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Stellingen

1. De Japanse populatie van Monilia fructigena isolaten verschilt zodanig van die van de
Europese populatie, morfologisch zowel als genetisch, dat beiden als verschillende soorten
beschouwd dienen te worden.
{Dit proefschrift)
2. Ook vruchten die niet (volledig) mummificeren na infectie door Monilinia fructigena dragen
bij aan het primair inoculum in het volgende seizoen.

(Dit proefschrift)

3. You can’t judge a book by locking at the cover (Willie Dixon)
(Dit proefschrift)

4. Moleculair-biologische technieken vormen een belangrijke aanvulling op traditioneel
morfologische methoden in schimmeltaxonomie, vormen echter geen vervanging..

5. Wetenschap is ook een soort geloof,

6. Het plannen van werkoverleg tijdens lunchpauzes bevordert de arbeidsvrengde in het
algemeen niet.

Zoals mijn oud-leraar klassieke talen placht te zeggen: ‘de boog kan niet altijd
gespannen staan’.

7. Het is vaak het donkere bos dat ons doet spreken van het open veld.

{Henri Nouwen, 1993; Open uw hart, de weg naar onszelf, de andere en God,
Uitgeverij Lannoo nv, Tielt)

8. Voor de Nederlandse consument mag voedsel niet teveel kosten, anders zou die derde of
vierde vakantie wel eens in gevaar kunnen komen,

Stellingen behorend bij het proefschrift ‘The brown rot fungi of fruit crops (Monilinia spp.), with
special reference to Monilinia fructigena (Aderh. & Ruhl.} Honey’

G.C.M. van Leeuwen
Wageningen, 4 september 2000







Abstract

Van Leeuwen, G.C.M., 2000. The brown rot fungi of fruit crops (Monilinia spp.), with
special reference to Monilinia fructigena (Aderh. & Ruhl.) Honey. PhD thesis,
Wageningen University, Wageningen, The Netherlands.

The brown rot fungi of fruit crops (Monilinia spp.) cause blossom blight, twig blight, and
fruit rot in rosaceous fruit crops in the temperate regions of the world. Three species are
distinguished, of which M. fructicola and M. laxa are predominant in stone fruit culture,
whereas M. fructigena is in pome fruits. This thesis deals partly with taxonomy and
" identification of the brown rot fungi, and with the epidemiology of M. fructigena in pome
fruits.

M. fructicola is considered as a quarantine organism for Europe, and adequate
identification tools are essential to prevent the introduction of this species in Europe. The
most important pathways that the pathogen can be carried on are imported fruits and
nursery stock. An identification protocol was developed based on quantitative colony and
germ tube characteristics to distingmsh the three brown rot species. In a discriminant
analysis, the combination of increase in colony diameter and length of the germ tube
resulted in only two misclassifications out of 29 isolates tested. The ITS 1-5.88-ITS 2
region of ribosomal DNA (rDNA) was sequenced for a wide range of isolates to support
identification on the basis of morphology, and four distinct sequences were found.
Tapanese M. fructigena isolates differed from European ones by four transitions within
the ITS 1 region and one transition in the ITS 2 region. Morphologically, significant
differences were found in stroma formation and conidial dimensions between the
Japanese and European group. A new Monilia anamorph was defined, Monilia
polystroma Van Leeuwen, in which the Japanese M. fructigena isolates were included.

In a two-years field study in an apple orchard, fruit loss caused by M. fructigena was
quantified. In cv. James Grieve pre-harvest fruit loss ranged from 4.2 to 4.3 % in both
years, in ¢v. Cox’s Orange Pippin this was 4.4 % in 1997 and 2.7 % in 1998. The spatial
distribution of diseased fruits among fruit trees, and that of trees with diseased fruits was
analysed using Lloyd’s index of patchiness (LIP} and spatial autocorrelation analysis
respectively. Distinet clustering of diseased fruits among trees was detected in both
cultivars in both years, whereas clustering of trees with diseased fruits did hardly occur.
The concentration of airborne M. fructigena conidia in the orchard was monitored during
two seasons, and related to ambient environmental conditions. Relative humidity,
temperature, rainfall, wind speed and wind direction were monitored. The highest hourly
concentration measured in 1997 was 233 conidia/m® and occurred during afterncon
hours; in 1998 concentrations were lower than in 1997 throughout the season. Simple and
multiple regression analysis was applied to relate weather variables to hourly spore
catches. The factors relative humidity and temperature explained the variation in spore
catches observed best.

