depends on whether a reduction in the density of the spore cloud
will be sufficient to delay the build-up of the population, and whether
this delay will be sufficient to reduce the damage to the host. Then, size
is important: the individual cereal plant is small, long and narrow, so
that spores produced con it have a fair chance of landing on neighbouring
plants. In comparison, the crown of a single tree provides a large volume
of leaves with the same genctype. In the crown, a small epidemic could
develop independently, unaffected by the présence or absence of a résistant
neighbour tree.

The multiline is developed to employ vertical resistance. In forest
trees, however, within 1 species, mainly some degree of partial, horizontal
resistance can be found. A priori, mixing such trees does not look promis-
ing. More effect might be expected from mixing highly divergent genotypes:
hosts and non-hosts, different species.

Certainly, not any mixing of trees with different levels of resistance
will be beneficial. Althcough it might be hoped that the presence of the
more resistant would somehow protect the less resistant plants, the reverse
may happen as well: the less resistant plants may act as disease spreaders,
overcoming the resistance of the more resistant partners. An example of the
latter possibility is given by Maslow (1970, page 62):

"white elm (/. laevis) suffered in the prefecture Rostov, Ukraine, much
less .from Dutch elm disease than field elm (¥U. carpinifolia), at least in
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the earliier years of the epidemic. In plantings of the first and second
growth class, where up to 100 % of the trees [of field elm, see page 61]
got infected, no more than 7 % of the white elms died.

The condition of white elm was dependent on the abundance of spore
infection and of stem damaging insects, the latter being dependent on the
presence of field elm in the immediate neighbourhood of white elm: in all
stands where white elm occurred In mixture with the severely diseased
rield elm, dying of white elm was of much higher significance, in cases
even nearly total." (Italics by H.M.H.)

LOPHODERMIUM PINASTRI

some idea of what can happen when hosts with varying degrees of partial
resistance are mixed can be gained from data on needle cast caused by
Lophodermium pinastri {Schrad. ex Hook.} Chev., collected in the Dutch
programme on genetic improvement of Scots pine (Sguillace et al., 1972,
1975; Kriek & Bikker, 1973).

In ohe eXperiment, 14 Dutch provenances were compared with 4 German
provenances under severe disease-conditions. The experiment contzined 3
replicate blocks: each single plot consisted of 5 rows, each of 60 plants;
spacing 1.50 m between rows and 1.20 m in rows. In each block, provenances
were randomized. Four and eight years after planting, mortality and growth
were assessed. The provenances clearly separated intc 2 groups: after 8
vears, the German provenances suffered an average mortality of 45.5 ¥%;
the Dutch provenances varied slightly around an average of 20.1 %. Mortal-
ity could be primarily attributed to needle cast, though Armillaria mellea
(Vanhl.) Quél., present throughout the area, accelerated the dying of
weakened trees.

Plots of the 'resistant' provenances,when situated next to a pleot of
the 'susceptible' provenances (Fig. 2) showed a slightly significant higher
mortality. The influence of the susceptible plots was not evident beyond
the width of one neighbour plot, that is 10.5 m. Unfortunately, the limited
number of susceptible provenances did not alliow assessment of the reverse
effect, that is, a possible lower disease rating in susceptible plots bor-
dered by resistant plots.

Fig. 2 is based on assessmentg by Kriek & Bikker (1973), following the
method that Sguillace et al. (1972) had used with earlier data. For each
plot of a resistant Dutch provenance, the deviation of its disease rating
from the average provenance rating was plotted against its distance from a
susceptible German plot. This showed that on average, a plot of a resistant
provenance had a 6.5 % higher disease rating than the provenance average if
it was adjacent to a susceptible plot., The more remote plots, necessarily,
had a slightly lower disease rating than the provenance average.
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Figure 2. Disease ratings after attack by Lophodermium pinastri in plots of
relatively resistant provenances of Scots pine, in dependence on their
distance from the nearest plot of a susceptible provenance (based on data
in Kriek & Bikker, 1973).

v

It was possible to study both effects, however, in a large scale half-
sib test of 294 Dutch plus trees of Scots pine. Needle cast was assessed 7
vears after egtablishment of the test, using a scale of 1 through 7, based
on the presence of needle spots and on loss of foliage. The highest rating
represented dead trees. The test consisted of six 7 x 7 lattice squares,
each containing 4 replicates. One of the lattice squares, containing 49
families, was analyzed in detail for needle cast occurrence. Interaction
between resistant and susceptible families was evident when the ratings of
the 4 corner trees of the 4 x 4 tree plots were compared with those of the
4 inner trees. The inner trees were always surrounded by their own kind;
the corner trees, however, by trees of other families. It was found that
corner trees of resistant plots had higher average disease ratings than the
inner trees, as they were mostly surrounded by trees of more susceptible
other families; the reverse was true for the susceptible plots, while there
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Figure 3. Average disease ratings (Lophodermium pinastri on Pinus silves-
tris) of 'corner trees' over 'inner trees' (see plot diagram) of the 4
plots of each of the 49 half-sib families in Experiment 2 of the progeny
trial. The field ratings: 1 = healthy, 7 = dead, are converted to 0-100%.
RL: hypothetical slope (= 1) if the differences between inner and corner
trees were independent of resistance of families. o = median score for the
(relatively) 'resistant families', e = median score for the 'susceptible
families'. In the former group, the inner trees are less diseased, in the
latter group, they are more diseased than the corner trees. After Squillace
et al., 1972.

was no difference between corner- and inner trees in the average families
(Fig. 3).

