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PROPOSITIONS

. Although not stated by the authors, the results by Rowe & Sequeira (1969)

also imply that resistance to Pseudomonas solanacearum in Sclanum phure ja
is very complex and epistasis is important in the inheritance of
resistance,

{Sequeira, L. and P.R, Rowe,1969. Selection and utilization of
Solanum phure ja clones with high resistance to different strains of
Pseudomonas solanacearum. Am.Potato J.46:151-162.)

. To protect potato against Pseudomonas solanacearum, resistance to bacterial

wilt alone is not adequate,

. Genetic engineering may be able to provide a general type of resistance to

Pseudomonas solanacearum by inserting the cecropin production encoding gene
into the potato genome. Such resistance, however, may not be durable.

. The genes bringing about the resistance to Pseudomonas solanacearum in

potato are mot true genes for resistance in the context of gene-for-gene
relationship.

Strain specificity in the potato-Pseudomonas solanacearum relationship is
a reflection of strong host genotype x environment and/or pathogen genotype
% environment interaction.

. Sclentists can be either generalists or specialists. A good specialist may

be either an inventor or a policy maker. A good generalist may often be a
policy maker, but hardly an inventor.

. True beauty is something very natural and appealing to every one. Any

beauty that is vulnerable to discrimination among people is not a true
beauty.

. The level of development of a nation or a country can be judged, among

other things, by the amount of packaging and printing materials it wastes
per unit of time and per unit of population.

. Human survival depends on agriculture for food supply. Agricultural

development, however, can not lead any nation to prosperity.

.One’s identity depends on one's contribution to one’'s community, but

belongs to one's people.

.Chocolate is consumed most where cocoa is not grown.

Pham X. Tung

1992



De publicatie van dit proefschrift is mede mogelijk gemaakt door een financiéle bijdrage
van het LEB fonds (Landbouw Export Bureau)

P.S. Dit inlegvel behoort bij het proefschrift "Genetic aspects of resistance to Pseudomonas sclanacearum
EF Smith in potato” door Pham Xuan Tung



ABSTRACT

The genetic control of resistance to Pseudomonas sclanacearum in potato is
complex and may involve both genes with major effects and genes with miner
effects. However, no evidence of a gene-for-gene relationship between the host
and the pathogen has been as yet documented. Strain specificity in the
potato-P. solanacearum pathosystem is of the polygenic guantitative type and
is probably a reflection of differential adaptation of host genotype and
pathogen genotype to environments. Thus the resistance is chacterized by
strong host x pathogen X environment interaction and tends to break down
whenever faced with environmental conditions the host is not well adapted to,
Expression of the resistance is heavily dependent on the adaptive potential
of the carrier host genotype to a particular environment. Under heat stress
conditions, heat tolerance strengthens expression of resistance. Interaction
between genes for resistance and genes for adaptation was evident. In the
ipheritance of resistance, both additive and non-additive gene actions are
significant. The relative magnitudes of the estimates of genetic wvariance
components indicated that non-additive gene effects are more important. The
narrow-sense heritability of resistance is low, but broad-sense heritability
is relatively high. This indicates that clonal selection would be successful
in developing clonal cultivars, but progress in population improvement would

be slow.
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Chapter I

GENERAL INTRODUCTION



Bacterial wilt (BW), caused by Pseudomonas solanacearum E.F. Smith, is one of
the most destructive bacterial diseases of many crop plants belonging to over
35 families (Kelman, 1953) in the tropical, subtropical and warm temperate
regions. Major economic hosts are tomato, potato, tobacco, pepper, eggplant,
peanut, hanana and ginger. Losses of up to 90 % in peanut (Machmud, 1985}, 95
% in tomato, 80 % in eggplants and 50 % in tobacco (Agati, 1949) have been
reported. High disease severity is mostly observed under warm humid growing
conditions. For most of the pathogen strains the optimum temperature for

disease development is between 25-35 °C.

For the potatoes, BW 1s considered the second important disease in the
troplcs after late blight (Phytophthora infestans (Mont.) Bary). Losses of up
to 70% have been reported (Singha, 1985). The disease tends to become a major
obstacle in the expansion of potato production into the lower elevation areas
where high temperatures are prevalent and environmental conditions are most

inducive for disease development.

The most ceommon practical control measures are crop rotation and use of
clean planting materials ( Persley et al, 1985; Vander Zaag, 1985; and French
1988). Field after flooded rice (Acasio et al.,1983; and French, 1988) and a
five-month bare fallow (Jackson et al.,1979) are also suitable for planting
potato in the lowland tropics. Chemical control has not been proven to be
economically and practically feasible and effective against BW (Enfinger et
al.,1979; and Katayama et al.,l984). The use of microbial antagonists, such
as fluorescent pseudomonads, Bacillus polymixa and spontaneous avirulent
mutants of P. solanacearum for biological control seems promising ( Kempe &
Sequeira, 1983; Geels & Shippers, 1983; Aspiras et al.,1985; and Ciampi-Panno

et al, 1989), but has not yet gained any practical applicationm.

The use of resistant cultivars is probably the simplest and the most
ecconomical way of controlling the disease, especially in areas where
cultivated lands are limitted and cultivation is intensive. However, this
approach has been successful in some cases , but not in others. The resistance
tends to break down under warm temperatures ( Sequeira, 1979; Schmiediche
1985a & b; and Schmiediche & Martin, 1983). Strong host-pathogen-environment

interactions in the potato-P. solanacearum pathosystem has been a major
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challenging problem in breeding potatoes for resistance to wilt. Over the last
two decades, the problem has not been solved and resistant materials have been
gaining limited use mostly in restricted highland areas, where BW is usually

not at high pressure ( Schmiediche, 1985b).

As no reliable resistance is found in the common potato, Solanum tuberosum
L. (Thung, 1%947; and Nielsen & Haynes, 1960), breeding for resistance to BW
during the 1970's had been concentrated on exploitation of the resistance
derived from a few diploid 8. phureja Juz. & Buk. clones (Sequeira and
Rowe,1969; and Sequeira, 1979), The resistance, however, has been shown to be
very unstable due to its major drawbacks: strain specificity and temperature
sensitivity (Sequeira & Rowe, 1969; Sequeira, 197%; French & De Lindo, 1982;
Schmiediche, 19852 & b; Schmiediche & Martin, 1983).

Despite the many efforts made to search for and to breed for a more stable
type of resistance , little is known about the genetics of resistance to wilt.
A genetic model of three independent dominant major genes (Rowe & Sequiera,
1970; and Rowe et al., 1972) does not seem to fit the complex situations of
host-pathogen interaction. A series of later experiments gave contradictory
results which do not support the hypothesis (Sequeira, 1979). More recent
practical observations show that expression of resistance probably depends on
the adaptability of the resistant host genotype to a particular enviremment
( Kloos & Fernandez, 1986; Schmiediche, 1985a; and Tung et al., 19%0b). Under
hot conditions, certain heat tolerant potato clones, mnot known for any
resistance, tend to display a higher level of resistance than those with some
resistance known a priori ( Schmiediche, 1985a; and Tung, unpublished). Genes
for adaptation are seemingly involved and the resistance seems to be much more
complex than it was initially thought. The contradictory results of genetic
investigations by Rowe and co-workers and involvement of genes for adaptation
(Tung et a21.,19%0b) indicate that resistance is probably polygenic in nature.
Acosta & Obrero (1978) also showed that resistance to BW in diploid S. phureja
is a polygenic trait rather than being under a simple genetic control.
Preliminary evidence from the breeding program at the International Potato
Center (CIP) alco indicates that BW resistance in some of the wild Solanum
species is probably polygenic (Schmiediche, 1985b). Although practical
breeding keeps going on and some encouraging results have been obtained

(Schmiediche, 1985 a & b), more research is needed to fully characterize the
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genetic aspects of the potato-P.solanacearum relationship., Detalled
understanding of the genetics of the pathosystem is necessary For development

of a general and durable type of resistance to BW.

The investigations described in this thesis deal with several genetic
aspects of resistance to BW in the tetraploid potato. Resistance to wilt is
derived from different source species and evaluated either separately or as
being pooled together in a common genetic background of a clone or a
population. Chapter II gives a brief review of the most recent achievements
published in the liturature regarding the genetic aspects and mechanisms of
pathogenicity of the pathogen and of resistance in the host. Chapter III
demonstrates how important a heat tolerant genetic background of potato clones
is for expression of BW resistance under heat stress conditions and its
stability over environments. Chapter IV describes the effects of heat
tolerance genes, resistance genes and cytoplasws on expression of resistance
to BW in F, segregating populations. Chapter V shows that BW resistance in
potato is in fact a partially dominant character with significant non-additive
gene effects which are important for expression of resistance. Chapter VI
presents estimates of genetic variance components and heritability obtained
for a tetraploid potato population with a broadened genetic background for
resistance and adaptation and their implication for resistance breeding.
Finally, a general discussion is presented in Chapter VII to tie together the
most important facts and understandings relevant to this thesis in attempt to
attain to major conclusions and perspectives for further research and breeding

for resistance.




Chapter II

THE POTATO-PSEUDOMONAS SOLANACEARUM RELATTONSHIP:

ASPECTS OF RESISTANCE AND PATHOGENICITY




THE PATHOGEN

Intra-specific variation

P, solanacearum is characterized by its wide host range and tremendous intra-
specific variation (Buddenhagen & Kelman, 1964; French ,1979; Hayward, 1964;
and Hayward, 1988). Presently, it is classified into four races and five
biotypes (Hayward, 1988). The race classification is based on host range
(Buddenhagen & Kelman, 1964). Races 1 and 3 attack potato under natural
conditions. Race 1 is prevalent in the mid and lower elevations of the tropics
and causes wilt in a large number of host plants (Kelman, 19%53). Race 3
specializes on potato at high elevations and latitudes, but occasionally
infects tomato. Race 2 predominantly affects bananas, plantains and Heliconias
(Buddenhagen & Kelman, 1964), but may infect potato upon artificial
inoculation ( Thurston & French,1972; Sequeira & Rowe, 1969). Race 4 has
recently been discovered in China to affect only mulbery; it is only weakly

virulent on potato and eggplant (He et al, 1983).

Hayward (1964) classified 185 isolates of P. solanacearum into four
blotypes (biovars, Bv) according to their ability to oxidize three
disaccharides (lactose, maltose and cellobiocse) and three hexose alcohols
(manitcl, sorbitel and duleitol). Bv I is characterized by its inability to
utilize either of these carbohydrate groups. Bv II is capable of oxidizing the
disaccharides, but not the hexose alcohols. Bv III ,however, can use both
groups of carbohydrates and Bv IV cnly the alcohols. Bv V coincides with Race
4 and utilizes all the three disaccharides and manitol, but not dulcitol and
sorbitol (He et al, 1983).

In relation to host range, Bvs 1 & III have a series of host plants
belonging to a large number of families. Bv II attacts only the species of
Solanaceae, and Bv IV only members of Solanaceae and Zingiberacese, and Bv V
only mulbery {and potato and eggplant upon artificial inoculation). In almost
all cases, Bv II coincides with race 3 and is often referred to as "potato
race", Bv I, III, and IV do not appear to have a strict matural relationship
to pathogenic capabilities. Thus race 1 is the most complex in host range and

includes Bv I, TII and IV in Africa, America, Asia, Australia and the Pacific
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islands, Race 2 encompasses Bv JII and III and has until recently been
restricted to Cental and South Americas and half way around thé world into the
Southern Philippines (¥rench, 1579 and 1985; and Buddenhagen, 1985).