Mummification and sporulation after infection of pome fruits by M. fructigena was
studied in the field as well as under controlled environment conditions. Fruits of cv.
Golden Delicious infected late in the season did not mummify, but sporulated profusely



after overwintering. It was shown that early- as well as late-in-the-season infected fruits
confributed to the production of primary inoculum in the next season. Regeneration of
conidia was much reduced in previously infected fruits after incubation under conditions
of 20 and 25 °C and RH 65-85 % for 8 and 12 weeks.



VYoorwoord
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great help in analysing the spore catch data, thanks again. Willem, bedankt voor het gepuzzel
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Chapter 1

General introduction

The three Monilinia spp. which cause blossom and twig blight, and fruit rot in rosaceous fruit
crops all over the world, are commonly referred to as “the brown rot fungi of fruits crops”.
This group includes Monilinia fructicola (Wint.) Honey, Monilinia laxa (Aderh. & Ruhl)
Honey and Monilinia fructigena (Aderh. & Ruhl.) Honey; the anamorph form is referred to as
Monilia. The former two species are mostly confined to stone fruits, while M. fructigena is a
major fruit rot pathogen in pome fruits.

History of taxonomy and nomenclature

The first description of a brown rot fungus given, dates back to 1796 when Persoon described
a fungus found on decaying fruits of pear, plum and peach (Persoon, 1796). At first he named
it Torula fructigena, but afier careful examination of the material, he changed the generic
name into Monilia (Monilia fructigena). During the nineteenth century, several authors have
published descriptions of the anamorph of brown rot fungi under different specific names. For
example, Kunze & Schmidt (1817) presented a description of a brown rot fungus which
produced buff-coloured pustules on fruits, and named it Qidium fructigenum. Wallroth (1833)
was the first to distinguish two distinct brown rot fungi in Europe. The one preducing
‘ochraceis’ pustules was named Qospora fructigena, the one with ‘griseis’ pustules Qospora
laxa. Bonorden (1851) changed the latter name into Monilia cinerea, a name until recently
still used by European workers.

Until the beginning of the twentieth century, many workers still believed that there was
only one brown rot fungus in Europe, Monilia fructigena Pers.. A brown rot fungus occurring
in North America was also denoted as such (Smith, 1889). Woronin (1900) presented
convincing evidence that two distinct fungal forms occurred in Europe on the basis of
differences in colour of sporogenous tissue on culture media and fiuits, spore dimensions and
results obtained with cross-inoculation experiments. With Schréter (1893), he was also
convinced that both species belonged to the genus Sclerotinia, although the perfect state had
never been observed. The form producing ash-grey pustules was called Sclerotinia cinerea
(Bon.) Schriter, the one forming buff-ochreous pustules Sclerotinia fructigena (Pers.)
Schroter. It was only a few years later that the anamorph-teleomorph connection for these
fungi was definitely established by Aderhold & Ruhland (1905). Mummified apple fruits
produced apothecia in the second spring after infection, and ascospores sown on culture
medium yielded cultures with buff-coloured sporogenous tissue. The species with the buff-
coloured pustules was initially called Sclerotinia fructigena (Pers.) Schréter, but the name
given by Schréter was a nomen nudum, based on the anamorph only. The authors also
obtained apothecia on mummified apricot fruits, the ascospores of which gave cultures with
ash-grey sporogenous tissue. At that time the brown rot fungus producing ash-grey pustules
associated with apricot, was known as Monilie laxa. For this, the species obtained from
apricot was called Sclerotinia laxa (Ehrenb.) Aderh. & Ruhl..

The size of asci and ascospores found for Sclerotinia fructigena by Aderhold & Ruhland
(1905) differed from the description of the perfect state of a brown rot fungus collected in the
USA (Norton, 1902). According to Conel (1914), the fungus described by Norton could not
be Sclerotinia fructigena Aderh. & Ruhl., as the American form did not produce buff-
coloured pustules, but instead ash-grey ones. Then, Sclerotinia cinerea became the name
commonly accepted for the American form. However, Wormald (1920) distinguished the
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American form with ash-grey pustules from the European form on the basis of sporulation
intensity and its mode of growth when cultivated on prune juice agar. He proposed the name
Sclerotinia cinerea forma americana for the American form. Later, Norton & Ezekiel (1924)
proposed the name Sclerotinia americana for the American form. The rediscovery of an early
description of the perfect state of a brown rot fungus found in Pennsylvania (USA) by Winter
(1883) given the name Ciboria fructicola, made Roberts & Dunegan (1924) decide that the
only correct name for the American form was Sclerotinia fructicola (Wint.} Rehm.