If the resistant families of Fig. 3 as a group are contrasted with the
susceptible families as a group, the data of Fig. 3 can conveniently be
represented in a diagram like Fig. 4. In this "mixegram', disease ratings

(ordinate) can be given for a resistant host in pure stand (left-hand
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Figure 4. Disease rating (Lophodermium pinastri) for a group of resistant

families (x) and susceptible familiegs (o) of Scots pine grown in mixtures
of different proportions {--- extrapoclations).

side), for a susceptible host in pure stand (right-hand side) and for each
of them grown in mixture in any proportion. The line for the resistant
family group shows that the inner trees, which represent a more pure stand
situation, are less diseased than the corner trees which represent a more
mixed stand situation. The actual position of the line in the graph, and
thus its slope, is dependent on some assumptions about the reach of this
neighbour effect: even the inner trees may be affected to a certain extent
by plots of different susceptibility in the periphery.

Fig. 4 is derived from Fig. 3 as follows. In Fig. 3 in both the rela-
tively resistant and susceptible group, the median score was drawn. Then
the median disease rating of the corner tree and of the inner tree of ei-
ther group could be read on the ordinate and abscissa respectively. These
were converted into percentage (1 = 0 %, 7 = 100 %), giving the values on
the ordinate in Fig. 4.

Some assumptions had te be made in order to assign to the corner trees
and inner trees certain values on the abscissa. It was assumed that the
influence of a neighbour tree is propertional to the square roct of its
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distance from the tree in guestion. This means that, if the surrcunding
trees are regarded as standing in concentric rings around the tree in ques-
tion, the influence of rings farther out decreases quickly in spite of the
fact that they contain more trees. The ratio of the influence of the first
3 rings (of 4, 4 and 12 trees) to that of the following 3 rings (of 16, 20
and 24 trees) is 9 to 4. This proportion is even increased if not only dis-
tance, but also interception or a filtering effect is considered to reduce
the influence. It could be assumed, rather arbitrarily, that interception
is 0 % for the first ring (direct neighbour), 20 % for the second ring,

40 % for the third, 60 % for the fourth, 80 % for the fifth, 90 ¥ for the
sixth. By doing so, the ratio of the influence of the first 3 rings tc that
of the following 3 rings is 7.4 to 1.1. Rings further out play a minute
role. Under these assumptions, a tree surrounded by no more than 3 rings
of its own kind, would still score 7.4/(7.4 + 1.1) x 100 % = 87 ¥ on the
abscissa.

The half-gsib test contained families of all levels of susceptibility,
not just two. A corner tree, e.g. in a resistant plot, has in its first
ring of 4 neighbours 2 of its own kind, and 2 'others' of 2 different fami-
lies. These are samples of the entire population: 'resistant', ’average'
and 'susceptible' families. In a simplifying approximation the 'others' are
regarded as consisting of 50 % 'resistants' and 50 % 'susceptibles'. The
situation is then reduced to a mixture between 'resistants!' and 'suscepti-
bles', or 'own kind' and ’'the different kind'. The composition of the vari-
ous rings of neighbours can thus be identified as to 'own' and 'foreign';
this is multiplied by the 'weight' or the relative influence of the ring,
and values of the different rings added. Using higher interception-factors
than in the above example (0 %, 50 %, 80 %, 90 %), the result is that cor-
ner trees would be influenced 72 % by their own kind and 28 % by the oppo-
site kind, while for the inner trees the relation would be 97 % versus 3 %.

A size-factor is also apparent here: when the stand is fully grown,
each plot of 16 trees will be replaced by 1 large tree, which will thus be
situated at the 50-50 point on the abscissa of the mixogram. Altheough this
tree could still be influenced by its neighbours, the entire situation of
disease, susceptibility, spore flight and stand climate would be different,
which would probably reduce the effect.

It is thus clear that a 'neighbour effect' does exist. From these data,
it can even be predicted that in the more resistant families a further
decrease in disease rating can be obtained by planting the tree in an indi-
vidual mixture with a non-host, as was reported by Fischer (1957).

CONSEQUENCES FOR TESTING DESIGNS
A closer inspection of Fig. 4, and a tentative extrapolation of the
lines shows several points of interest. Apparently, when grown in an indi-
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vidual 50:50 mixture, the differences in disease ratings between the resis-
tant and susceptible families would even be smaller than now. On the other
hand, when grown in pure stands, the resistant families would be less dis-~
eased, and the susceptible families more diseased than the 'average obtained
in this test field. In a test field such as the one under consideration,
the resistance of the relatively resistant families tends to be underesti-
mated, and this effect will be greater when the plots are smaller. This
bias is well-known in agricultural plant breeding (Parlevliet, 1975, 1979).

Squillace et al. (1972) discuss the merits of different test designs.
As they found the disease may have a partially unexplained 'patchy' pat-
tern, they would like randomized individual tree plots with many replica-~
tions and wide spacing. Alternatively, to reduce interacticns between fami-
lies, they suggest rather large sguare plots (4 x 4 treeg and more), in
which only the interior trees are measured. Intermediate blocks would be
undesirable. Isocolation rows of a relatively resistant family between plots
could also reduce interactions between families.

A similar but reverse effect is recognized in the testing for growth
rate in forest tree breeding, as differences in growth rate between clones

or families tend to be overestimated when plots are small.
The use of mixograms

In Fig. 4 it can be seen that the negative influence of the mixture on
the resistant partner is similar to the beneficial influence on the suscep-
tible partner. How would this change if a more resistant partner would be
invelved? Such plants would be less affected by the spores produced by the
susceptible plants, their line in the graph would drop and become more hor-
izontal. At the same time, as the resistant trees would contribute less to
the spore cloud, the line of the susceptible group would tend to descend
more steeply. The parallellism in Fig. 4 would be lost, the new graph would
approach that of a mixture between a host and a non-host, On the other
hand, if the susceptibility of the susceptible partner was increased, its
line in the graph would rise and tend to become more horizontal as mixing
with resistant material would tend to have less effect.