Recent research has shown that strains of P. solanacearum can be divided
into two major divisions based on their coefficients of similarity (Cook et
al, 1989). Division I includes all members of race 1 -Bv IIJ and IV, and race
4 -Bv V. Division II includes members of race 1 -Bv I, and race 2 and race 3.
All members of Division Il originate in the Americas: race 2 on Heliconias and
bananas in Central America, and race 3 on potatoes in South America. Race 1 -

Bv I is probably a varlant of race 2 or race 3, as indicated by their
coefficients of similarity. Occurrence of race 2 and race 3 outside of South
America is probably a result of distribution of infected potato tubers and
banana rhyzomes. Members of Division I evolved independently elsewhere around
the world and on diverse hosts. Geographic isolation is suggested to be the
reason why P.solanacearum has evolved as two separate groups of strains (Cock

et al,,1989).

Mechanism of pathogenicity

Unlike in some cother bacterial diseases, such as the bacterial blight of
soybean ( P. syringae pv glycinea) , halo blight of bean (P. syringae pv
phaseolicola), where invelvement of a phytotoxin is well known as a virulence
factor, the mechanism of pathogenicity in BW disecase has not been clearly
determined. Occlusion of =xylem vessels in the stem of host plants by
extracellular polysaccharides (EPS) produced by the bacterium has been
suggested to be the most important pathogenicity mechanism (Kelman, 1953;
Buddenhagen & Kelman, 1964; and Husain & Kelman, 1958). However, research

results are contradictory.

Staskawicz et al.{1983) found that mutants, that are deficient in EPS
production, alsc lack their ability to cause wilt on potate plants. Similar
results were obtained by Denny et al.(1988) on tomato. Drigues et al.(1985)
demonstrated essential differences in biochemical properties between EPS
produced by virulent and avirulent strains suggesting that EPS is important

in pathogenicity of P. solanacearum. There is, however, evidence that EPS-
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deficient mutants can still wilt tomato plants and are almost as virulent as
the wild type parent strains (Boucher et al.,1985; and Xu et al.,1988 & 1990).
More recent research (Denny et al., 1990 & 1991) provides conclusive evidence
that EPS is indeed an impertant pathogenicity factor required by P.
solanacearum to wilt host plants. The role of EPS as a major pathogenicity
determinant has also been established in corn-Erwinia stewartii pathosystem

(Torres-Cabassa et al.,1987; and Coplin & Majerczak, 1990).

There has been no experimental evidence of any relationship between
pathogenicity and other biochemical activities such as production of plant
growth substances or synthesis of phytoalexins or phytotoxins in the vascular
wilt disease of potato. Some extracellular enzymes seem to play a certain
partial role in pathogenesis. Reduced polygalacturonase and endoglucanase
activities have been shown to be associated with reduced virulence of P.
solanacearum on tomato, but the genes encoding these enzymes are not strictly
necessary for pathogenicity (Daniels et al.,1988; Robert et al.,1988; and
Allen et al, 1991).

Genetics of pathogenicity

During the last few years, molecular genetics has revealed that the genetics
of pathogenicity of P. solanacearum is very complex. There are probably

several groups of genes which control the ability to cause wilt.

Impairments in EPS production in planta is well correlated with the rate
at which EPS-impaired and EPS-deficient mutants of P. solanacearum wilt tomato
plants (Demny et al., 1988 & 1990). The genes encoding EPS production (eps
genes) are mapped on two neighboring regions of the bacterial chromosome
(Denny et al., 1991). The first region spans over a 9 kb deoxyribonucleic acid
(DNA) sequence and includes at least two genes the expression of which
requires another functional gene (phcA, phenotypic conversion A), that, when
mutated, affects expression of multiple traits related to pathogenicity
(Brumbley & Denny, 1990). The second region has a minimum size of 2.6 kb and
likely contains a single gene which is also regulated by phenotypic
conversion. The two regions probably do not contain all genes for EPS

production in P. solanacearum., There are also other genes with similar




1s

function that are induced by nutrient limitation (Denrny et al., 1991). Besides
the amount of EPS produced, the rate of EPS production is also an important
virulent factor (Denny et al.,1991). All these findings confirm that EPS is

important in pathogenicity.

Mutational analysis has also led to identification of another group of
genes which specifies both the ability of the bacterium to elicit the
hypersensitive response (HR) in an incompatible interaction and to cause wilt
disease in a compatible interaction (hrp genes). Most of these genes are
clustered and carried by a megaplasmid (>1000 kb)(Boucher et al., 1986 & 1987).
They map on a region of 22 kb (Boucher et al.,1987; Arlat et al.,1989). There
are at least nine transcriptional units which are all expressed on minimal
medium with addition of plant extracts. On rich medium, the effects of plant
extracts on expression of hrp genes is not clearly obtained. This indicates
that hrp genes are responsible for plant-bacterium recognition (Arlat et
al.,1989). There is a second cluster of 7 kb which shares no homology with the
first cluster and contains at least two possible transcriptional units (Huang
et al.,1990). Mutants defective in both gene clusters usually differ from the
wild type parent strains in several aspects including loss of ability to
induce the HR on tobacco leaves, loss of pathogenicity, methionine auxotrophy,
and production of a brown pigment. These pleiotropic effects have been shown
to be associated with a large deletion or loss of the megaplasmid (Boucher et

al . ,1986).

Southern hybridization and complementation analyses further reveal that hrp
genes are highly conserved with respect to structural and functional homology
among strains of P. solanacearum and X. campestris pathovars ( Boucher et
al., 1987 & 1988; Cook et al., 1989; Barlow et al., 1990; and Arlat et al.,
1991). This indicates that the two pathogens employ common strategies and
mechanisms to attack plants and that host plants might share some common

mechanisms of HR to these two pathogens.

Though involvement of hrp gemes in HR and pathogenicity is clear, little
is known about their biological functions in pathogenesis. They are not
involved in regulation of production or export of extracellular enzymes and
EPS (Willis et al.,1991; Arlat et al., 1991). In P. syringae pv glycinea hrp

mutations inhibit the transcriptional induction or function of other genes
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involved in the plant-bacterium interaction (Huynh et al.,1989)., In P.
syringae pv tabacci , hrp mutants which do not induce the HR on tobacco are
still able to induce plant genes that have been associated with disease
resistance (Jakobek & Lindgren, 1990; and Lindgren et al.,1989). Apparently,
hrp genes seem to play a central role in the ability of phytopathogenic

bacteria to interact with plants.

The existence of two other groups of genes : disease specific (dsp genes)
and avirulence genes (avr genes) proposed by Boucher et al.{1987) has not been
extensively studied and experimentally established. Ma et al.(1988) showed
that some of the gens located in a 12.8 kb bacterial DNA fragment carried by
a cosmid clone were involved in host specificity at the species level, but no

presumptive avirulence genes seem to exist.

With the present knowledge, there seem to be at least two major independent
sets of genetic factors essential for pathogenicity in P. solanacearum. One
set invelves the genes necessary for the coordinated production of degradative
extracellular enzymes (e.g. polygalacturonase and endoglucanase) and EPS. The
other includes the hrp genes. Detailed characterization of these two sets of
genetic determinants of pathogenicity and determination of component genes and
their biological functions are yet to be done in order to fully understand the
genetics of pathogenicity of P. sclanacearum. This understanding is important
since by interfering with or suppressing expression of these genes new methods

of protection of susceptible crops from BW would be developed.

HOST RESISTANCE

Almost all studies concerning the various aspects of resistance to BW inm
potatoes have been carried out on the resistance derived from S. phureja.
This is probably because this resistance has been the first source found to

be reliable and the scurce most extensively used.
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Mechanism of resistance

In spite of the many efforts to search and to breed for resistance, little is
known about its mechanism. There has been no conclusive evidence of any pre-
existing or induced resistance mechanisms. In resistant potato clones, P.

solanacearum multiplies at a relatively slow rate and does not spread rapidly
from the peint of incculation. In contrast, in susceptible clones , the
bacterium multiplies rapidly and kills the plants within a few days (Sequeira,
1979; and Bowman & Sequeira, 1982). Inhibitors of bacterial growth preduced
in potato plants seem to affect P. solanacearum in a general way rather than
in correlation with resistance (Zalewski & Sequeira, 1973 & 1975; Sequeira,
1979). Agglutination of the bacterial cells by plant lectins was first an
encouraging indication of a mechanism of resistance (Sequeira & Graham, 1977).
However, there is no correlation between patterns of agglutination and those
of resistant or susceptible interactions. Differences in agglutination could
be correlated with the amount of slime produced by each individual bacterial
strain rather than with its inherent pathogenicity on a particular potato
clone (Sequeira, 1979; and Dudvick & Sequeira, 1984). Vander Plank (1978} has
discussed and ruled out the possibility that plant lectins are involved in
plant-microbe recognition and thus disease specific reaction. Attachment to
and envelopment of bacterial cells in host cell walls seem to be associated
with the type of induced resistance known as HR in an incompatible
interaction (Sequeira et al.,1977). This attachment and envelopment of
bacterial cells by plant cell wall components, however, is also a general
phenomenon and does mnot correlate with a particular level of resistance
(Sequeira, 1979). Slusarenko & Wood (1983) indeed demonstrated that
differential attachment of cells of twe races of P.syringea pv phaseolicola
to bean cell walls in intercellular spaces is not responsible for the specific
resistance of ¢v. Red Mexican to the race 1 isolate they used. There is neo
evidence of association between other chemical compounds such as phytoalexins
or other phenolic compounds and resistance to BW. The nature of resistance is
not yet clearly understood. Several different resistance mechanisms are

probably involved in the ability to resist wilt,

Genetics of resistance

Inheritance of resistance to BW in §. phureja was first investigated by Rowe
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and co-workers (Rowe & Sequeira, 1970; and Rowe et al.,1972). They reported
a model of three independent dominant major pgenes which control the
resistance: one acts as a basic gene for resistance and the other two for
specificity agaist two race 1 isolates of P. solanacearum. Zalewski ( cit.
Sequeira, 1979) later postulated four major gemes for resistance to wilt.
Results of later experiments, however, did not suppert the initial hypothesis
(Sequeira, 1979). Logically, a simple system of three dominant major genes
does not seem to fit the complex situations in -host-pathogen-envirconment
interaction and the tremendous variability in pathotypes of P. solanacearum.
Little is known about the genetics of BW resistance in other Solanum spp..
Preliminary evidence from the CIP breeding program indicates that the genetic
base for resistance is different in each species and is probably polygenic in
some of them (Schmiediche, 1985b). In fact, Acosta & Obrero (1978) also
reported that resistance to BW in diploid S. phureja is more of a polygenic
type than being under simple genetic control. Polygenic resistance to P.
solanacearum has also been reported in tomato (Acosta et al.,1963) and tobacco
(Smith & Clayton, 1948). As more evidence becomes available (see next sections
and Chapters), the genetics of resistance to BW in the potato appears to be

much more complex than initially thought.

Specificity of resistance

Race-cultivar specificity does not hold in the potato-P. solanacearum
relationship., Races of P. solanacearum are classified on the basis of host
ranges which apparently are overlapping. Race 2, for example, specializes on
bananas and Helconias, but occasionally affects potatoes (Sequeira & Rowe,
1969). Similarly, race 4 is said to specialize on mulbery, but is alseo
pathogenic to eggplant and potato (He et al.,1983). Race 1 covers a wide host
range including, in addition to potato, many plant species belonging to a
number of families (Buddenhagen & Kelman, 1964). Strong host-pathogen
interaction observed in the potato-P. solanacearum relationship is due to
strain specificity (Sequeira & Rowe, 1969; Sequeira, 1979; and French & De
Lindo, 1982). Strains belonging to a particular race or biotype differ greatly
in their pathogenic potential as well as in other characteristics ( MeLaughlin

& Sequeira, 1989; and Prior et al.,199%0).
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Host-pathogen interaction, and hence strain specificity, in the potato-P.
solanacearum pathosystem seems to be more of the polygenic type as described
by Parlevliet & Zadoks (1977). French & De Lindo (1982) tested seven potato
clones for resistance te four strains of race 3 and three strains of race 1
of P. solanacearum . Disease reaction was recorded 15 days after imoculation
based on an index scale from 1 to 5, 1 being the most resistant (no wilt
symptoms) and 5 the most susceptible ( complete wilt). Significant host-
pathogen interaction was found and the ranking order of potato clones in terms
of reaction to disease tended to change from strain to strain (Fig. 1). A
closer examination of the results, however, indicate that though interaction
is significant, the effects due to host genotypes and pathogen strains are
more important. Potato clomes wvaried in level of resistance to different
strains, but the wvariation is more or less between the scores 1 and 2,
displaying various levels of incomplete resistance/susceptibility to the
strains. Complete resistaot or susceptible reactions typical for major gene
resistance is not observed in this case. Similar results were obtained by
Thurston & Lozano (1968) in testing several 5. phureja clones for resistance
to a race 2 and a race 3 1sclate. Tung et al. (1990c) also showed that
interaction effects , though they may be highly significant, comprise only a
small fraction of the total wvariation in a test, and the main effects due to
host genotypes and pathogen isolates are the major source of variation. Many
genes seem to be involved in controlling resistance expression and the
resistance is quantitative. Hypersensitive resistance or immuntity to BW is

not known as yet in potatoes.