In an excellent study of the related genera Sclerotinia Fuckel, Ciboria Fuckel and
Stromatinia Boud., Honey (1928) erected a new genus, Morilinia, comprising the monilioid
species formerly placed in the genus Sclerotinia. He distinguished this new group from the
other Sclerotinia species on the basis of nature of the stroma/sclerotial tissue and the type of
conidial fructification. The conidial stage within Monilinie is monilioid, macroconidia are
arranged as beads on a string. The author declared Monilinia fructicola (Wint.) Honey
(= Sclerotinia fructicola (Wint.) Rehm) as the type species. Later, Honey (1936) subdivided
the group of Monilinia spp. in two sections: Junctoriac and Disjunctoriae. In the Disjunctoriae
macroconidia in the conidial chain are separated by disjunctors, in the Junctoriae these
siructures are absent. The Disjunctorize comprise species with a very narrow host range
{monotrophs, oligotrophs), the group of brown rot fungi belong to the Junctoriae (polytrophs).

Geographical distribution
As the history of nomenclature within the group of brown rot fungi indicates, initially there
was a distinct geographical distribution of the three species worldwide. At the beginning of
the twentieth century, M. fructicola was known to occur in the New World (North America,
Australia), while the other two species were endemic in Europe and the Far East (Manchuria,
Japan). During the last century however, brown rot species have become ecstablished in
regions where they were not previously known. Jackson (1915) recorded the presence of
M. laxa in Oregon at the west coast of the USA, and since that time its distribution has
extended northwards and southwards in the Pacific Coast region (Hewitt & Leach, 1939;
Ogawa et al., 1954). Spread to eastern parts of the USA (Wisconsin) was reported by Keitt e
al. (1943), and later by Kable & Parker (1963) in New York State. Until 1962 only
M. fructicola had been recorded as the brown rot species causing losses in Australia, Samples
of blighted blossoms and twigs of cherry collected in Victoria district in 1962, yielded
cultures of M. laxa (Jenkins, 1965a). In a limited survey, M. laxa appeared to be present only
in southem Victoria, not in northern Victoria. Later, it was also reported from New South
Wales, Australia (Penrose er af., 1976), and from New Zealand (Boesewinkel & Corbin,
1970). In 1965, Terui & Harada {1966) detected M. fructicola for the first time in Japan,
where it has since become established. At the present time, Japan is the only country where
the three brown rot species coexist, as far as we know. In the 1970s M. fructigena was found
in Maryland, USA, on pear fruits (Batra, 1979). The complete orchard was destroyed to
eradicate the disease and no further records of its occurrence in the USA have been made.
During the last century the brown rot fungi have invaded new geographical regions,
probably favoured by an intensified exchange of commodities and goods between countries
and continents. Fortunately, M. fructicola has not vet been detected in Europe (Corazza er al.,
1999), though on numerous occasions the pathogen has been intercepted at ports of entry
{Wormald, 1954; Byrde & Willetts, 1977).

Identification, detection

Identification of the three brown rot fungi has always relied heavily on general colony
characteristics when grown on natural agar media (Wormald, 1920; Byrde & Willetts, 1977).
On potato dextrose agar (PDA), sporogenous tissue in M. fructigena is distinct buff-coloured
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{Rayner, 1970), while it has a brownish to ash-grey colour in M. fructicola and M. laxa.
M. fructicola is delineated from M. laxa on the basis of differences in mode of growth, growth
rate, and sporulation intensity on PDA. Conidial dimensions have been determined
extensively (Wormald, 1920; Ezekiel, 1924; Hewitt & Leach, 1939), and it was shown that
mean conidium size of M. fructigena was greater than that for M. fructicola and M. laxa.
Features of germ tubes sprouting from conidia have also been used for delineation.
M. fructicola and M, fructigena produce long, straight germ tubes before branching of the
germ tube occurs, while in M. Jaxg branching starts close to the conidium (Ezekiel, 1924,
Jenkins, 1965a; Schlagbaver & Holz, 1987). Furthermore, hyphal anastomosis of germinating
conidia has been used to separate M. fructicola from M. laxa; it commonly occurred in
M. fructicola, whereas in M. laxa anastomosis was lacking or rare (Ogawa & English, 1954).
Because of the occurrence of intermediate colony types, Sonoda et al. (1982) experienced
difficulties to separate M fructicola from M. laxa on the basis of general colony
characteristics. They proposed the use of interaction of cultures to delineate the two species.
When isolates of both species were grown in one Petri dish filled with catmeal agar, dark lines
appeared at the junctions between M. laxa and M. fructicola isolates, but not between M. laxa
isolates.