Thus the 'mixogram' may be a useful toocl for visualizing the effects of
mixing genotypes. Mixograms were tentatively sketched for some of the exam-
ples of host~disease combinations given above (Fig. 5). Note that in the
case of the multiline, the pathogens for the 2 hosts are different.

A mixogram by itself, giving eonly biological information, cannot tell
whether a certain mixture is advantageous or not. This will depend not only
on the economic or other value of the partners in the mixture, but also on
the level of the damage treshold (Fig. 6). If the damage threshold is high,
at A, the 50:50 mixture is very advantageous as the disease rating of the
susceptible host is reduced to below that level. If the damage threshold is
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Figure 6. The effect of different levels of the damage threshold on the
economic acceptability of mixtures of hosts with partial resistances. See
text.

intermediate at B, mixing is of little use as the resistant partner remains
good, the susceptible poor. If the damage threshold is low at C, the mix-
ture is unadvisable as damage can only be avoided by growing the resistant

partner in a pure stand.
CONCLUSIONS

1. In discussing the health haéards of pure stands, arguments stressing the
danger of the undivided risk should be kept separate from those stressing
that disease incidence must be higher in pure stands.

2. Broad generalizations on the effect of mixing of genotypes on the health
of a stand or its components are dangerous. The effect may be different for
each disease, site, host or case. Mixing may even he detrimental.

3. The mixing of a host with a non-host, which often means mixing different
species, may have more effect than mixing hosts with partial or horizontal
resistance, but it may entail greater silvicultural problems.

4. Mixing should be done consciously, after a study of disease and host has
allowed the prediction that mixing is advantagecus. Blind mixing will only
in rare cases lead to useful reduction of disease incidence.
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5. Mixing of genctypes is a poor substitute for breeding for resistance in
forest trees.
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What is a safe number of clones per plantation?
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ABSTRACT

This paper discusses the following concepts: that a forest
plantation is at risk from a great variety of possible physical
and biotic events, many of which cannot be anticipated, and
each has its own different probability distribution of damaging
a particular population of trees; that management, through its
decisions on planting density, thinning schedule, and salvage
operations, can influence the amount of damage or mortality
that a plantation can sustain and still be managed economical-
ly; and, that cross-adaptation of a short-generation pest may
be more likely among many clones than among few unrelated
clones. Some of the (perhaps unexpected) conclusions from
analyses emplcying these concepts are: that monoclonal planta-
tions are freguently the best strategy; that mixtures of 2 or 3
clones are fregquently the worst strategy, and are rarely or
never the best; that mixtures of a large number of clones are
as safe as seedling plantations; and, if planting density and
subsequent silviculture allow damage or mortality at levels
comfortably above reasonable expected risk, then wmixtures of
modest numbers {7725) of clones appear to provide a robust and
perhaps optimum strategy.

INTRODUCTION

The ¢guestion is simple and clear. The answer, it seems, is not. This
paper will address some aspects of the problem of assessing risk when
clones are used in production plantations.

Many thoughtful people have considered that a forest plantation of a
single clone is less 'safe' than a plantation of seedlings (Goodman, 1975;
Marshall, 1977; Singer, 1979). If the clone is susceptible to some physical
event, such as drought, cold or wiﬁd, then a single such event may destroy
or seriously damage the entire plantation. Worse, fastbreeding diseases or
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insects, over several of their generations, may adapt more closely to a
single widely-planted clone than to the greater diversity of phenotypes in
a seedling plantation (Day, 1974). Janzen (1970) used part of this argument
to explain species-level diversity in tropical forests.

Planting a single clone cver large areas has been done, and with some
success. It provides operational simplicity, and may also maximize genetic
gain (Appendix Comment 1). Perhaps the mest notable forestry example of
monoclional plantings is provided by poplar clone I-214. But even this
unusually successful clone has encocuntered serious difficulties, not all of
which were perceived at the time of planting (Heybroek, 1978; Herpka &
Guzina, 1%$79).

There has been, particularly in poplar culture, some resistance to
planting mixtures of clones (Kolster, 1978; but see Schreiner, 1971 and
earlier). However, seedling plantations of forest trees are usually mix-
tures of many different genotypes. Thus, the idea of intimately mixed
genotypes in a plantation is hardly new or untried in forest practice.

THE PROBLEM

The relationship between risk and genetic variation in a plantation or
forest is frequently presented as in Fig. 1. If such a figure is correct,
one conclusion is clear: the more clones in a plantation, the safer it will
be.

Clonal forestry offers many genetic and management advantages (Ehren-
berg, 1977; Libby, 1977; Lindgren, 1977; Heybroek, 1978), and thus many
tree-improvement programs are exploring the clonal option (Wilcox et al.,
1976; Kleinschmit & Schmit, 1977; Lepistd, 1977; Roulund, 1977; Werner,
1977; Libby & McCutchan, 1978; Rauter, 197%). In considering clonal forest~

Risk

Number of Clones (Genotypesi in the plantation

Figure 1. Schematic relationship between genetic variation and risk (after
Kleingchmit, 1979).
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ry, managers are asking: 'What is safe enough?' and 'How many clenes pro=-
vides that level of safety?'.

At this point, the central problem seems to be a balancing of the gains
obtainable with one, or few, or many clones against the risks associated
with that number of clones. It is freguently assumed that both gain and
risk are maximum with 1 clone, and minimum in a seedling forest. This paper
will explore both ends of Fig. 1, and will suggest that both ends may be of
a different shape than as shown.