Interaction with environment

Abundant evidence indicates that expression of resistance to BW is strongly
influenced by environmental conditions, The resistance tends to break down
under high temperatures (Thurston & Lozano, 1968; Sequeira & Rowe, 1969;
Ciampi & Sequeira, 1980a; French & De Lindo, 1982; Schmiediche, 1985a & b; and
Schmiediche & Martin, 1983). This is alsc true with the resistance derived
from other sources (Tung et al.,1990b & c; and this thesis). Low light
intensity and shortened photoperiods reduce resistance to wilt in potato

(Sequeira & Rowe, 1969) and in tomato (Kranz & Thurston, 1968). When tests for
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resistance of a set of potate clones to different isolates of the bacterium
are conducted over a range of environmental conditions, host-pathogen-
environment interactieon tends to become even more complex. This strong host-
pathogen-environment interaction has been a major obstacle to breeding for
stable resistance. So far, there has been no single resistant potato cultivar
which can be grown widely wunder diverse growing conditions, as far as

resistance to BW is concerned.

Recent observations suggest that resistance to BW in potato might be a
function of adaptation (Kloos & Fernandez, 1986; Schmiediche, 1985a). Genes
for adaptation seem involved in resistance expression as heat tolerant potato
clones contribute greatly to the level of resistance of their F, progenies
under hot conditions (Tung et al.,1990b). Also, potato clones/populations with
a widened genetic background for both BW resistance and adaptation showed
higher levels of resistance which , in addition, tends to be more stable over

environments (Tung et al.,1990b; and this thesls),

Resistance to latent infection

BW resistant potato clones often yield tubers which are latently infected
without any visible above-ground symptoms . Potato clomes differ in their
ability to resist latent infection, but few have been identified as resistant
(Ciampi & Sequiera, 1980b; Ciampi et al., 1980; and Granada, 1988). In a
sense, this BW ‘“resistance" contains some elements of tolerance to P.
selanacearum. Little is known about resistance to latent infection. It is not
asgociated with resistance to wilt and is probably controlled by different
genetic factors (Ciampi & Sequiera, 1980b). Almost nothing is known about the

mechanism and genetics of resistance to latent infection.

Breeding for resistance

Early studies of Thung (1947) and Haynes (1960) indicated that resistance to
BW in Solanum tuberosum L. is probably inadequate to control the disease.

Breeding efforts during the early 1970's in the University of Wiscomsin had
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been concentrated on exploitation of the resistance derived from several 5.
phureja Juz. & Buk. clones (Sequeira & Rowe, 1969, Sequeira, 1979). From the
breeding progam, a large number of resistant tetraploid potato clones have
been bred and distributed worldwide (Sequeira, 1979; and Schmiediche, 1985b),
among them the serles coded BR, MS, PS, and PSW are probably the best known.
The pedigrees of several BR-clones are presented in Figure 1.1. Unfortunately,

only few of those clones have been successful as released cultivars.

S. demissum

backerosded to Sofanum phureja (2X)
S. tuberpsum ssp. tuberosum CCC 1386xCCC 1339
Alzimba Anita l (1968)
Katahdin (4X) x 316.3
{1969)
B | A-1{4X) (1970}
XX
BR 69.84

Molinera it (1978) Peru
Domoni {1983) Fiji

{ | f ]

BR 63.74 BR 63.65 BR 63.15 R
Caxamarca Molinera  Huanuguena ° 6-3'76 oA -63'5
(19786} (1977) {1985) - -
Peru Peru Peru Kenya Pery
Tanzania
Mauritius
Zaire

Figure 1. Pedigrees of several BR-clones with resistance to P.solanacearum

derived from S.phureja (Schmiediche, 1985b).

The S. phureja-based resistance has proven to be strain specific and
sensitive to temperature { Sequelra, 1989; Schmiediche, 198%a & b). To
overcome the problem and to develop a broadly-based general type of
resistance, many efforts have been made in search for other sources of
resistance among the wild Scvlanum spp.. High levels of resistance have been

reported in a number of accessions of $. demissum Lindl., S. chacoense Bitt.,
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S. raphanifolium Card. & Hawk, S. acaule Bitt., 5. commersonii Dun., S.
microdontum Bitt., 8. stenotomum Juz, & Buk.. (Martin, 1979; CIP, 1986;
French & Sequeira, 1988). At the CIP, incorporation of resistance genes from
several specific sources into a common tetraploid pool with a wide adaptive
potential has been successful and has resulted in several groups of advanced
resistant materials (Schmiediche, 1985a). These materials are intended for
further breeding and selection in national breeding progams in the tropics.
Practical evidence, however, indicates that much work still needs be done for
further improvement of such broadly-based resistant materials as far as other
horticultural characteristics and resistance to other diseases and pests, such
as viruses, root-knot nematodes and mites are concermed. Although these
materials are better adapted to high temperatures at the lower elevations,
their resistance has not been widely tested and confirmed to be reliable under

large-scale cultivation.

For development of a general type of resistance to BW, genetic engincering
provides a promising approach. Agrobacterium mediated transfer of a gene from
the silkmeth, Hyalophora cecropia , encoding for the antibacterial protein
cecropin, has been successful (Schmiediche et al.,1988). A mumber of
transformed potato plants have shown high levels of resistance to P.
seolanacearum under quarantine greenhouse conditions (Schmiediche, personal
communication). Genetic engineering has several advantages. Firstly, by this
method a single gene or a small group of genes can be incorporated in the
genome of an adapted cultivar without major reshufling of the genetic make-up
of other economically important traits. Secondly, it seems possible to obtain
resistance to several bacterial diseases, such as BW and Erwinia soft rots,
simul taneously by a single insertion of the gene for cecropin production. This
is something extremely difficult to achieve through traditional breeding using
plant genes for resistance. Cecropin is a general antibacterial coumpound
(Schmiediche et al., 1988). This approach of using recombinant DNA technique
in potato breeding, however, may imply some risks for environment and human
beings. Effects of a foreign gene insertion on the total metabolic activities
of the potato plant as well as product quality need further investigations
before the genetically transformed cultivars can be grown in the field. On the
short and medium terms, the probability of success of this approach is unknown

and classical breeding for resistance should be continued.
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Summary

Twelve potate clones with different genetic background for resistance to
bacterial wilt and adaptation were tested for resistance to a race 1 and a
race 3 isolate of the pathogen at three locations in the Philippines
representing different ranges of ambient temperature. The results showed that
the genes for heat tolerance are crucial for resistance. Stability analysis
indicated that clones with both resistance and heat tolerance genes displayed
higher and more stable resistance to the race 1 isoclate than these clones
having only resistance genes. The later group tended to have higher values of
beth regression of disease index on environmental index and deviation from the
regression in the stability analysis. Host-pathogen interaction effects were
found to be statistically significant but small compared to main effects of
isolates and clones. The involvement of genes with different effects on wilt

resistance is discussed.

Introduction

The Solanum phureja Juz. & Buk. source of resistance to bacterial wilt (BW)
of potateo (S. tuberosum L.) caused by Pseudomonas solanacearum E.F. Smith is
temperature sensitive and strain specific (Sequeira & Rowe, 1969; Rowe et al.,
1972; French, 1972; Thurston & Lozano, 1968; Ciampi & Sequeira, 1980; French
& De Lindo, 1982). Little is known about the behaviour of resistance f£rom
other species, such as S.chacoense Bitt., §. raphanifolium Card. & Hawk, and
S. microdontum Bitt. which has recently been identified and utilized
(Schmiediche, 1985a & b; Schmiediche & Martin, 1983). The incorporation of
resistance genes from several sources was thought to reduce the effects of
strain specificity and that wide adaptation would improve the stability of
resistance over enviromments ( Sequeira, 1979; Schmiediche, 19853). Tung et
al.( 1990b) found that hybrid potato populations involving parental genotypes
with a widened genetic background for resistance coupled with heat tolerance
had a high level of resistance to BW under lowland tropic conditions. There
was evidence that pgenes for heat tolerance play an important role in

resistance expression under hot conditions,
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The objective of this study was to determine how the genetic background for
resistance and adaptation affects the stability of resistance under diverse
enviromental conditions. The reaction of a set of potato genotypes (clones)

to P. solanacearum at three locations in the Philippines are presented.

Materials and methods

Twelve potato genotypes were tested for resistance to two isolates of
Pseudonionas solanacearum at three locations, Los Banos [150 m above sea level
(asl), August 1989], Santa Lucia (800 m asl, July 1989) and La Trinidad (1200m
asl, November 1989). The clones were classified into four groups of three
according to their genetic background for resistance and adaptation (Table 1).
The clones AVRDC-1287.19, BR-63.74, MS-35.22R and Cruza-148 have been the
ma jor sources of resistance in the CIP breeding program ( Schmiediche, 1985a},
the first one having a high level of heat tolerance. Clones 378597.1 and
381064.7 are selections derived through several cycles of selection for wilt
resistance and heat tolerance. Clone 381064.7 has the widest genetic
background for resistance, coming from at least three known specific sources,
whereas the resistance of 378597.1 derives from §. phureja only. The clones
of groups IIT and IV have no known resistance to BW but are heat tolerant

(Group III) or adapted to cool temperatures (Group IV).

Table 1. Potato clones used in this study; their major chracteristics and

sources of resistance,

Group Description Clone Source of resistance

1 Heat tolerant, BW resistant AVRDC-1287.19 S. chacoense,S.raphnifelium

378597.1 5. phure ja

381064.7 S. phureja, AVRDG-1287.19
11 Heat sensitive, BW resistant BR-63.74 5. phure ja

MS-35.22R 8. phureja

Cruza-148 unknown

III Heat tolerant, BW susceptible Cosima -
DTC-28 -
LT-8 -

IV Heat sensitive, BW susceptible Gonchita -
I1-1039 -
I-1035 -
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The potato isolates of P. solanacearum used were WP-17 and WP-156 provided
by the Plant Pathology Laboratory of the Institute of Plant Breeding,
University of the Philippines at Los Banos. WP-17 belongs to Biovar (Bv) III
and race 1 and WP-156 is a Bv Il and race 3 isolate. Inoculum was produced

using Kelman's (1954) standard triphenyl tetrazolium chloride medium.

Twenty plants per clone were raised by planting rooted apical cuttings in
3.5-inch clay pots containing heat-disinfected soil, Plants were irrigated
with tap water at 2-3 day intervals and watered with a solution of 14% N, 6%
P and 12% K every week. Mancozeb (0.3%) and cypermethrin (0.1%) were sprayed
weekly to control fungi and insects. After 4 weeks, ten plants of each clone
were imoculated with isolate WP-17/ and ten with WP-136, representing ten
replicates per treatment. The third and the fourth leaves, from the soil
surface, of each plant were cut off with a scalpel dipped into a suspension
of the bacterium containing 10% cells/ml. A separate scalpel was used for each
isolate. The inoculated plants were incubated in the screenhouse where the
maxioum and minimuwm temperatures were recorded daily. Disease incidence was
recorded 15 days after inoculation using the index scale used by French & De
Lindo (1982): 1= no symptoms; 2—one or two leaves wilted; 3= up to half of the
leaves wilted; 3= up to 3/4 of the leaves wilted and 5= plant completely

wilted or dead.