As outlined above, classification of the brown rot fungi is entircly based on differences in
the anamorph Monilia. Only the teleomorph of M. fructicola is regularly found in the field
(Huber & Baur, 1941; Terui & Harada, 1966; Zehr, 1982), apothecia of the other two species
are very rare (Wormald, 1921; Solkina, 1931; Batra & Harada, 1986). Aderhold & Ruhland
(1905} compared apothecial material from M. fructigena and M. laxa, and concluded that size
and colour of the apothecia and asci were identical, and that only a slight difference in shape
of the ascospores existed. Ascospores in M. fructigena were gently tapered at both ends, while
those of M. laxa had rounded ends. However, Harrison (1935) stated that ascospores of
M. fructigena were not always pointed, and Batra (1991) concluded that ascospore shape is
variable in the brown rot fungi, and unsuitable as diagnostic feature. A thorough comparison
of apothecia of M. laxa and M. fructicola by Harrison (1935), revealed no morphological
differences.

As well as cultural and morphological methods to delineate the brown rot species,
differences in soluble proteins and enzymes have been studied. Penrose ef al. (1976)
compared the electrophoretic patterns of soluble proteins and several enzymes between
isolates of M. fructicola and M. laxa, and found that both species could be readily
distinguished with the enzymes arylesterase and acid phosphatase. Extracellular cell wall-
degrading enzymes, like pectin esterase and polygalacturonase, also proved to be useful in
separating the brown rot species (Willetts ez al., 1977; Gupta & Byrde, 1988).

More recently, genetic differences between the brown rot species have been exploited for
delineation of the species. Sequence analysis of the ITS-region of ribosomal DNA (tDNA)
revealed three distinct sequences corresponding with the three species (Holst-Jensen er al.,
1997a), though some intra-specific variation occurred in M. fructicola and M. laxa. The
occurrence of an intron in the small subunit (S8U) rDNA gene in M. fructicola has been used
to construct species-specific primers to detect this species in vifro as well as in planta {Fulton
& Brown, 1997).

Epidemiology of the brown rot fungi

General
Although the three brown rot species are considered polytrophs and are usually parasitic on all
rosaceous fruit crops, a certain specialisation exists. M. fructigena is mainly a fruit rot
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pathogen, although it is able to infect and colonise blossoms as well. However, ingression of
mycelium into twigs from out of colonised flowers does not take place in M. fructigena
(Woronin, 1900; Byrde & Willetts, 1977). M. fructigena occurs predominantly in pome fruit
orchards (Malus spp., Pyrus spp.}, but also in Prunus spp.. On the contrary, M. laxa is
especially a blossom and twig pathogen, and causes damage in stone fruits. Under warm,
humid conditions in the blooming period, severe infection of blossoms can take place,
especially in sour cherry, apricot and almond (Calavan & Keitt, 1948; Ogawa & English,
1960; Gupta & Byrde, 1988). Subsequently, twigs are invaded by the pathogen, and the upper
parts of these twigs die as soon as twigs are girdled. M. laxa also infects fruits in stone fruit
crops, but there it is often encountered together with M. fructicena (Europe) or M. fructicola
(USA, Australia). Finally, M. fructicola is mostly confined to stone fruits and is especially a
fruit rot pathogen. In peach especially, M. fructicola has caused tremendous losses in the past,
often exceeding 50 % (Smith, 1889; Hutton & Leigh, 1956). Nowadays, average vield losses
are lower, though occasionally still high under adverse weather conditions during harvest time
(Zehr, 1982; Hong ef al, 1997). Much effort has been done to assess the relative
pathogenicity of M. fructicola and M. laxa on different stone fruit crops (Huber & Baur, 1941;
Ogawa & English, 1960; Michailides ez al., 1987). M. fructicola is the only species in which
life cycle apothecia play a role in nature, though the occurrence of apothecia varies per region
(Kable, 1965b; Landgraf & Zehr, 1982; Sanoamuang ef al., 1995).

Monilinia fructigena (Aderh. & Ruhl.) Honey
M. fructigena is a major fruit pathogen in pome fruit culture, in pre-harvest as well as post-

harvest stage. In the field, the first infections of unripe, green fruitlets usually occur 6-8 weeks
after the blooming period (Fig. 1).