AN APPRCACH TO THE PROBLEM

Disasters certainly happen, even in the safest of muiti—species seed-
ling forests (Bormann & Likens, 1979). Diseases such as blister-rust have
done enormous damage to seedling forests of western white pine, and chest-
nut blight has driven the American chestnut to virtual extinction. It is
unlikely that any clenal strategy we might devise would have protected
such forests or species against such disasters. Let us, therefore, consider
such general disasters as outside the topic of this paper {(Burden, 1977).

Some damage and mortality are both normal and acceptable in most for-
ests grown as renewable resources. It is up to forest managers to decide
what level of damage and mortality is acceptable, and to plan plantation
spacings and thinnings accordingly (Appendix Comment 2). What managers wish
to guard against is exceeding some unacceptable level of loss, rather than

attempting to minimize the ioss per se.
AN EXAMPLE

Let us first take a simple case (Appendix Comment 3). As a thinking
framework in this example, and in the remainder of this paper, let us
consider the composition of plantations of 2 ha or more in size. Consider
some single physical event that, if it occurs, seriously damages or kills
some proportion of the trees in the general population (say 10 %), but does
little or no damage to the reméining 90 %, which are rot susceptible to it.
Management has previously decided that continuation of a plantation with
losses greater than 25 % would not be economic.

If such an event cccurs in a plantation of genetically-diverse seed-
lings, drawn from the general population, about 10 % of them are badly
damaged or killed. The other 90 % are sufficiently well-formed and healthy
so that they are acceptable within the management plan, and management of
the plantation continues.

Given that there has been no selection affecting resistance to this
event, there is a 10 % chance that the genotype in a single-clone planta-
tion .is susceptible. If it is not susceptible, most or all of the trees
sustain little or no damage from this event. If it is susceptible, then
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most of the trees are killed or seriously damaged. For susceptible planta-
tions, this is a disaster, and monoclonal plantations are (in this case)
more likely to sustain unacceptable losses than are seedling plantations.

In a 2-clone mixture, if the cleones are not related, the probability
that both are susceptible to thig event is 0.0l1. However, one or the other
of the 2 clones is susceptible in 18 % of such mixtures, and if so, about
50 % of the plantation will be killed or seriously damaged if the event
occurs (Appendix Comment 4). (Since many live trees are still on the site,
but undamaged trees are not in sufficient density to be effectively man-
aged, management may view 50 % damage and mortality as a greater disaster
than if all trees in the plantation had been killed.) A 3-clone mixture is
even worse, with a 0.27 probability of more than 25 % of the trees being
damaged or killed by this one event. (Furthermore, the second and third
clones in the mixture are probably susceptible to scme events that little
affect the first clone, thus further increasing the chance of unacceptable
loss in a mixture of 2 or 3 clones, compared tc a monoclonal plantation of
any one of them.)

Now consider a plantation that is a mizture of many small clones. (For
instance, each clone may have 10 members dispersed in the plantétion, and
thus there are 1/10th the number of genotypes in such a plantation as in a
seedling plantation of the same size.)} If the clones came from a broad

genetic base, and their selecticn was not correlated with susceptibility to

the event, then the occurrence of the damaging event produces similar
results to those in seedling plantations. About 16 % of the trees are
killed or badly damaged, and about 90 % suffer little or nc damage. Manage-
ment can continue.

Probability
.31
27
1
Q=== e ——m — m e — s — e -1 0
1 2 3 4 5 In n

Number of Clones [Genotypes) in the plantation

Figure 2. Probability of unacceptable loss, given a single physical event
to which 10 % of the tree genctypes are susceptible, and a maximum accept-
able loss level of 25 %. Plotted only for 1-5, n/10, and n clones.
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Fig. 2 plots the probabilities of lcsses exceeding 25 ¥ from such a
10 %-probability physical event, for the 5 points we have explored, and for
mixtures of 4 and 5 clones. Under the concept of 'acceptable loss', Fig. 2
departs from Fig. 1 at both ends. Under the conditions described above,
there is no increase in risk of unacceptable less, compared te a seedling
plantaticn, asscciated with using a large number of clones. Furthermore,
mixing a very small number of clones is more likely to result in unaccept-
able loss than is a monoclonal plantaticn. Both of these results, if gener-
al, have important implications for the practice of clonal forestry.

GENERALIZATION FOR PHYSICAL EVENTS

Binomial algebra was used to calculate the probabilities in the above
example. It allows only 2 classes. Surely there will be some genotypes that
sustain intermediate levels of damage, or that are seriously damaged in
some circumstances but not in others. Fig. 3 presents 4 sets of curves for
different susceptibility levels in the general population, and for 6-8
levels of unacceptable loss. These curves where chosen to illustrate sever-
al generalizations derived from many such curves. They were generated by
1 000 teo 10 000 random numbers drawn from each of various sets of weibull
distributions (Johnson & Kotz, 1970)}. (Tore Skrgppa, of NISK, greatly
aided in programming and statistical interpretation.)

The following interpretations were used when analyzing the probability
curves generated by samples from the Weibull distributicns: A sampled clone
with value 1.0 meant that all members of that clone were killed or serious-
1y damaged; 0.0 meant that all members were undamaged, or were only damaged
to some acceptable degree; 0.3 meant that 30 % of the members were killed
or sericusly damaged, but the remaining 70 % were damaged to some accepte
able degree or were undamaged. (A sample value of 0.3 was not, however,
interpreted to mean that the clone sustained a 30 % loss in value or in
growth ... Appendix Comment 5.) 'Seriously damaged' meant that, because of
the damage, the tree would be removed at the next thinning, or that manage-
ment would consider such a tree no longer likely te coatribute to an eco-
nomic harvest. 'Acceptable damage' meant that the tree could be economical-
1y managed to rotation, and that if such a tree were removed in a pré—har-
vest thinning, that decision would be based on spacing and other consider-
ations in addition to considering the damage sustained. In short, the
weibull distributions and samples from them allowed us to generate percent-
ages of trees per cione and per plantation that would still be considered
economically manageable after some damaging event(s).