Square-root transformed values of disease indices were used for analysis
of variance of a split-plot design fully randomized for factor A (isclate) as
the main plet and factor B (clones) split on A as subplot, at each location.
Stability of resistance of the clones was assessed by Eberhart & Russell's
(1966) method, where the disease indices are regressed on the environmental
index taken as the difference between the mean index of all clones at a
particular location and the grand mean over all locations. The environmental
indices are thus deviations of each location from the overall mean. To compare
performance of groups, clones were used as samples and groups as treatments.
The comparision is statistically acceptable because a X* test for homogeneity

showed that variances were homogeneous for all locations.

Results

During the test periods, the average maximum/minimum temperatures (°C) in the
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screenhouses were 34.6/25.5, 30.3/20.7 and 29.5/12.3 for Los Banos, Santa
Lucia and La Trinidad, respectively. Mean temperatures were correspondingly

30.1, 25.5 and 20.9.

The general tendency was as expected ! disease incidence was highest in the
hottest environment. Under the lower temperature conditions of La Trimidad,
wilt incidence was much less severe (Table 2, Fig. 1). This tendency of
disease development was more pronounced with the race 1 isolate WP-17 (Table
2). In all three locations, WP-156, a race 3 isolate, maintained its virulence
and aggressiveness with very little variation with temperature. [t was more
virulent than WP-17 (Table 2, Fig. 1).Analysis over locations showed highly
significant (P<0.01) differences between locations, isolates and clones. All
types of interactions (location x isolate, location x clone, isclate x clone

and location x isolate x clome) were highly significant,

Table 2. Disease indices (1-5) of twelve potato clones inoculated with

isolates WP-17 (race 1) and WP-156 (race 3) of P.solanacearum at three

locations.
Groug Clone Los Banos (150 m asl®) Santa Lucia (BDD m asl) La Trinidad (1200 m asl)
WP-17 WP-156 WP-17 WP-158 WP-17 WP-156

I AVRDC-1287.19 2.1c . 4, 8ab 1.6b 3.9¢ 1.0e 4.8ab
378587.1 3.5 4.6b 1,7b 4.8ab 1.0e 3.9¢
381064 .7 3.1b 3.9¢c 1.3b 4.2bc 1.2e 3.8c

ir BR-63.74 5.0a 4.9a 1.8b 3.0d 3. 5bed 4, 9ab
M3-35.22R 5.0a 5.0a 4. 2a 4, 8ab 1.1s 4,2b¢c
Cruza-148 5.0a 5.0a 1.6hb 4. 8ab 1.0e 4.2Zbc

III Cosima 4.6a 3.0a 4.4a 3.0a 5.0a 5.08
DTO-28 5.0a 5.0a 4.4a 4 _Babe 2.9d 4,9ab
LT-8 4.6a 5.0a 5.0a 4,7ab 4.2abec 4_Sap

v Conchita 5.0a 5.0a 4,7a 5.0a 1.8e 3.5¢
I-10389 5.0a 5.0a 5.0a 5.0a 3.4d 5.0a
1-1035 5.0a 5.08a 4,9a 5.0a 4. 3ab 4. 7ab

Grand means 4.4 4.8 3.4 4.6 2.5 4.5

Location means 4.6 4.0 3.5

CV¥(a) % 6.88 9.88 7.84

cv (b) % 5.84 9,25 9.09

Note: In a column, values followed by a common letter are not significantly
different at P=0.01 by Least Significant Difference test.

o above sea level; * , coefficient of variation.

In Los Banos, high temperatures were seen to be detrimental to resistance
expression. Although group I clones withstood wilt caused by WP-17 better than

the others, it seemed that the resistance was overcome (Table 2, Fig. 1). The
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resistance in group II clones was overcome by both isclates (Table 2, Fig.l).
There was no significant difference in disease index among clones of groups
1I, I1II and IV, At Santa Lucia and La Trinidad, wilt incidence caused by WP-
17 on groups I and II was reduced as temperature fell (Table 2, Fig.l). No

differences were found between clones of group I for their resistance against
WP-17 at either location (Table 2).

WP-I7 (race 1)

s o
E a4 b
£ o .
i . Lo
2 : egend:
3 é C1Gp 1
WP~I56 f{race 3) g zz;
) 5_1 . /}/‘gu 9 a ) a =l Gp IL
N
3 /:
s | 7 o
§ 1A o
3 é %
425 1 1 Z) l

Los Banos Sla. Lugia lLe Trinidad
(30,1 *C) §25.5 *C) (20.9 *°C}

Fig.1l. Reaction of four Groups of potato clones to a race 1 (WP-17) and a race
3 (WP-156) isolate of P.sclanacearum at three locations. Bars with a common
letter are not significantly different at P- 0.01 by Least Significant

Difference test. For Group characteristics, see Table 1.

Against WP-156, the resistance in clone AVRDC-1287.19 tended to recover
in Santa Lucia, but was unexpectedly brokem again at La Trinidad. A similar
behaviour was observed for BR-63-74 agaist both isolates. This situation could
be explained if one assumes that these clones might possess some modifying
genes as,indeed, had been suggested previously by Rowe et al. (1972). The
effects of those modifying genes thus seem unpredictable under the diverse
circumstances of these experiments. It was Iinteresting that some clones of

group III and IV (DT0-28 and Conchita) showed some level of resistance under
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the cooler conditions of La Trinidad, although they have no known resistance.
Because the expression of this resistance was well in accordance with the
general tendency, the significant departure of the two clones suggests that

they might possess some unknown resistance genes or rather genes with novel

effects on resistance to BW under the cooler growing conditioms.

When groups of clones were assigned as treatments for analysis, there were

significant differences between groups in their resistance to WP-17 , but not
for resistance to WP-156 (Fig. 1). On average, group I clones were most

resistant over all locations (Fig. 1).

Table 3. Stability parameters for resistance to two isolates of P.
solanacearum of twelve potato clones tested at three locatiomns. x-= mean

disease index, b= regression coefficient and S*d= deviation from regression.

Clone WE-17 WP-156 Qverall

- x b sy x b 84 x b sd
AVRDC-1287.19 1.6 G.582 0,000 4.5 0.805 0.462" 3.0 0.498  0.085
378587.1 2.1 1.344 0.072 4.4 1.250 0.304" 3.3 1.427 0.000
381064.7 1.9 1.036 9.3a1™ 4.0 -0.054 0.058 2.8 0.879 0.278"
BR-63.74 3.4 q0.878 0.707"* 4.3 1.685 2.164" 3.9 0.723 P
Ms$-35, 22R 3.4 2.029 1,137 4.7 1.821 0.073 4.1 2.082 0.278""
Cruza-148 2.5 2.168 0,921 4.7 1.711 ¢.037 3.5 2.153 0.188"
Cosima 4.7 -0.198 0.064 5.0 0.000 0.000 4.8 -0.174 ¢.o07
DTO-28 4.1 1.098 0.150 4.8 0.561 0.9035 4.5 0.977 0.000
LT-8 4.8 0.192 0.203" 4.9 0,472 0.001 4.7 0.2189 0,001
Cenchita 3.8 1.653 1.353" 4.5 3.052 0.7727° 45,2 2.076 0,734
I-1039 4.5 0.821 0.459" 5.0 0.000 0.000 4.7 0.706 0.093"
I-1035 4.7 0.323 0.0062 4.9 0.612 0.002 4.8 0.442  0.009
LSD (0.05} 0.8 0.6 0.6

* and *%, significant at P<0.05 and P<0.01, respectively.

Because there were indications that clones with different genetic
backgrounds for resistance and adaptation tended to respond differently to
wilt between the environments, a stability analysis for resistance was
attempted using the procedure of Eberhart & Russell (1966). Stability
parameters for the twelve genotypes are presented in Table 3, and the
regression of disease index of four clones on environmental index is
illustrated in Fig.2. Regression coefficients (b) were significantly different
from each other for isolate WP-17 and for both isclates taken together,but not

for WP-156 alone. In general, genotypes with a good level of heat tolerance
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tended to have small regression coefficients with small deviations from
regression (§%d). This is true for clomes of both groups I and III , the
resistant and susceptible groups of heat tolerant clones (Table 3)}. The clones
of group II tended to have high regression coefficients and deviations from
the regression. Group IV seemed to vary most , for Conchita departed strongly
from the general tendency. This clone seemed to have some level of resistance
which may well be expressed only under very cool temperatures (Table 2) and
it is thus characterized by high values of b and S$*d (Table 3), similar to
those of group II. In the model of Eberhart and Russell, a cultivar with a
unit regression coefficient and deviations from regression approaching zero
is said to be stable in terms of yield performance over a set test
environments. In terms of resistance to disease, it can be conceived that the
smaller the absolute values of the regression coefficient and deviation from
regression, the more stable the the resistance. The mean performance (x)
indicates the average level of resistance of a particular genotype. Thus group
I clones have the highest level of resistance , which was more stable and
predictable than that of group II clones in terms of resistance to the race
1 isolate, WP-17 (Table 3, Fig. 2). Low values of regression on environmental
index have no meaning if resistance is absent or at teoo low a level. This can
be seen with isolate WP-156 to which no appreciable resistance was found for
any of the clomes at any locations,as well as in the case of gemotypes of

groups III and IV (Table 1 & 3, Fig.2).

Discussion

This study showed that resistance to BW, both derived from 5. phureja and in
general, tends to break down at high temperature as was indicated by the
performance of clones of the two resistant groups with different backgrounds
for resistance. There was further evidence that genes for adaptation are
involved in expressing resistance. Clones with genes for both resistance and
heat tolerance resisted wilt better under hot conditions than those with
resistance alone. This was true even with clone 378597.1 which has only
resistance genes from S. phureja , but is heat tolerant. It has also been
observed that under very hot conditions some heat tolerant clones with no
known resistance could withstand wilt better than those known to have some

specific genes for resistance to BW (Tung, unpublished). Cv. Conchita has no
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known genes for resistance , yet showed a high level of resistance compared
to other clones at La Trinidad, where it has been grown for over 30 years. It
is not yet clear which among those genes for environmental adaptation confer

the resistance,

CAVRDC-1287.19 aLi-8
OCryza-148 »1-3035

WP-17 WP-155 Overall
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Fig. 2. Regression of disease index on environmental index (deviation from the
overall mean disecase Index) for four potato clones inoculated with two
isolates of P. solanacearum at three locations, Note: the higher environmental

index corresponds to the higher ambient temperature.

It could not be clearly shown whether genotypes with a range of resistance
genes from several species have a more stable resistance than genotypes with
resistance from one species, because the nunber of host genotypes, pathogen
strains and environments used was small. Theoretically, however, it would be
expected that a wide genetic background would make the resistance more stable.
Clone 381064.7 has S. chacoense, S§. raphanifolium (AVRDC-1287.19) and S.
phureja (BR-63.74) as its resistance ancestors, but was not consistently
significantly supericr ta AVRDC-1287.19 and 378597.1. It is, however, mnot
known whether clone 381064.7 has more resistance genes than the other two

clones.
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As found earlier (Tung et al., 1990b), host-pathogen interaction, although
statistically highly significant, was small compared to main effects due to
host genotypes and pathogen isolates as indicated by the much larger magnitude

of the mean squares for isolates and clones (Table 4).

Table 4. Mean squares for isolates, clones and isolate x clone interaction at

three locations.