infected twig blight
— young§ and cankers

7 ﬁé\“ﬁ‘ﬁ

ig blight
or canker
\ ' infected
- ripe ;ﬁ

fruit

Fig. 1. Life cycle of M. fructigena (adapted from Byrde & Willetts, 1977).
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M. fructigena is mainly a wound pathogen, although apples have been successfully infected
via lenticels (Horne, 1933). Fruit skin injuries can be caused by abiotic (spring frosts, hail) as
well as biotic factors (insects, birds, man). After infection, a brown lesion develops on the
fruit, which is later ruptured by numerous sporodochia (conidial pustules) bursting through
the cuticle of the fruit. In the first crop of conidia, millions of spores are produced per fruit,
which are subsequently dispersed by air, water or vectors such as insects and birds (Pauvert et
al., 1969; Lack, 1989). A part of these conidia initiate new infections, though healthy fruits
are also infected by fruit-to-fruit contact, as described for M. fructicola (Michailides &
Morgan, 1997). No cxact data are available for pre-harvest losses caused by M. frucrigena
nowadays, but in older literature moderate losses (10-15 %) to extremely high losses (50-
60 %) are reporied (Wormald, 1954). Diseased fruits either stay in the tree or fall to the
ground. In the tree canopy, diseased fruits gradually dry out and shrivel, and turn into firm
structures (‘mummies’, mummified fruits). These mummified fruits are the main survival
structures of the pathogen during wintertime (Byrde & Willetts, 1977), though it also survives
as mycelium in infected twigs and branches (Fig. 1). In springtime, periods of rain stimulate
the uptake of moisture by the dried-out, mummified finits. Subsequently, these mummies
produce a new crop of conidia when temperature during daylime rises to 18-20 °C (Byrde,
1954a); this forms the primary inoculum to start a new epidemic (Fig. 1).

About this thesis

Background to the research

M. fructicola is listed on the EPPO At list of quarantine organisms for Europe (CABL/EPPO,
1997). Correct and quick identification and detection is necessary at entry points throughout
Europe (airports, dock sites, harbours) to prevent the introduction of this pathogen in Europe.
A project, involving the Dutch Plant Protection Service in Wageningen, which focussed on
improvement of identification and detection metheds was funded by the European Union and
started in 1996 in cooperation with several other European institutes and universities. A study
of epidemiological aspects of the brown rot diseases, was embedded in the overall PhD-
research project in cooperation with the Department of Phytopathology (later with the group
of Biological Farming Systems) of Wageningen University. This part of the project focussed
on the epidemiology of M. fructigena in apple and pear orchards. In the Netherlands, 95 % of
the area of pome and stone fruit culture consists of apple and pear and in 1998 about 500
million kg of apples and 140 million kg of pears were produced (Anonymous, 1999a). Though
many aspects of the etiology and epidemiology of M. fructigena have been studied in the past
{Wormald, 1954; Byrde & Willetts, 1977), some aspects have only been given minor
attention.

Objectives, approach, and outline of the thesis

As mentioned before, identification of the three brown rot species relies heavily on qualitative
colony characteristics (colour, shape of colony margin, etc.). This makes correct identification
difficult for people without former experience with cultures of the brown rot fungi. It was our
aim to develop an identification protocol based on unambiguously defined quantitative
characteristics of colony and germ tube growth {Chapter 2). In cooperation with workers from
The Queen’s University of Belfast experienced in molecular biclogy, genetic variation among
and within the brown rot species was investigated. Bspecially among isolates from Japan,
considerable genetic variation was found (Chapter 3). Based on these results, subsequenily we
focused our attention on a comparison of cultural, morphological and biclogical
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characteristics between Japanese and European M. fructigena strains. This resulted in the
description of a new Monilia anamorph {Chapter 4).

In the second part of this thesis certain aspects of the epidemiology of M. fructigena are
presented. Increase of disease incidence of M. fructigena in apple was studied in time and in
space during two growing seasons. It was our aim to quantify nowadays yield losses caused
by M. fructigena, and to study the spatial distribution of diseased fruits in time (Chapter 5).
Spatial dynamics give insight into the underlying mechanism of dispersal of a disease. The
role which aerial dispersal of conidia plays in M. fructigena is not clear, but it might facilitate
dispersal over long distances. We determined the concentration of M. fructigena conidia in the
air during the season in an apple orchard, and related this to ambient environmental conditions
(Chapter 6).

The role of mummified fruits as the main survival structures of the pathogen, offers
possibilities to control the disease by removing or destroying mummified fruits before these
start to resporulate in springtime. Detailed studies of factors poverning resporulation of
mumrmified fruits in springtime, are lacking. Initially, it was our aim to study the effect of
temperature and moisture conditions in springtime on resporulation of mummified fruits.
However, it soon appeared that there was an enormous variation in potential sporulation
intensity between mummified fruits collected in the field. Therefore, we designed experiments
to obtain more insight into the process of mummification and subsequent resporulation in
springtime (Chapter 7).

Chapter 8 of this thesis deals with risk analysis. One of the outcomes of the EU-project was
that it would be very useful to quantify the risk of introduction of M. fructicola into EU
membership countries. Guidelines on Pest Risk Analysis (PRA) developed by the European
and Mediterranean Plant Protection Organisation (EPPO) were followed to assemble relevant
biological and commercial information (trade pathways).