The analyses of the Weibull samples included distributions that are
normal, skewed, and (by truncating and summing both tails) bimocdal. The
mean value in each distribution is defined as the Risk tc a Random Genotype
in that circumstance, hereafter called RRC. Repeated samples of 1, 2, 3 or
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more clones were drawn from each distribution and tested against varicus
levels of Maximum Acceptable Loss, namely the highest loss level that
management has planned for or is willing to accept, hereafter called MAL.
The following generalizations seem possible and appropriate:

1. At least 3 factors strongly influence the probability of having a
manageable plantation after some damaging event(s): (a) the shape of the
distribution of damagexsustained by random genotypes (clones) in the popu-
lation; (b) the ERG; and (c¢) the relationship of MAL and RRG, i.e., MAL -
RRG or perhaps MAL/RRG.

2. If MAL is less than RRG, then the prcbability of exceeding MAL, 1if
the event(s) occcur, is 1.¢ in plantations of seedlings or of mixztures of
many clones. Monoclonal plantings provide the best strategy in this situa-
tion. Note that the probability of even monoclonal plantings exceeding the
MAL is generally higher than the RRG (it eguals RRC if the population is a
mixture of 100 % resistant and 100 % susceptible genotypes, with no clones
sustaining only partial loss, as in Fig. 2). See the upper portions of the
graphs in Fig. 3.

3. If MAL - RRG is about 0.2 {or more) ... or if MAL/RRG is about 1.7
(or more) ... i.e., if the maximum acceptable loss level is comfortably
higher than the risk, then mixtures of 7-15 clones {(or fewer) will provide
a probability of less than 5 % of exceeding the MAL level. See the lower
portions of the graphs in Fig. 3. In these circumstances, such mixtures are
safer than monoclonal plantations, and almost as safe as mixtures of many
clones or of seedlings.

4. When RRG is only a little less than MAL, larger numbers of clones
in mixture are necessary to reduce to a negligible amount the probability
of the plantation sustaining unacceptable loss. See the central portiens of
the graphs in Fig. 3. However, this apparent mathematical reduction with
large numbers of genctypes may be misleading. RRC near MAL is a marginal
gituation, and if such damaging event{s) occur, the decision to terminate
or continue management is very close in plantations of seedlings or of many
clones in mixture. A mosaic of small monoclonal plantations may be the
better option in such cases, as the risks to individual clcones tend to be
more dispersed, both below and above the MAL level. While some or many may
be destroved, moncclonal plantings of the clones that prove to be resistant
will remain available for centinued effective management.

5. If there is little difference between clones in average damage
sustained (characterized by a distribution with a single mode and a small
variance), then c¢lonal strategies are not very effective. They do appear
simple. I1f MAL is greater than RRG by even a modest amount, then mixtures
of 5-10 clones are about as safe as mixtures of a large number of clones or
of seedling plantations. If RRG is similar to or greater than MAL, then
moncclonal plantings offer the best chance of having some economically
manageable plantations if the event(s) occur.
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Figure 3. Curves showing probability of unacceptable loss, given a single
physical event to which 0.423, 0,325, 0.152, and 0.044 of the genotypes in
the general population are susceptible (RRG). The curves indicate the
probability of plantations exceeding maximum acceptable loss (MAL) levels
of 5%, 15 %, 25 %, 35 %, 45 %, 55 %, and, for the higher RRGs, 65 % and
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75 %. These are typical of the curves produced with numbers drawn at random
from various Weibull distributions of clonal damage levels. The particular
distributions producing each of these 4 sets of curves are indicated on the

right side of each graph.
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6. When most clones are either highly resistant or highly susceptible
to an event (the distribution is bimodal), and MAL is greater than RRG,
then mixtures of 2 (and sometimes 3 or more) clones are often more likely
to sustain damage exceeding the MAL than are monoclonal plantations. (Re-
call that a second event intensifies this effect.)} The closer RRG is to
MAL, the greater is the number of clones whose mixture has a higher proba-
bility of exceeding the MAL than a monoclonal plantation drawn from the
same group of clones. However, if MAL is greater then $.5 (i.e., 50 %
sustainable loss) and also exceeds RRG, then monoclonal plantations are
always the worst option, and an increase in number of clones in mixture
leads to a fairly continuous decrease in the prcbhability of exceeding the
MAL. See lower curves in the graphs in Fig. 3.

7. At higher RRG (greater than about 0.35) it takes mixtures of more
clones to reduce the probability of egceeding the MAL to a negligible level
than it does at lower RRG {less than about 0.25).

It seems likely that selection of well-adapted clones will lower the
average risk to such genotypes below RRG. But this effect may be smaller
than one might hope, due to the uncertain and complex nature of the risks.
It is possible that ecclogical gradients in risk will affect regional
strategies. Taking species diversity as a cue (Goodman, 1975; Burdon,
1977), RRG appears lower at high latitudes and increases toward the
tropics. The major contributors to this increasing REG appear to be biotic
{Janzen, 1970).