Degree of Hean squares
Source freedom
Los Banos Santa Lucia La Trinidad

Isolate (&) 1 0.745™ 6.403* 17.663"
Error(a) 18 0.025 0.043 0.023
Clone (B) 11 4,860 15,657 15.212*
Ax B 11 0.240™ 0.697" 0.692*
Error(b) 198 0.020 0.037 0.032

", significant at P<0.01,

Changes in pathogenicity of the pathogen and in resistance of the host
were again the major source of variation. Parlevliet & Zadoks (1977) showed
that this kind of distribution of the total variation would mean that genes
with minor effects are involved in conditioning the resistance to wilt,
However, the fact that all the host genotypes resistant to isolate WP-17 were
fully susceptible to isolate WP-156 indicates that the latter isolate
possesses certain different gene(s) for pathogenicity which can overcome the
effects of the pgenes for resistance in the population of clones tested.
Whether the higher pathogenicity of WP-156 is owing to a large number of genes
with minor effects all combined or is due to a major gene(s) effects needs
further investigation. It seems more likely, however, that the isolate might
possess a strong major virulence gene(s) which has no counterpart(s) for
resistance in the potato clones used because they all suffered in a simiiar
way while the isolate maintained its high pathogenicity throughout. Evidently,
a corresponding major resistance gene(s) is absent in the population of clones
tested and such a gene(s) is (are) required to built up any resistance to WP-

156 and similar strains of P.solanacearum.

The procedure of Eberhart & Russell (1966) successfully analyzed stability

of resistance to wilt disease when using the mild strain WP-17. Genotypes with
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both regression coefficients and deviations from the regression approaching
zero are the most stable. Against extremely aggressive strain of the
bacterium, e.g. WP-156, the method may not be of value until corresponding

resistance genes or more sensitive evaluation procedures are available.
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Abstract

Effects of resistance genes and heat tolerance genes on expression of
resistance to bacterial wilt caused by Pseudomonas solanacearun were
investigated in 30 F, progenies from parents with different levels of
bacterial wilt resistance and heat tolerance . A race 1 and a race 3 isolate
of the bacterium were used for inoculation under screenhouse conditions at two
locations. Results obtained indicated that with reduction in levels of
parental resistance, resistance in the F, progenies also reduced. Under hot
conditions , a reduction in the background heat tolerance also resulted in
lower levels of resistance expression. The effect of heat tolerance tended to
diminish at lower temperatures leaving the effect of resistance genes more
consistent. There existed a strong interaction between resistance genes and
genes for heat tolerance. The nature of resistance teo bacterial wilt in potato

and implications for breeding for resistance were discussed.

Effects of reciprocal crosses on expression of resistance to a race 1
isolate under hot screenhouse conditions, were studied in 5 sets of reciprocal
F, progenies I1nvolving different resistant and susceptible parents . The
reciprocal differences observed were not significant suggesting absence of

cytoplasmic effects on expression of resistance.
Introduction

Breeding for resistance to bab6cterial wilt (BW), caused by Pseudomonas
solanacearum (E.F, Smith), has been a difficult objective. Resistance is
generally highly strain specific and greatly influenced by environmental
conditions , especially temperature ( Sequeira & Rowe, 1969; Thurston &
Lozano, 1968; Ciampi & Sequeira, 1980; French & De Lindo, 1982; Tung et
al.,1990a). Schmiediche (1985a) and Kloos & Fernandez (1986) suggested that
resistance to BW is probably a function of environmental adaptation. There
is evidence that genes for adaptation are involved in conferring the
resistance. Heat tolerant parent clones gave higher proportions of resistant

plants in their progenies under lowland tropic conditions (Tung et al.,1990Db}.
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Potato clones with genes for both BW resistance and heat tolerance expressed
a higher level of resistance under diverse envirommental conditions (Tung et
al., 1992a). There is also evidence that under hot conditions certain heat
tolerant potato clones with no known resistance could withstand BW better
than other well -known resistant clones (Tung, unpublished). Resistance to BW
thus seems very complex with genes for adaptation probably being involved in
conditioning its expression. The extent to which heat tolerance genes help
strengthen resistance under heat conditions was still not clear. Also the most
effective means of combining BW resistance with heat tolerance to produce
superior progenies , which are much desired in breeding potato for production

in the warm tropics, needs to be determined

The objective of the experiments described in this paper was to investigate
the expression of resistance in F, progenies from parents with different
degrees of BW resistance and heat tolerance and possible cytoplasmic effects
on the expression of resistance in F, progenies from reciprocal crosses

between different parents.

Materials and Methods

In the first study, a set of potate clones (Table 1) with known genetic
background for BW resistance and adaptation were used to produce sets of F.
progenies with different average degrees of BW resistance and heat tolerance.
Because most of the resistant materials currently being used in breeding
programs derived their resistance from only a few original ancestors, some of
the resistant parents used in this study are alsoc more or less related. For
instance, BR-63.5, BR-63.74 and BR-63.76 are full-sibs, BR-63.74 is a
grandparent of 381064.3 and 381064.7, while AVRDC-1287.19 is the male parent
of the latter two. In addition all clones coded BR- Thave virtually been
developed from only two original resistant dipleid 5. phureja clones
(Schmiediche, 1985b).

The hybridization was conducted in the summer of 1989 at the CIP-Region
VII Germpasm and Training Center at Sta. Lucia, the Philippines (800 m above
sea level,asl, 14° N latitude). Crosses were made between parents which

either lack or possess one or both desirable traits to be investigated: BW
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resistance and heat tolerance., This means four classes of parents (Table 1)
and hence 16 types of single crosses including within- and between-class
combinations. As there are crosses with similar reciprocal combinations of
parental attributes, the number of types of crosses (hereafter called groups)
to be tested was reduced to a meaningful 10 (Table 2), of which the Groups
Va and Vb were similar in terms of degree of the traits of concern but
differed from each other by the type of their resistant parents. Three crosses
were made with their parent clones chosen at random from a desired class to
represent a Group. There were thus a total of 30 single crosses forming 10

Groups differing in their levels of BW resistance and heat tolerance.

Table 1. Parents of the crosses studied in this article. The parents are
classified according to their resistance or susceptibility to bacterial wilt
{BW) and tolerance or sensitivity to heat (H).

+ symbol for the desirable traits, resistance or tolerance,

- symbol for the undesirable traits, susceptibility or sensitivity.

Class Parent clome Class charateristics Source of resistance
BW/H

1 378597.1 +/+ S. phure ja

AVRDG-1287.19 +/+ S. raphanifolium
§. chacoense
381064.3 +/+ S, phure ja,
AVRDC-1287.19
381064 .7 +/+ S. phure ja,
AVRDC-1287.19

2 BR-63.5 +/- S. phureja
BR-63.74 +/- S. phureja
BR-63.76 +/- 5. phureja
BR-112.113 +/- 5. phure ja
Cruza-148 +/- Unknown

3 LT-8 -/+
DTO-28 yn
DTO-33 -/+
7XY.1 -/+
Atlantic -/t

4 I1-1039 -/-
1-1035 -/
CFK-69.1 -/-
Serrana -/
P-7 -/~

Conchita
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For the sake of assessing the effects of differences in degree of
resistance and/or heat tolerance on levels of resistance expression, Groups
were tentatively joined in two ways into two clusters of three Categories: 1,
according to their degree of resistance regardless of their degree of heat
tolerance, Resistance categories and 2, according to their degree of heat
tolerance regardless of their degree of resistance, Heat tolerance categories
(Table 2). This categorization assumes that the interaction effects between
resistance genes and those for adaptaetion in all F,'s are all of the same
magnitude and positive and megative effects will cancel out each other. Thus
Resistance Categories will, on the average, have the same level of heat
tolerance. Similarly, Heat tolerance Categories will have the same average
level of BW resistance. Otherwise, this categorization is just a rough
approximation which facilitates assessing the average effects of levels of

resistance and heat tolerance

Table 2. Groups and categories of F,’s obtained from 9 basically different

combinations of parental clones. BW, bacterial wilt; H, heat. + = BW

resistant/ H tolerant; - - BW susceptible/ H sensitive.
Group Parental attributes Group Categories for
Female Male characteristics
BW/H BW/H Resistance  Tolerance

I +/+ +/+ = A P
II +/- +/+ +/ -+ A Q
III +/- +/- /- A R
Iv +/+ -/+ +- B P
Va +/+ -/- -/ B G
Vb +/- -/+ -/t B Q
VI +/- -/- -y B R
VII -/+ -/+ -~/ c P
VIII -/+ /- - J4- c Q
1X -/- -/- --/-- c R

The crosses were tested for resistance to a race 1 (WP-17) and a Tace 3
(WP-156) isolate under screenhouse conditions at two locations: Los Banos (
150 m asl ) and Sta. Lucia (800 m asl). The BW resistance tests were conducted
during the periods February 28 - March 15, and March 10 - 25,1990, at Los

Banos and Sta. Lucia, respectively. At each location the F, progenies were
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tested in a split-plot randomized complete block design (RCBD} with isolates
of P.solanacearum as main plots and the potato progenies as subplots in three

replications of 30 plants.

F, true sceds were sown in heat sterilized wvolcanic soil in 0.50 m x 0.50
m boxes. Seedlings were transplanted, at the first true leaf stage, into 8 cm
diameter clay-pots, containing the same type of soil. The plants were
irrigated with tap water at 2-day intervals and fertilized weekly with a 1%
solution of 14% N, 5% P and 12% K. Mancozeb (0.3%) and cypermethrin (0.1%)
were sprayed every week to prevent infestation by fungi and insect pests.The
test plants were trimmed to have one main stem one week prior to inoculation
with a sterilized knife. Four weeks after transplanting , the plants were
inoculated by clipping off the leaves at the third and the fourth positions
from the soil surface with a sterilized scalpel dipped into a 10° cells/ml
inoculum suspension of the bacterium. For each isolate, a separate scalpel was
used. For each test, plants ( 5 per isolate) of the susceptible clone 7XY.1,
raised from apical cuttings of a disease free stock, were also incculated to
check for effectiveness of the inocula. This clone has been observed to wilt
within 5 to 7 days after inoculation (DAI). During the incubation period, the
inceculated plants were maintained in the screenhouse, and the daily maximum
and minimum temperatures were recorded. On the 15 DAI, when check plants were
completely wilted disease incidence was recorded as percentage of plant
survival in the populations and the disease index of individual plants was
determined based on the following index scale: 1, no wilt symptoms; 2, one or
two leaves wilted; 3, half of the leaves wilted; 4, 3/4 of the leaves wilted;

and 5, plant completely wilted or dead.

The second study was conducted to investigate the possible effect of the
heat tolerant cytoplasm on the level of resistance to wilt. Four pairs of
reciprocal F, progenies were produced using the clones BR-63.5 and BR-112.113
as resistant parents which have heat sensitive BW resistance derived from S.
phure ja. The clones 1-1039 and DTO-33 were used as heat sensitive and tolerant
parents ,respectively, both being BW susceptible. The progenies were tested
for resistance to isolate WP-17 in a screenhouse at Los Banos during the
period 5-20 February, 1990, along with the reciprocal crosses of susceptible
parents as checks. The experiment was conducted in an RCBD with two

replications of 50 plants. All cultural practices, inoculation method, and
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temperature reading followed the same procedure as described in the first
study. Percentage of survival was recorded at 3-day intervales and disease

index at 15 DAI,

For al experiments, Arc-sin transformation of percentage of survival was
used for analysis of variance. For the disease indices, the average value of
the plants of each replicate was determined. As this values are usually

normally distributed, no transformation was attempted.

Results

During the first study, the average max/min temperatures were 33.4/24.53 C
{(mean 28.9° C) at Los Banos and 29.7/19.8" C (mean 24.8° C) at Sta. Lucia.
Under these conditions, though not favourable for tuberization, the potato
plants still used to grow well, and hardly any abnormal growth or plant death
occurred before inoculation. So wilting which occurred after inoculation was

considered to be due entirely to P. solanacearum infection.