Chapter 2

Delineation of the three brown rot fungi of fruit crops
(Monilinia spp.) on the basis of quantitative
characteristics

Abstract

The three Monilinia spp., known as the brown rot fungi of fruit crops, are usually
distinguished from each other on the basis of (qualitative) colony characteristics. We
linked these qualitative features to unambiguously defined, quantitative colony and
germ tube characteristics. A wide collection of isolates of Monilinia fructicola, M. laxa
and M. fructigena was used to determine growth rate and sporulation intensity on potato
dextrose agar (PDA) at 22 °C under two light regimes (darkness, 12 h light/ 12 h
darkness). The following germ tube characteristics were determined on water agar after
incubation for 18 h at 22 °C in darkness: length of the (leading) germ tube, distance to
the first branch, and the number of germ tubes per conidium. Increase in colony
diameter from day 3 to day 5 and sporulation intensity measured after 14 days, was the
highest in M. fructicola, whilst M. laxa and M. fructigena showed considerable overlap
in these features. The length of the germ tube after 18 h incubation was shortest in
M. laxa, ranging from 161 pm to 466 pm. In M. fructicola and M. fructigena this range
was 465 to 851 pm and 307 to 806 um, respectively. The occurrence of more than one
germ tube per conidium was most prominent in M. fructigera. Discriminant analysis on
the basis of different combinations of the quantitative characteristics measured, showed
that the combination of growth rate on PDA and length of the germ tube was sufficient
to delineate the three brown rot fungi. One out of 11 M. fructicola isolates was
misclassified, the same held for M. fructigena (one misclassification out of nine
isolates). No misclassifications occurred in M. laxa,

Introduction

Considerable losses in fruit crops are caused in the temperate regions of the world by
three Monilinia species, Monilinia fructicola (Winter) Honey, Monilinia laxa (Aderhold
& Ruhland) Honey and Monilinia fructigena (Aderhold & Ruhland) Honey, commonly
referred to as the brown rot fungi of fruit (Byrde & Willetts, 1977; Batra, 1991). The
brown rot fungi are polytrophs; they attack a wide range of members of the Rosaceae,
Other Monilinia species are oligotrophs and monotrophs and their host plant plays an
important role in identification of these species (Batra, 1991). Several diagnostic
features have been used to separate the three brown rot species. The part of the host
plant infected, the colour of pustules and the time of appearance of the first pustules,
give preliminary information for determination of the specics. M. laxa is considered to
be more a pathogen of blossoms and twigs than of fruit, M. fructigena is mainly a fruit
pathogen (Calavan & Keitt, 1948; Wormald, 1954). M. fructicola is a pathogen of both
blossomv/twigs and fruits, and mainly affects stone fruits (Ogawa & English, 1960). The
colour of the pustules on infected plant tissue is buff in M. fructigena, greyish-brown in
M. fructicola and M. laxa (Byrde & Willetts, 1977). However, observations in the field
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only are not sufficient to delineate the three brown rot species accurately; laboratory-
based techniques are imdispensable for an accurate identification.

Several laboratory-based techniques have been described in the literature to separate
the three species. Growth characteristics on natural media (e.g. potato dextrose agar
(PDA)), germ tube morphology and hyphal anastomosis between germ tubes, as well as
interaction of cultures on oatmeal agar have been used as features for identification.
From the very beginning, the growth characteristics on agar media have been used for
identification (Wormald, 1919; Ezekiel, 1924; Roberts & Dunegan, 1932). Wormald
(1920) was the first to report that there were differences in germ tube morphology
among the species. He found that M. fiucticola and M. fructigena produced a long,
straight germ tube before branching, while M. laxa branched closely to the conidium.
Calavan & Keitt (1948) stressed the fact that the mode of germination depends strongly
on environmental conditions. An additional feature to distinguish M. fructicola from
M. laxa is anastomosis between germ tubes. M. fructicola shows abundant anastomosis
between germ tubes, in M. Jaxa it rarely occurs.

M. laxa and M. fructicola coexist in several regions of the world (Japan, USA,
Australasia), and although host preference is rcported (Ogawa er al., 1954), the two
species can be encountered together on nearly every stone fruit crop. Problems have
arisen conceming the identification of so called ‘atypical’ isolates, isolates which do not
have the typical characteristics as described for the type cultures (Aderhold & Ruhland,
1905; Honey, 1928). Different opinions have appeared in the literature concerning the
characteristics which are most typical for the two species (Ogawa & English, 1954;
Sonoda et al., 1982). A proper identification and separation between these two species is
of the utmost importance, as M. fructicola is a quarantine organism for Europe.