BIOTIC EVENTS

Biotic events can be more complicated than physical events (Harper,
1977). For instance, Day (1974} listed 19 variables that affect the coloni-
zation and subsequent spread of a pest, and which may result in an epidem-
ic. Underlying at least some cf the developmént that follows is a concep-
tual model of genetic influences on host resistance to colonization and
susceptibility tc damage, and on pest host-range, virulence, and aggres-
siveness, that includes several alleles at each of several locli (nct neces-
sarily of egual importance)} for each characteristic (Brown, 1975; Groth &
Person, 1977; Marshall, 1977; Griffiths, 1978).

Given the background of all these variables, and their much larger
nunber of possible interactions, Fig. 4 attempts to schematically and
simply present 2 important processes, the coclonization and subsequent
genetic adaption of a pest to a single clone. Using the same probabilities
for ceolonizing ability as for the above simple physical example, there is a
90 % chance of the clone being resistant (colonization fails) and a 10 %
chance of it being susceptible. However, unlike the physical event, if the
insect or disease successfully colonizes a plantation, its subsequent
generations may evolve, and in more than one way (Barrett, 1978).
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Phenotypic Array of Trees
-—

> ' . Pest Colonizing Ability

a b (Host runge:'

Figure 4. The top portion of the figure represents the phenotypes of clone
1 in a monoclonal plantation, arrayed with respect to susceptibility to a
particular pest. If the colonizing ability of a pest includes the ability
to colonize clone 1, it will become established and may adapt increasingly
precisely to that single host (pest a) (weclfe, 1978). However, if the
invading pest has the host-range of 'bh', it will not establish in a mono-
clonal plantation of clone 1. (It should be ncted that the phenotypic array
of the host population is probably not the same for pests 'a' and 'b’,
particularly if they belong to different species.}. s

Phenotypic Array of Trees
b — 1k Pest Colonizing Ability

a c b

{Host range)

Figure 5. 1t is possible that clcone 2 will be increasingly safe from attack
by pest a, as pest a adapts more precisely te the interplanted clone 1
(Appendix Comment &). Clones 1 and 2 will both escape colonization by pest
b. But pest ¢ could cclonize and damage clone 2 if it invades the planta-
tion, thus raising the overall probability of damage exceeding 25 % in the
Zz-clone mixture.

If the pest colonizes a large menoclonal plantaticn, it may adapt
increasingly precisely to that clone. This may create an epidemic more
severe than would have occurred (or that might not have occurred at all) in
a genetically-diverse seedling population (Day, 1974). Thus, it appears
that a large moncclonal plantation is wmore likely to sustain serious dam-
age, compared to a seedling plantaticn, during bioctic events than during
physical events.

Using the same probabilities in a 2-clone mixture, 90 % of the time the
insect or disease preadapted to colonize one clone will not be preadapted
to colonize the second. Furthermore, as the pest adapts increasihgly pre-
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cisely to the one clone, it may be less able to colonize, or will be less
virulent (or aggressive) on, the second clone {Fig. 5) (Edmunds & Alstad,
197v8) (Appendix Comment 6}. However, following the same logic as with phys-
ical events, the risk of unacceptable loss (in this example, 25 % or more)
is greater with 2- or 3-clone mixtures than with a monoclonal plantation.
And, as indicated in Fig. 5, a second clone is probably susceptible to
pests that cannot successfully attack the first clone, further raising the
overall risk of an unacceptable loss in a 2-clone mixture.

In a seedling pilantation, the adaptation of an insect or disease popu-
lation following successful colcnization may follow a different course than
that described above for 1 c¢lone or in a mixture of very few clones. While
there are no 2 genctypes identical in most seedling plantations of forest
trees, there are many that are very similar. These form a genetic continuum
within the plantation population. If the pest has successfully colonized
10 % of the trees, the pest populatioh is unlikely to adapt narroewly to
only 1 of those genctypes, but will itself probably maintain substantial
genetic diversity (Day, 1974). It is possible (even likely) that over
several of its generatidns it will continue to adapt to phenotypes similar
to those just successfully attacked. Thus, in each generation, some members
of such a pest population can successfully attack trees {genotypes) resis-
tant to previous generations of the pest (Marshall & Pryor, 1978). Before
the epidemic runs its course, it may infest and significantly damage or
kill many more than the 10 % of the seedling-origin trees initially sus-~
ceptible to it, and thus exceed higher MAL levels (Fig. 6).

The result will be little different in a plantation consisting of many
clones, each cloned only a few times. This produces the relationship on the
right side of Fig. 7.

Thus, 2 rather different genetic possibilities are suggested with a
short-generation pest. With 1 or only a few clones in a large plantation,
the pest may adapt increasingly closely to the clone it successfully'colo-

HR— Initial Pest Colonizing Ability

Incremental adaptation to similar
— phenotypes in subsequent
generations of the pest
Figure §. Colonization of 10 % of a population of seedling origin, followed
by incremental adaptation and spread of the pest to initially-resistant
trees (wolfe, 1978).
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Figure 7. Relative probabilities of unacceptable loss, given a sustained
biotic event to which 10 % of the tree genctypes are initially susceptible,
continued adaptation by the pest, and a maximum acceptable loss level of
25 %. Because of the 2-step nature of biotic events, colonization followed
by adaptation, probabilities cannot be accurately identified with our
simple assumptions. ‘

nized, with an increase in virulence on that clone and a reduced likelihood
that it can colonize initially resistant clones (Wood, 1980). With very
many clones or a seedling population, the pest may maintain and even in-
crease its genetic variability, such that it can adapt to successfully
attack previously resistant trees, although perhaps with reduced virulence
as the epidemic spreads (Groth, 1976; Wolfe & Barrett, 1977; Edmunds &
Alstad, 1978; Gould, 1979).