In general, wilt incidence was much higher at Los Bancs than at Sta. Lucia
for both % survival ( Table 3) and disease index (Table 4). As found earlier
(Tung et al., 1992), isolate WP-156 was much more virulent than WP-17 {Tables
3 & 4). Statistical analysis showed highly significant differences between
locations, isolates and potato progenies. All types of interaction: isolate
x progeny, isolate X location, progeny X location, isolate x® progeny x
location, were highly significant. The main effects due to isolates and
progenies , however, were the major source of total variation, similar to

previous findings (Tung et al., 1990b & 1991).

Against isolate WP-17, there was a great variation among progenies at both
locations (Tables 3 & 4). Though some differences between progenies belonging
to different Groups were mot statistically significant, Groups I, II and 1V,
which have a high level of resistance coupled with heat tolerance, tended to
show the highest level of resistance in both % survival and wilt index (Tables
3 & 4, Fig. 1). In the absence of heat tolerance, resistance in progenies of
Groups III and VI tended to diminish under hot conditions at Los Banos and

recovered significantly under Sta. Lucia conditions. Heat tolerance alone did
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net help in resisting wilt indicated by the low perfermance of progenies of
Groups VII and VIII (Tables 3 & 4, Fig. 1). Under very hot conditions at Los
Banos, however, Group VII seemed to be better than Groups III and VI which

have resistance from one (VI) or both (III)} parents, but lack heat tolerance.
In general, in progenies without any resistance and/or heat tolerance (Groups
VI to IX) wilting was almost complete at 15 DAI (Tables 3 & 4, Fig 1).

Against isolate 156, the resistance was almost lost at both locations.
Trends in resistance expression among the F, progenies similar te that with
WP-17 were also observed {(Tables 3 & 4, Fig. 1). Although the differences
between progenies were greatly reduced, especially under Los Banos conditions,
it was those with higher levels of BW resistance and heat tolerance in their

pedigrees which tended to show less wilting ( Tables 3 & 4, Fig.l).

Results obtained from this study clearly showed the general impact of genes

for resistance and heat tolerance on expression of resistance to BW in potato.

Effects of resistance

The effects of resistance genes could be examined more closely by comparing
the means of Resistance Categories (A, B and C,Table 2). These have a similar
average degree of heat tolerance but differed from each other by their genetic
levels of resistance (Table 2), A Mann-Whitney test ( Steel & Torrie, 1960)
revealed that there were significant differences in % survival between
progenies of Categories A and B against both isclates at both Sta. Lucia and
Los Banos (Table 5). The differences between them in wilt index were found to
be significant only at Sta. Lucia and against WP-156 but the general tendency
was that progenies of A tended to give a better average index than did those
of B (Table 5, Fig. 1). The non-significance in other cases was probably due
to large significant variation among Groups within Categories. It is clear
that under milder temperatures at Sta. Lucia , effects of resistance level
expressed more consistently. The indifference between the two Categories
against WP-17 indicate that under the hot conditions , the effect of heat
tolerance genes have well expressed which greatly masked the difference in

level of resistance of these Categories.

Except for wilt index for WP-156 at Los Banos, the differences between
Categories A and C were significant in all cases (Table 5). An explanation for
these differences is straightforward since these two Categories were the
extreme situations: A had the highest level of parental resistance and C had
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no resistance at all. The differences in % survival between Categories B and
C were statistically significant only at Sta. Lucia and, against isclate WP-17
and diminished under very hot conditions at Los Banes and/or against WP-156,
in which situations resistance seemed to be lost (Table 5 and Fig.l). The

general tendency was that B tended to show higher levels of resistance than
C (Fig.l, Table 5).
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Figure 1. Group averages for survival (1-100%) and wilt index (1-3) of 10
groups of F, progenies (of Tables 3 & 4), differing in level of BW resistance
and heat tolerance, inoculated with isolates WP-17 (.) and WP-156 (.) of
P.solanacearum at Los Banos (left) and Sta. Lucia (right).
Categories: A= resistance comes frow both parents; B-resistance from
one parent and G~ resistance from neither parent,
Groups: I,IV & VII, heat tolerance from both parents; II,Va, Vb & VIII,
heat tolerance from one parent, and I111,VI & IX , heat

tolerance from neither parent.
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Table 3. Survival (%) of 30 F, progenies 15 days after inoculation with two
isolates of P, solanacearum at two locations under screenhouse conditions. For

Group characteristics, see Table 2.

Group Cross Los Banos Sta. Lucia
WP-17 WP-156 WP-17 WP-156
I 381064.3 x 378597.1 44 9 b-e 17.8 ab 55.3 a-c¢ 23.8a
(++/++) 381064.7 x AVRDC-1287.19 71.3 a 17.9 ab 65.4 a 12.0 a-c
AVRDC-1287.19 x 378597.1 69.2 ab 1¢.4 a-c 61.4 ab 7.8 a-c
I1 BR-63.5 x 381064.7 27.3 d-h  10.6 a-¢  48.7 a-c¢ 18.4 a-c
(++/-+) BR-112,113 x AVRDC-1287.19 56.4 a-¢ 11.0 a-¢ 58.2 ab 19.4 ab
BR-63.74 x 381064.3 51.8 a-d 20.3 a 60.7 ab 18.3 a-c
111 BR-63.74 x BR- 63.76 16.2 g-1 8.1 a-d 28.7 b-g 7.9 a-c
(++/--) BR-63.74 x BR-112.113 27.0d-h  12.2 a-¢  30.0 b-f 17.7 a-c
Cruza-148 x BR-63.5 8.2 ij 8.0 a-d 22.1 4-h 12.7 a-c
v 381064.7 x DT0-33 42,3 e-f 6.0 a-d 46.1 a-c 9.3 a-c
(+-/++) 381064.3 x Atlantice 39.7 c-g 11.3 a-c 39.9 b-f 13.5 a-c
AVRDG-1287.19 x LT-8 51.3 a-d 6.3 a-d  51.4 a-¢ 2.3 b-c
Va 378597.1 = I-1035 22.8 e-h 0.0d 30.1 b-£ 10.8 a-c
(+-/+-) 381064.7 x I-1039 41.2 e-f 9.0 a-c 55.4 a-¢ 13.6 a-c
381064.3 x I-1035 40.0 c-f 7.7 a-d 53.1 a-c 9.8 a-c
Vb BR-63.5 x DTO-33 19.0 £-i 1l1.7 a-¢  31.4 b-f 10.9 a-c
(+-/-+) BR-63.5 x 7XY.1 10.1 h-j 3.2 cd 17.2 f-h 7.3 a-c
BR-63.74 x Atlantic 23.2 e-h 0.0d 24.1 ¢c-g 0.0 ¢
VI BR-63.74 % 1-1039 4.7 jk 1.5 cd 23.8 c-g 0.0 ¢
(+-/--) BR-63.5 x 1-1035 8.21j 2.3 cd 31.4 b-f 7.1 a-c
Cruza-148 x [-1039 0.0 k 0.0 d 18.8 e-h 4.8 be
VII DT0-28 x Atlantic 24,0 e-h 9.0 a-¢ 103 g-i 0.0c¢
(--/++) DTO-33 x Atlantie 13.4 g-1 6.7 a-d 18.8 e-h 6.6 a-c
LT-8 x DT0-33 29.9 d-g 0.0 d 23.4 ¢c-g 5.0 a-c
VIII I-1035 x DTO-33 9.3 1j c.od 17.7 £-h 10.0 a-c
(--/-+) DTO-28 x I-1039 7.71j 2.9 cd 0.01 0.0 ¢
LT-8 x I-1039 5.6 jk 0.0d 6.3 hi 1.7 be
IX P-7 x 1-1039 16.7 g-1 0.04d 8.5 hi 4.7 be
(--/--) Serrana x 1-1035 0.0 k 0.04d 0.0 i 0.0 ¢
Conchita x CFK-69.1 7.91j 1.8 ed 22.4 d-h 7.2 a-c
Ccv (1)X% 18.76 19,09
CV (p}% 19.94 15.66

Note: In a column, values followed by a common letter are not significantly
different at P=0.01 by Duncan’s multiple range test.

CV(i) = coefficient of variation for isolates,

CV(p) = coefficient of variation for progenies.
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Table 4, Disease index of 30 F, progenies 15 days after inoculation with two
igsolates of P. solanacearum at two locations under screenhouse conditions. For

Group characteristics, see Table 2.

Group Cross Los Banos Sta. Lucia
WP-17 WP-156 WP-17 WP-156
I 381064.3 x 378597.1 2.5d-f 4.1 b 2.4 e-i 3.3 gh
{++/++) 381064.7 x AVRDC-1287.19 2.0 ef 4.1 b 1.8 h-j 4.3 ¢-f
AVRDC-1287.19 x 378597.1 1.9 £ 4.7 ab 2.0g-j 4.5 a-d
I1 BR-63.5 x 381064.7 3.6 a-d 4.8 ab 1.9 g-j 3.8 fg
{(++/-+) BR-112.113 x AVRDC-1287.19 2.4 d-f 4.7 ab 1.4 3 3.8 fg
BR-63.74 x 381064.3 2.7d-f 4.3 ab 1.51ij 3.2 nh
III BR-63.74 x BR-63.76 4.4 a-¢ 4.7 ab 2.4 e-i 4.8 a-c
(++/--) BR-63.74 x BR-112.113 3.3 b-e 4.7 ab 2.4 e-i 3.9 ef
Cruza-148 x BR-63.5 4.6 a-¢ 4.9 a 3.0 d-f 4.3 ¢-f
v 381064.7 x DTO-33 2.6 d-f 4.8 ab 1.9 g-j 4.7 a-c
(+-/++) 381064.3 x Atlantic 2.6 d-f 4.7 ab 2.1 £-] 4.4 b-e
AVEDC-1287.19 x LT-§ 2.3ef 4.9 a 1.9g-7 5.0a
Va 378597.1 x I-1035 3.1 ¢c-£f 5.0 a 2.6 d-h 4.4 b-e
(+-/+-) 381064.7 x I-1039 2.6d-f 4.9 a 2.5 e-h 4.0 d-f
381064.3 x I-1035 2.5d-£f 4.9a 2.4 e-1 4.4 b-i
Vb BR-63.5 x DTO-33 3.2 c-f 4.8 ab 2.4 e-i 4.8 a-c
(+-/-+) BR-63.5 x 7XY.1 2.9d-f 4.9 a 3.2 a-¢ 4.9 a-b
BR-63.74 x Atlantic 2.9d-f 5.0a 2.8d-g 5.0a
VI BR-63.74 x I-1039 4.8 ab 4.9 a 3.2 de 5.0 a
(+-/--) BR-63-5 x 1-1035 4.5 a-¢ 4.9 a 2.5 e-h 4.7 a-c
Cruza-148 x I-1039 5.0 a 5.0 a 3.0d-f 4.8 a-c
VII DT0-28 x Atlantic 4.4 a-¢ 4.8 ab 4.4 a-¢ 5.0 a
(--/++) DTO-33 x Atlantie L. 6 a-c 4.8 ab 4.2 a-c 4.8 a-c
LT-8 % DTO-33 3.5a-d 5.0 a 3.5 ed 4.9 ab
VIIE I1-1035 x DTO 33 4.7 ab 5.0 a 4.2 a-¢ 4.8 a-c¢
{--/-+) DTO-28 x I-1039 4.8 ab 4.9 a 5.0 a 5.0 a
LT-8 x I-1039 4.8 ab 5.0 a 4.9 ab 4.9 ab
IX P-7 x I-1039 4.6 a-c¢ 5.0 a 4.7 ab 4.9 ab
(--/--) Serrana x I1-1035 5.0 a 5.0 a 5.0 a 5.0 a
Conchita x CFK-69.1 4.9 a 4.9 a 3.1 de 4.8 a-c
cvV (1) ¥ 3.61 7.73
cv (p) ¥ 2.17 6.25

Note: In a colummn, values followed by a common letter are not significantly
different at P=0.01 by Duncan’'s multiple range test.
CV (i) ¥ = coefficient of variation for isolates,

CV (p) % = coefficient of variation for progenies.
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Table 5. Effects of resistance (R)/susceptibility (S) of parents (P, and P;)
on % survival (upper part) and disease index (lower part} in F, progenies.