It is striking to see that the characteristics for identification of the brown rot fungi are
almost exclusively qualitative traits, depending heavily on colony characteristics and
interaction between colonies. For this, diagnostic personne] less familiar with cultures of
the three species, encounter difficulties while interpreting described qualitative
characteristics for cultures under study, The main goal of this study was to provide
several quantitative, unambiguously defined characteristics for delineation of the three
brown rot species solely on the basis of quantitative characteristics. Moreover, our study
includes a world-wide set of isolates for all three brown rot species. To our knowledge
this is the first comparative, quantitative study of all three species done at the same time.

Material and methods

Set of isolates

Isolates were received from several workers in different regions of the world.
Additionally, during summer 1996 samples were collected in Dutch orchards. After
subculturing on PDA to identify the isolates, ail isolates were lyophilized. Isolates were
identified by the first author on the basis of general qualitative colony characteristics
{colony margin, lobing, colour of sporogenous tissu¢) on a commercial PDA
formulation (Oxoid, Basingstoke, England). The set of isolates used in the experiments
is shown in Table 1.

Colony characteristics

A commercial PDA formulation was used to prepare PDA medium (39 g/L distilled
water), on which growth characteristics of the three species were studied. Nine cm
diameter, plastic Petri dishes were used, which were filled with 12.5 ml PDA.



Delineation of Monilinia spp.

Table 1. List of isolates of Monilinia spp. used to determine quantitative characteristics.

Isolate Host Species Origin Year of isolation
dar 27029 Prunus persica fructicola Australia 1976
dar 27031 Prunus persica fructicola Australia 1975
dar 27033 Prunus avium fructicola Australia 1976
dar 27036 Prunus avium fructicola Australia 1976
cc 778" Prunus sp. fructicola Australia 1971
nz 12.89 Prunus persica fructicola N-Zealand 1989
nz 17.90 Prunus domestica fructicola N-Zealand 1990
nz22.94" Prunus armeniaca  fructicola N-Zealand 1994
nz 23.94 Prunus armeniaca fructicola N-Zealand 1994
jap 1438 Malus pumila fructicola Japan 1989
Jap 1829 Prunus persica fructicola Japan 1992
jap 2636 ™ Prunus cerasus/

avium fructicola Japan 1995
cc 865 Y Prunus domestica  fructicola USA 1994
cc 866 Prunus domestica fructicola USA 1994
cc 867" Prunus domestica  fructicola USA 1994
cc953 % Prunus domestica  fructicola USA 1996
chs 203.25 Malus sylvestris fructicola USA 1925
dar 41474 Prunus armeniaca laxa Australia 1978
dar 41543 Prunus armeniaca laxa Australia 1978
nz 1.90" Prunus persica laxa N-Zealand 1990
jap 1390 Prunus mume laxa Japan 1989
usa 55 Prunus amygdalus  laxa Usa i
cc954 Y Prunus persica laxa South Africa 1996
es-7 Prunus persica laxa Spain 1987
es-129 Prunus armeniaca  laxa Spain 1996
es-18 Prunus armeniaca laxa Spain 1996
cc 6827 Prunus persica laxa Ttaly 1992
utad F1 * Prunus domestica laxa Portugal 1996
pd 17.96 Prunus sp. laxa The Netherlands 1996
pd 17.96m1 Prunus sp. laxa The Netherlands 1996
pd 20.90 Prunus cerasus laxa The Netherlands 1996
pd 20.96m4 Prunus cerasus laxa The Netherlands 1996
chs 165.24 Cydonia vulgaris laxa -9 1924
jap 2317 Malus pumila fructigena Japan 1995
pd 4.96 Malus pumila fructigena The Netherlands 1996
pd 4.96m1 Malus pumila fructigena The Netherlands 1996
pd 8.96 Prunus persica fructigena The Netherlands 1996
pd 8.96m1 ® Prunus persica fructigena The Netherlands 1996
pd 15.96 Malus pumila fructigena The Netherlands 1996
pd15.96m2®  Malus pumila fructigena The Netherlands 1996
pd 27.96 % Prunus domestica fructigena The Netherlands 1996
pd 27.96ml Prunus domestica fructigena The Netherlands 1996
es-48 " Prunus domestica  fructigena Spain 1996
utad LL1 Malus pumila fructigena Portugal 1995
utad B9 ¥ Malus pumila fructigena Portugal 1995
utad B11® Malus domestica fructigena Portugal 1995
PeM2?¥ Cydonia sp. fructigena Portugal 1996
cc 747" Malus pumila fructigena UK 1969
cc 782 Malus sp. fructigena UK 1994
cc 752 Prunus domestica fructigena Poland 1953