This suggests an interesting possibility. There may be mixed planta-
tions with enough clones to acceptably spread general risk, but with suffi-
cient genetic differences among the clones so that cross-adaptation of a
narrowly-adapted pest is unlikely to continue to many of the other clones
in the plantation. The lower number of clones in such a mixture is influ-
enced by the MAL decided by management. If protection against cross-
adaptation is attainable, the upper number would be influenced by the
number of clones that can be included in a plantation and still maintain
genetic dissimilarities among them sufficient to impede continuing cross-
adaptation by a narrowly-adapted colonizing pest (Fig. 8).

The theoretical models of Marshall & Pryor (1979) give some hope that
this is on the right track. Their theory is developed for homozygous lines
in the host {(most forest-tree clones will be highly heterozygous), and they
particularly wish to guard against the evolution of a 'super race' of pest,
able to attack all lines. Their several models ugse different assumptions on

353




gene action, and achieve some generality - i.e., it appears better to have
few lines, all differing in many alleles, than to have many lines, each
differing by only a few alleles from some of the other lines in the mix-
ture. The somewhat different models of Groth & Person (1973) also support
thig view.
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Figure 8. (top) Pest a would be able to colonize between 0 and 3 clones
(depending on where in the host phenetypic array it is initially adapted)
if only i2 clones are mixed, as in the upper plantation. The genetic dis-
tances between most of these 12 clones appear great enough so that little
cross-adaptation of this narrowly-adapted pest is likely to occur. (middle)
If the piantation mixture includes 23 additional clones, then colonizatien
by pest a seems almost certain if it invades, and substantial cross-
adaptation seems possible. (bottom) The clone phenotypic arrays and pest
colonirzing abilities may be more realistically shown in more than 1 dimen-
sion. The above 2-dimensional illustration allows greater distances between
the 35 clones in the mixture, with less apparent probability of pest cross-
adaptation, even though its initial host-range includes about 10 % of the

population.
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Figure 9. Probability of unacceptable loss, given a combination of physical
and biotic events of various kinds, and a maximum acceptable loss level
that is not too low. Region I - b is characterized by an increasing proba-
bility that an unacceptable proportion of the plantation will be killed or
seriously damaged, as the number of clones in mixture is increaged from I
to b. The size and shape of region b - ¢ is sensitive to management's
judgement concerning the proportion of the plantation that is designed to
allow damage, mortality, or eventually be thinned. Region ¢ - d is where
some protection against cross-adaptation by dynamic pest populations may be
afforded by mixtures of relatively few dissimilar clones. Region d - n is
essentially flat, offering about the same safety and risk as a population
of n seedlings.

INTEGRATION OF PHYSICAL AND BIQTIC EVENTS

Without specifically identifying numbers other than I and n, a graph in
the general shape of Fig. ¢ may be predicted for a mixture of unknown
damaging events. If the gain maximum is not at 1 clene {Appendix Comment
1), but at or near the number associated with the minimum risk of exceeding
acceptable less, then decision-making becomes easy.

SOME SUGGESTED GUIDELINES

The relationships developed in Figures 3 and 9 now allow a few guide-
lines to be considered.

1. Management may chcoose MAL levels that are very low, where most
trees planted are expected to be harvested, When such MAL levels are ap-
plied to genera with known biotic or physical wvulnerabilities, such as
Populus (Schreiner, 1971), i.e., when the reasonable expectation of RRG is
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higher than the MAZL, then moncoclonal plantings appear to be the best strat-
egy. 1t seems prudent to use several different clones in a mosaic of mono-
clonal plantings, so that an entire enterprise is not incagacitated by one
or a few damaging events (Kolster, 1978).

2. The higher the acceptable loss level that management is willing to
assume, the more flexibility it will have in choosing a 'safe' number of
clones. This argues for planting a relatively high number of trees per unit
area, with a need to thin several times during development of the planta-
tion. In the absence of significant mortality or damage, it allows the
forester to select and favor those trees growing best. If sericus damage or
mortality occurs, thinnings will remove damaged and malformed trees, and
adjust spacing to favor the best of the survivors.

3. Several factors argue for mixtures of relatively few clones. These
include: the possibility of mixing highly=-selected well-known complementary
clones to increase unit-area productivity; easier and more efficient nurs-
ery management; and the possibility of reducing cross-adaptation of narrow-
ly-adapted pests following colonization. A mosaic of different mixtures in
a region may have additional beneficial effects with respect to the first
and third of these factors (Ehrenberg, 1977; Libby, 1977).

4. Much plant-breeding work attempts to create crop mixtures based on
known virulence and resistance genes in the host and in specific pests
{wolfe, 1978). This, particularly if the multiline is bred for agronomic
uniformity, has a tendency te reduce background variability in the crop
with respect to other unanticipated events or epidemics (Day, 1974; Wolfe &
Barrett, 1977; Marshall, 1977). wWith the long generation and rotation times
of forest trees, it appears wise to avoid a strategy that concentrates on
breeding for resistance to a specific set of known problems. It may be
better to develop a strategy that includes protection of the plantation
against unknown problems {Allard & Hansche, 1964).

5. Heybroek (1978) properly noted that it should be possible tc main-
tain a higher proportion of unusual recomkinants and divergent genotypes
clonally than can be repeatedlg produced in populations of sexually recom-
bined seediings. As a strategy for dealing with unidentified possible
digasters, strict pedigree control from a broad genetic base appears to be
a gooed approach, with the added restriction that all clones be well-adapted
to the site (Kleinschmit, 1979). One could construct rules against more
than a certain number or proportion of clones from the same family being in
the same clonal mixture.