Roman figures refer to the groups in tables 3 and 4.

¥, groups Parental Los Banos Sta, Lucia Overall
pooled characteristics category
(Category) ————— WP-17 WP-15¢& WP-17 WP-156 mean

P, P,

% survival %

T+II+I1IT (A) R R 41 .4a 12.9a 47.8a 15.2a 29.,3a

IVHVHVI  (B) R S 25.2b 4.9b 35.4b 7.2b 18.2ah

VIE+VIII+IX (C) 8 S 12.7¢ 2.2b 11.9¢ 3.8b 7.6b
Mean 26.4 6.6 1.7 8.7 18.3

Disease index (1-5) ™

I+IT+III (A) R R 3.0a 4 . ba 2.1a 4.0a 3.4a

IVHV+HVI  (B) R S 3.4a 4,95 2.6a 4.7b 3.9a

VITHVITI+IX (C) S ] 4.6b 4 9a 4.3b 4,9 4.7b
Mean 3.7 4.8 3.0 4.5 4.0

™ In a columm, wvalues followed by a common letter are not significantly

different at P= (.05 by Mann-Whitney test.

As it was suggested earlier ( Tung et al., 1992) that there is no effective
gene(s) against isclate WP-156 in the population of potato clones used, the
resistance to BW in this study also seemed to be broken down by this isclate.
It is likely that the presence of some level of resistance against WP-156 in
the progenies (Tables 3, 4 & 5) was due to a certain residual effects the
resistance which is effective against WP-17. The differences between
Categories A and B in Los Banos might thus indicate that the residual
resistance was Lo some extent correlated with the genetic level of resistance

of the progenies as A always tended to resist wilt better (Table 5, Fig. 1).
Effect of heat tolerance

As mentioned in the foregeing section, there was a large variation among the
Groups within Resistance Categories (Fig.l). Groups within these Categories
differed in their genetic levels of heat tolerance (Table 2). Although some
of the between Group differences were not statistically significant, there
was a general tendency that within a Category, Groups with higher levels of
heat tolerance tended to show higher levels of resistance to wilt caused by
both isclates at both locations, for both % survival and indices (Fig.l). The
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effect of heat tolerance genes was especially dramatic under Los Banos
conditions and seemed to reduce at Sta. Lucia, where progenies of Group I1 and
Va , having heat tolerance from only one parent, tended to be slightly better,
against WP-156, than Group I which had twice the degree of heat tolerance. The

differences were, however, not statistically significant.

When Groups with similar degree of heat tolerance were pooled in another
way into Heat tolerance Categories (P,Q and R, Table 6), the effects of heat
tolerance became even more clear. These three Categories differed
significantly from each other in resisting wilt caused by WP-17 at Los Banes.
At Sta. Lucia, these differences were leveled off and significance was found
only for % survival and between P and R, and between Q and R (Table 6). With
WP-156, no significant difference was found in any case as resistance was

overcome by the isclate’s extreme virulence.

Interaction

Large variation among Groups within Categories (Fig. 1) resulted in certain
significant differences between them, on the one hand, and insignificant
differences between Groups belonging to different Categories, on the other
hand. While significant differences between Groups within Resistance
Categories were attributable to the effects of heat tolerance genes, the
indifference between Groups of different Categories indicated that there was
a large amount of interaction between genes for resistance and genes for heat
tolerance. This interaction effect also seemed to decrease considerably under
milder temperatures at Sta. Lucia , where effects of heat tolerance became
less preonounced and resistance was thus more clearly expressed. The
significant differences between progenies within Groups (Tables 3 & 4) might
be associated with the combining ability of the particular parent clones, as

‘reported elsewhere ( Tung et al., 1990a ).

Whereas significant differences in overall means were detected between
Resistance Categories (Table 5, last column}, none was found between Heat
tolerance Categories (Table 6,last column). This strongly suggests that though
heat tolerance can greatly improve expression of resistance under heat stress
conditions , tolerance alone would not make up any resistance to wilt and that
resistance genes are indispensable despite the fact that their expression may

be strongly affected by changes in environmental cenditions.
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Table 6. Effects of heat tolerance (T)/sensitivity (S) of parents (P, and P,)
on % survival (upper part) and disease index (lower part) in F, progenies.
Roman figures refer to the groups in tables 3 and 4.

F, groups Parental Los Banos Sta. lLucia Overall

pocled characteristics category

(Category) WP-17 WP-156 WP-17 WP-156 mean
P, P,

% survival !

I+IV+VII (P) T T 42 .9a 9. 5a 41 2a 8.9a 25.6a
II+V4HVIII (Q) T S 26.3b 6.4a 33.4a 10.2a 18.7a
TTI+VI+IX (R) s s 9.9¢c 3.8a 20.5b 6.%a 10.3a
Mean 26.4 6.6 31.7 8.7 18.3
Disease index (1-5)
I+IV+VII (P) T T 2.9a 4. 7a 2.7a 4.5a 3.7a
IT+V+VIII (Q) T S 3.4b 4 . 8a 3.0a 4.4a 3.%a
ILI4+VI+IX (R) S s 4.6c  4.9a 3.3a 4.7a 4.4a
Mean 3.6 4.8 3.0 4.5 4.0
' In a column, wvalues followed a common letter are not significantly

different at P=0.05 by Mann-Whitney test.

Effect of reciprocal crosses

During the period of the test for effect of reciprocal crosses at Los Banos,
the max/min temperatures in the screenhouse averaged 32.5/23.4° C with a mean
of 27.9° C.

Under the conditions of this experiment, no significant effect of
reciprocal crosses of any pair was detected in terms of both ¥ survival and
disease index (Table 7). It was the effect of a particular parent clone which
gave the general impact of resistance expression (Table 7, Fig.2). The clones
BR-112.113 and BR-63.5 have been recognized for their resistance to BW under
cool conditions. However, they usually succumb to the disease under hot
conditions. In this experiment, BR-112.113 showed to be the better resistant
parent compared to BR-63.5 at the 15 DAI (Table 7, Fig.2),especially in the
absence of heat tolerance. A similar comparision could be made between DT0-33
and I-1039, as the first was superior in giving more resistant offsprings (
Table 7). The results obtained confirm with our previous finding (Tung et al.,
1990a) that combining ability is an important feature of BW resistance in

potate and heat tolerance plays a crucial role in expression of resistance
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under hot conditions. The survival curves of the progenies showed that though
the effect of parent clones was apparent during the first 15 DAI, the
differences between them tended to level off at later dates. This was true for
both resistant and susceptible parents, heat tolerant or sensitive. The
reslstance to BW thus seems to be the ability to slow down the bacterial

multiplication and to delay wilt,

Table 7. Average % survival and disease index of five reciprocal sets of F,
progenies 15 days after inoculation with a race 1 isolate of P.sclanacearum.

For symbols BW, H, + and -, see caption of Table 1.

Reciprocal Cross Characteristics % Disease
set BW/H of survival index
Female F, (1-5)
1 BR-63.5 x DT0O-33 +/- +-/-+ 41.1 abc 3.4 abc
DTO-33 x BR-63.5 -/+ -+/+- 34.8 abc 3.7 abc
2 BR-112.113 x DTO-33 +/- +-/-+ 47.7 ab 2.8 be
DTO-33 x BR-112.113 -/+ -4/ 52.3 a 2.6 ¢
3 BR-63.5 x I-1039 +/- +-/-- 16.5 cd 4.1 ab
I-1039 x BR-63.5 “f- -+/-- 13.6 cd 3.9 abe
4 BR-112.113 % I-1039 +/- +-f- 36,5 abe 3.9 abe
I-1039 x BR-112.113 -/- -+/-- 48.5 ab 3.2 be
5 DTO-33 x I 1039 -/+ -/ 6.8 d 4.8 a
I-1039 x DTO-33 -/- ~-/-+ 4.14d 4.9 a
CV (%) 15.02 10.04

Note: In a column, values followed by a common letter are not significantly

different at P=0.05 by Puncan’s multiple range test.

Discussion

Rowe and co-workers (Rowe & Sequeira, 1970 and Rowe er al.,1972) reported on
a system of three independent and dominant major genes that control specific
resistance to two race 1 strains of P.solanacearum in the diploid S.phureja.
Results from their later experiments, however, did not support their initial
hypothesis (Sequeira, 1979). Since then, no further efforts have been
dedicated to genetic analysis of BW resistance in potatoes, probably due to
the very complex nature of the resistance: strain specificity and sensitivity

to fluctuations in environmental conditions.
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Figure 2. Survival patterns of four pairs of reciprocal crosses after
inoculation with isolate WP-17 of P.solanacearunm.

In all cases, one parent (coded BR-) is BW resistant;

B & 0, both parents are heat sensitive;

® & 0 , one parent is heat tolerant;

Squares vs circles exhibits effects of heat tolerance;

Black vs white compares reciprocal crosses.

Results from this study confirm our previous finding that genmes for adaptation
are involved in conferring BW reslstance (Tung et al.,1990a, b & 1992). This
is indicated by the considerable effect of heat tolerance genes in
conditioning resistance under heat stress conditions and their interaction
with genes for resistance. Full susceptibility to isolate WP-156 further
indicates absence of a gene(s) with a major effect in conditioning resistance
to wilt caused by this isolate in the potato populations tested. There is
obviously a strong gene(s} for resistance to WP-17 present 1in these
populations. It 1s thus evident that the genetics of resistance to P.
solanacearum in potatoes is very complex with both genes with ma jor and minor
effects involved. Strong interaction between genes Loxr heat tolerance and
those for resistance implies the presence of a large amount of favourable non-

additive (eplstatic) gene effects in a high resistance expression. In this
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study, there was further evidence that a widened genetic background for
resistance and adaptation would provide a higher level of resistance which is
likely more stable under diverse circumstances. This was examplified by the
performance of progenies of the clcnes 381064.3,381064.7,and AVRDC-1287.19,
which have undergone several cycles of selection for resistance and adaptation
to warm conditions and combire resistance from at least two (AVRDC-1287.19)
to three ( 381064.3, 381064.7) specific sources (Table 1).

All the aforementioned suggests that breeding at the population level by
incorporating multiple sources of resistance and heat tolerance should be
effective in producing superior genotypes suitable for potato production in
the lowland tropics where high levels of BW resistance and heat tolerance are
much needed. Recurrent selection in a population with a wide genetic
background for resistance and adaptation should be a promising approach. An
example is the great improvement in resistance to Corynebacterium insidiosum
McCull Jens. (bacterial wilt) in alfalfa after just three cycles of recurrent
selection (Barnes et al.,1971). If residual resistance to P.solanacearum is
of any significance, incorporation of multiple sources of resistance in a
genotype should also be an advantage in circumstances where mild compatible
pathotypes/strains are prevalent, because residual effects seem to correlate
with level of resistance. This advantage would be desirable especially under

the conditions of subsistence agriculture in the developing world.

The foregoing discussion did not consider latent infection of tubers with
P. solanacearum as it was shown by Cliampi and Sequeira (1980) that wilt
symptoms are generally not correlated with latent infection. They suggested
that latent infection of tubers is controlled by different genetic factors.
Setting latent infection aside and taking into account the tremendous
variation in pathotypes of P. solanacearum and involvement of genes for
adaptation , one has to think of the BW resistance as quantitative and

probably polygenic in nature.

The effect of reciprocal crosses, as tested in this study, on expression
of resistance to BW did not show to be significant. The effect of a particular
parental genotype appeared to be more important. Effects of reciprocal crosses
need, however, further investigations, preferably in a controlled environment,
since cytoplasmic effects are usually a semsitive objective demanding more

sensitive test procedures.
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Abstract

Inheritance of bacterial wilt resistance in tetrapleid potato was investigated
in segregating progenies of parent clones with resistance derived from
different specific sources and different types of adaptation. A race 1 and a
race 3 isclate of Pseudomonas solanacearum were used to test the resistance
under warm temperature, Results obtained indicated partial dominance of
resistance. Significant general and specific combining abilities showed that
both additive and non-additive gene actions are important in conditioning the
resistance expression. There was evidence that epistasis is an important
component of the non-additive gene action in the inheritance of the
resistance. Other aspects of the resistance and implications for breeding are

discussed.