6. If there is validity in the above lines of reasoning, it would be
ugeful if laws and quidelines affecting clonal forestry would avoid pre-
scribing or encouraging either too many or too few clones per plantation
(Marshall, 1977; Wolfe, 1978; Fowler, 1979/80). As an ea;ly guess, 2 or 3
clones in mixture is too few, and in many cases is worse than a ﬁonoclonal
plantation. Numbers near 30 or larger substantially erode the possible
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advantages in point (3) above. Only 1 clone per family should be allowed in
mixtures of fewer than about 30 clones.

Finally, a mixture of clones from 2 or more species shculd reduce pest
cross-adaption not only between the species, but within each of the spe-

cies, since fewer clones from each species can be used.
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APPENDIX COMMENTS

1. There are at least 3 alternative concepts bearing on the question
of productivity per unit area (Harper, 1977). At issue is the nature of
biotic interactions between neighboring trees. One alternative is that some
'hest' clone produces more per unit area in pure monoclenal culture than
does any mixture of clones (Kolster, 1978). A second is that genetically
identical neighbors make similar demands on the site at about the same
times; but that neighboring trees with complementary genotypes interfere
which each other less, and use the site better than the best of them in a
monocleonal planting (Allardé & Hansche, 1964; Challinor, 1968; Wolfe, 1978;
Kleinschmit, 1979). Included in this second alternative is a possible
interaction between the plants and the host-specific insects and diseases
that damage them (Chilvers & Brittain, 1972; Burdon & Chilvers, 1974;
Marshall, 1977). It should be noted that much of the evidence now available
on the relative performance of mixtures and their components in pure plan-
tings is drawn from agronomic crops, selected to grow as pure plantings
{Marshall, 1977), rather than from populations of plants (such as trees)
that grow and have evolved in genetically diverse populations (Harper,
1977}. The third alternative is that productivity per unit area is con-
stant; that ohe tree's gain is a neighbering treefs loss; and that, if the
trees are adapted to the site, about all a tree breeder can do iz change
the allocation of excess photosynthate within selected trees. The second
alternative is appealing, and suggests that on preductivity grounds alone,
a mixture of a few well-understood excellent complementary ciones will be
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more productive than a monoclonal planting of the best of them. At sguare
spacing, the minimum mixture with no identical neighbors is of 5 clones; at
hexagonal spacing, of 7. .

2. Levels of acceptable loss may be different at different stages of a
plantation's development. For example, in a young plantation, management
may accept a higher percentage of damage or mortality before thinning than
following thinning. Later in the rotation, when some of the dead or damaged
trees can be effectively salvaged, a higher percentage of loss may again be
acceptable.

3. More than 1 damaging or potentially damaging event may be expected
during the life of a plantation. Some of the examples and calculatiens in
this paper take this into account. Others simplify the problem by summing 2
or mere independent events over the genotypes they affect. However, one
event may change the probability of a second event occurring, or change the
severity of its damage. This seems équally true for plantations of seed-
lings and of clones, and therefore, is largely ignored in the development
of this paper. )

4. Even with a physical event, the presence of a neighboring genotype
may change the probabilities of damage. For instance, a windfirm clone may
bhe damaged by falling members of a clone susceptible to windthrow. Or, the
damage in a drought-susceptible clone may be intensified by neighboring
drought-resistant trees if they extract scarce water from the soil with
greater effectiveness.

5. When interpreting curves such as those in Fig. 3, one may consider
less in value or growth, rather than percentage of manageable trees. Such
losses may be general in a clone or plantation. For instance, a defeoliating
caterpillar or leaf rust may reduce average growth 30 %, with individual-
tree losses in growth varying from 20 % to 40 %, and with no trees killed
by that pest or free of attack and damage. A clonal strategy seems of
little help in such cases. If the levels of growth loss that do or do not
allow continued management can be identified for each tree by foresters on
the ground, then this can be treated as in the main paper.

6. In grains, perhaps because of the size, shape and short lifespan of
individual plants, there is evidence of protection of susceptible plants by
interplanted resistant lines (Browning & Frey, 1969; Burden & Whitbread,
1979), which usually includes a reduction of susceptible-host density
{Burdon & Chilwvers, 1977), both effects leading to reduced rates of patho-
gen spread. Such protection effects are influenced by the number and per-
centage of resistant lines and plants (see, for instance, the manipulative
experiments of Luthra & Rao, 1979). However, Heybroek (1978) argued that
the large size of tree crowns and long rotation times would greatly reduce
such an effect. Within-tree variability must also be considered. A success-
ful attack on susceptible portions of a tree (say, shade leaves) may allow
the disease or insect to build population levels that can adapt to or
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overwhelm more resistant parts of the tree. Adaptation across physiological
states within a single tree, or among members of a c¢lone occupying differ-
ent local environments, is very much like adaptation among similar geno-
types. Finally, if the population size of a pest population attacking a
susceptible clone becomes large, it may generate mutants, unusual recom-
binants, or cverwhelming numbers, that then successfully colonize
previously-resistant neighbors (Browning & Frey, 1969; Dietrichson, 1969;
Day, 1974; Groth & Persen, 1977; Barrett, 1978; Edmunds & Alstad, 1978).
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Balance in indigenous plant populations

1

A. Segal™, IJ. Manisterskil, J.A, Browningz, G. Fischbeck® & I. wahll

ABSTRACT

Studies in various parts of the world have shown that in
undisturbed natural ecosystems, diseases of indigenous plant
pepulations caused by indigenous parasites are seldom destruc-
tive. The prolongeéd host-parasite coevolution associated with
reciprocal selection pressure culminates in a state of balanced
polymorphism. The ‘'‘protection of indigenous