Introduction

The first attempts to search for resistance to bacterial wilt (BW), caused by
Pseudomonas solanacearum E. F. Swmith, in potato were probably made by Thung
(1947) and Nielsen & Haynes (1960). It was found that the resistance in
Solamum tuberosum L., the common potato, is probably not adequate to control
the disease. The first source of high resistance was found by Thurston &
Lozano (1968) in several Colombian §. phureja Juz. & Buk. clones. The
resistance has , however, been found to be strain specific and temperature
sensitive (Thurston & Lozano, 1968; Sequeira & Rowe, 1969; Ciampi & Sequeira,
1980; French & De Lindo, 1982; and Tung et al., 1992 a & b).

Rowe and co-workers (Rowe & Sequeira, 1970; and Rowe et al., 1972)
reported on a system of three independent and dominant major genes which
control resistance to BW in S. phureja. There was also evidence of effects of
modifying genes. Results from their later experiments, however, did not
support their initial hypothesis (Sequeira, 1979). Since then, no further
efforts have been made to understand the genetics of resistance, probably
because of the very complex nature of the resistance itself. The great
complexities of tetrasomic inheritance might have further discouraged
investigations on the genetics of resistance in tetraploid potatoes. Despite
the fact that additional sources of resistance have been found and utilized

in breeding programs during the past two decades (Schmiediche, 1985a;
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Schmiediche & Martin, 1983; French & Sequeira, 1988), the genetics of BW

resistance in potatoes has remained a question still to be answered.

More recent evidence shows that resistance to BW in potatoes 1is very
complex in nature. It is probably a function of envirommental adaptation
(Schmiediche, 1985a; and Kloos & Fernandez, 1986 ) with genes for adaptation
being inveolved (Tung et al., 1990b and 1992a & b). Research results have
indicated that the genic system controlling the resistance may involve genes
with major and and genes with minor effects. In addition, there is a large
amcunt of interaction between genes for resistance and those for adaptation
(Tung et al., 1992a & b} and combining ability seems to be a considerable
feature of the resistance (Tung et al., 1990b). Also, potato clones with a
widened genetic background for both BW resistance and adaptation tend to
display a higher level of resistance which is more stable over environments.

The resistance thus seems to be of a polygenic and quantitative type.

The objective of this study was to investigate the type of gene action and
combining abilities in the inheritance of the resistance to BW derived from

several specific sources and introduced into the tetraploid potato.

Materials and Methods

A simple and convenient way of testing for presence of additivity and/or non-
additivity of gene action in inheritance of any trait is to intercross two
parent clones, to self them, and to compare the mean of the hybrid progeny
with the overall mean of the two self progenies. As the hybrid progeny must
be at least as heterozygous as the self progenies, or even more so, any
significant departure from the mean of the two self progenies will reflect the
interaction between the genes by which the parent clones differ. The
interaction can be dominance or dominance-based epistasis or both. This
procedure reflects the fundamental concept underlying several biometrical
methods of quantitative genetics such as the diallel cross (Hayman, 1954),
North Carolina Design I and II ( Comstock & Robinson, 1952), and generation
mean analysis (Mather & Jinks, 1971). In fact, it was successfully employed
by Killick & Malcolmson (1973) in investigating the genetic control of
resistance to late blight, Phytophthora infestans (Mont.) De Bary in potatoes.
The experiments 1 and 2 in this study made use of this procedure with the
parent clones also included in the test for resistance with the expectaticn
that the data te be obtained would provide additional information about the

effect of selfing and intercrossing on the level of resistance.



Experiment 1

The potato clones AVRDC-1287.19, BR-112.113, BR-63.74, 1-1039 and LT-7 were
used, The first three clones have been the initial resistant stocks in CIP and
several national breeding programs and have a relatively simple genetic
background for resistance to BW. The resistance of clone AVRDC-1287.19 has
been derived from S.chacoense Bitt. and 8. raphanifolium Card. & Hawk and is
well combined with a high level of heat tolerance. BR-112.113 and BR-63.74
have the typical 5. phure ja-based resistance which usually breaks down under
high temperatures. LT-7 has been known primarily for its high level of heat
tolerance, but recently was found to be highly resistant to a race 1 isolate,
WP-17, of P. solanacearum (Tung et al., 1990a)., T1-1039 is a susceptible
cultivar agronomically well adapted to tropical highlands, but largely heat

sensitive,

8ix F, progenies were produced by intercrossing both AVRDC-1287.19 and BR-
112.113 with each of the other three clones. All parents were also selfed.
There were thus six genetic sets, each set including the parent clones P, and
P. (P’'s), the self progenies P,-self and P,-self (P-selfs) and the F, ( ses
Table 1). All sets were tested for resistance to isoclate WP-17 under screen-
house conditions at Los Banos, the Philippines (150 m above sea level, asl}),
during the period 25 January - 8 February, 1990. The experiment was conducted
in a completely randomized design with two replications of 50 plants for each
self and F, progeny and 10 plants per parent clones. As individual plants of
a clone are genetically identical, planting medium and cultural practices were
uniformly applied and replicate means were to be used for analysis, the extent
to which the difference in plot size between parents and progenies would

affect the residual variance was assumed to be at a minimum and negligible.

Seedlings of F, and self progenies, raised in heat sterilized volcanic
subsoil, were transplanted individually at the first true leaf stage in 8 cm-
diameter clay pots containing the same type of soil. At the same time disease-
free tuberlets of the parent clones were planted directly in the pots. Ten
tuberlets of the susceptible clone 7XY,1 were also planted to serve as a check
for effectiveness of the Inoculum. The plants were irrigated with tap water
at two-day intervals and fertilized once a week with a 1% solution of 14 ¥ N,
5% P, and 12 % K. Mancozeb (0.3 %) and cypermethrin (0.1 %) were sprayed
weekly to prevent infestation by fumgi and insects. All plants were trimmed
to single-stemmed one week prior to inoculation. Four weeks after planting,
the plants were inoculated by cutting off the leaves at the third and the

fourth positions from the crown with a scalpel dipped into an inoculum
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suspension of the bacterium containing 10° cells/ml. The inoculated plants
were maintained in the screen-house where maximum/minimum temperatures were
recorded daily. Fifteen days after inoculation, when check plants were all
completely wilted or dead, wilt symptoms of individual plants were scored
following the index scale used by French and De Lindo (1982): 1, no symptoms;
2, one or two leaves wilted; 3, up to half of the leaves wilted; &, up to 3/4
of the leaves wilted and 5, plant completely wilted or dead.

Experiment 2

This experiment was the first attempt to investigate the inheritance of
resistance to BW in an advanced population of potato clones derived through
several cycles of selection for resistance , combined from several specific
sources, and for adaptation to warm conditions. The underlying hypothesis was
that the inheritance pattern might have been altered in some way following the

changes in the genetic make-up of the resistance.

The potato clones used were numbered 384008.4, 384012.2, 384015.30 and
381064.12. They have at least three known specific resistance sources, namely
5. phureja, S. chacoense and S. raphanifolium in their ancestry and were
selected from the population of clones mentioned above. The last cycle of
selection for resistance to P. solanacearum under field conditions and for
adaptation to warm temperatures was done in Mindanao (800 m asl), the
Philippines, where race 3 is prevalent. All of these clones have BR-63.74 as
initial resistant ancestor three generations backwards, and AVRDC-1287.19 as
the most recent resistant parent or grand-parent. Clones 384015.30 and
301064.12, though selected in different years, have full sibs as female parent
and AVRDC-1287.19 as male parent. The clones were selfed and intercrossed to
produce three genetic sets (see Table 2) comparable to those in experiment 1.
Parent clomes, F, and self progenies were tested for resistance to a race 3
isclate (DT-10) of P. solanacearum in Ductrong (1000 m asl), Vietnam, during
the period 10-25 April, 1991.

A test nursery was constructed with 3.5 z 5.0 m houses roofed with
transparent polyethylene sheets at the test site. In each house, 0.70 x 2.0
x 0,15 m soil beds, raised 0.7 m above the ground, were made and filled up
with a 15:1 mixture of heat sterilized volcanic subsoil and decomposed chicken
manure. Seedlings of F, and self progenies were transplanted at the first true
leaf stage into the raised beds in three completely randomized replicates of
20 plants per progeny. Rooted cuttings of parent clones were also transplanted
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on the same day with 10 plants in each of three replicates per clone. All
cultural practices,inoculation metheds, temperature reading, and assessment

of reaction to disease were as described in experiment 1,

Experiment 3

Combining ability for resistance to P. solanacearum was investigated for a set
of nine clones. Five resistant clones were crossed as females with each of
four susceptible male clones following the Mating Design II ( Comstock &
Robinson, 1952).The resistant parents were AVRDC-1287.19, BR-112.113, BR-
63.74, BR-63.76 and Cruza-148, The first three clones were described
previously. BR-63.76, a full sib of BR-63.74, and Cruza-148, with an unknown
source of resistance , have alse been utilized as initial resistant stocks at
GIP and several national breeding programs. The susceptible parents were CFK-
69.1 and I-1039, both heat sensitive, and DT0-33 and LT-8, both heat tolerant.
The 20 F, progenies were tested for resistance to isolate DT-10 under the
nursery conditions at the same location and during the same peried of time as
described in experiment 2. The experiment was conducted in a completely
randomized design with three replications of 20 plants per progeny. Ten plants
per parent clones were also tested for their own level of resistance. All

other experimental operations were as described in experiments 1 and 2.

For all experiments, the plot mean disease indices were used for analysis
of variance . For experiment 3, the % survival was also taken for combining
ability analysis after an arcsin-transformation. Non-orthogonal sets of single
degree-of -freedom contrasts were employed to compare F, vs P-selfs, F, vs P's
and P-selfs vs P's in experiments 1 and 2. The tests criterion was adjusted
to F'= F/(k-1), where F was the value obtained directly from the comparison,
and k= the number of entries involved in each comparison. F' thus had k-1 and
N-1 dgrees of freedom for the test of significance of the differences, where

N—the total number of observations in each comparison{ Meddis, 1975).

Results

In Los Banos, high temperatures were prevalent. The average maximum/minimum
temperatures (°C) were 32.7/22.8, the mean being 27.8. In Ductrong ,
temperatures were moderately warm, the average max/min being 30.2/18.7 and the
mean 24.53. Under these conditions, disease incidence was high at both

locations, but high and intermediate levels of resistance were found in Los
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Bancs and Ductrong against the race 1 and race 3 isolates used, respectively
(Tables 1, 2 & 3). At both locations, there were significant differences

between entries tested in all experiments.

Table 1. Mean wilt index (1-5) of five potato clones (P), their self progenies
(P-self), and six F, s 15 days after inoculation with a race 1 isolate of P.

solanacearum and pertinent comparisons based on analysis of variance.

Set 1 Set 2 Set 3 Seth Set 5 Set B
Entry
P, AVRDC-1287.10 AVRDC-1287.19 AVRDC-1287.19 BR-112.1123 BR-112.113 BR-112.113
P, I-1039 BR-63.74 LT-7 I-1039 ER-63.74 LT-7
P, 1,35 dw 1.35 ¢ 1.35 e 3.1¢ ¢ 3.10 ¢ 3.10 a
P, 4.45 a 4,70 a 1.00 ¢ 4.45 a 4,70 a 1.00 ¢
Meen of P's 2.90 3.03 1.18 3.78 3.90 2.05
Bself 2.83 ¢ 2.83 b 2.82 a 3.57 be 3.57 be 3.57 a
Pzelf 4.72 a 4.47 a 1,82 b 4.72 a 4.47 a 1.92 b
M