Note: Unless otherwise indicated, both germ tube and colony characteristics were determined for the

isolates.
)

only germ tube characteristics were determined.

b only colony characteristics determined

9 not known
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After 3 days of growth on PDA at 22 °C in darkness, plugs of M. fructicola, 4 mm
diameter, were taken from the edge of the colony and placed at the centre of new PDA
dishes. Subsequently, the dishes were incubated at 22 °C either in darkness or in 12 h
light/12 h dark regime. Similarly, plugs of 4 mm diameter were taken from the edge of
colonies of M. fructigena and M. laxa after 6 days of growth on PDA. Light during
incubation was provided by two nUV (near ultraviolet} tubes (Philips TLD, 18W/08),
hanging approximately 15 ¢cm above the Petri dishes; three replicates were used per
treatment.

After 12-13 days incubation, the shape of the colony margin, site and colour of
sporulating areas in the colony, and the presence of zonation were examined. Only
dishes from the light/dark regime were observed, as M. fructigena and M. laxa
sporulated sparsely in darkness.

Quantitative characteristics were assessed as follows: mean colony diameter after 3
and 5 days, number of discrete sclerotial plates (stromata) present after 12-13 days, and
the number of macroconidia (spores) per dish after 14 days incubation. Mean colony
diameter included the 4 mm agar plug placed at the centre of the dish. Spores were
removed from the dishes by gently scraping the surface with a sterile needle, after
adding 8-10 ml of distilled water to the dishes. Three droplets of Tween-80 (wetting
agent) were added per litre distilled water. The resultant suspensions were whirled on a
rotary shaker at 1500 rpm for 30 s, the suspension was passed through two layers of
cheesecloth to remove large mycelial fragments, and the number of conidia per ml was
determined using a haemocytometer.

Germ tube characteristics

Conidia of all three species were grown on PDA under nUV-light (12 h light/12 h dark)
at 22 °C. Depending on the species, conidia were washed from the dishes either 4 days
(M. fructicola) or up to 14 days (M. fructigena, M. laxa) afier incubation. Conidia were
harvested in 3-5 ml distilled water, after scraping the cultures with a needle. The
conidial suspension was whirled on a rotary shaker for 30 sec at 2200 rpm, and then
poured through a double layer of cheese cloth. The suspension was adjusted to
1x 10° spores/ml, and 0.1 ml was used to inoculate a dish of water agar (1.5 % WA,
Oxoid, Basingstoke, England). Two dishes per isolate were incubated for 18 h at 22 °C
in darkness. Germ tube morphology of 25 conidia per dish was examined. To avoid
biased selection of conidia, the four conidia surrounding the first conidium chosen were
assessed, and the process was repeated on four other parts of the dish. Thus a total of 50
conidia per isolate were assessed. The following characteristics were determined: the
distance from conidium to the tip of the longest germ tube (longest straight length), the
distance from conidium to the first branch in the germ tube, and the presence of more
than one germ tube pet conidium (Fig. 1). A branch was defined as a ramification of the
leading germ tube with a length (of the side branch) of at least 20 um. Measurements
were done at 100x magnification with a calibrated micrometer. The percentage of
conidia showing branching prior to 100 pm, as well as the percentage of conidia
showing more than one germ tube was calculated (n = 50).

Statistics

Discriminant analysis (Fisher, 1936) was used to construct classification rules based on
different linear combinations of the observed quantitative characteristics. The procedure
DISCRIM, part of the statistical program SAS (SAS Institute Inc., Cary, NC, USA) was
used to perform the calculations. Data from each set of isolates were used to construct
discriminant functions for colony and germ tube characteristics separately.
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Fig. 1. Conidium of M. fructigena germinating with two germ tubes. Branching of the
(leading) germ tube takes place at approximately 75 um from the conidium.
Scale bar = 10 pm.

In addition discriminant functions were constructed on the basis of the group of isolates
for which both colony as well as germ tube characteristics were determined (Table 1).
Validation of the obtained functions was done using the so called ‘jackknife technique’
(cross-validation), resulting in error-rate estirnates for each species. With this technique,
the isolate to be classified is not included in the construction of the discriminant
functions. This isolate is classified on the basis of classification rules fixed by the
remaining group of isolates from the set of isolates under study. An isolate was
considered to be misclassified when it was designated to a group different from its
initial identification on the basis of general colony characteristics. Each isolate was
designated to the group with the highest resulting value of the discriminant function
(d value). The increase in colony diameter from day 3 to day § and the logl0-
transformed number of conidia per dish afier 14 days were used as quantitative colony
characteristics. Among the germ tube characteristics, the distance from conidium to the
tip of the longest germ tube (longest straight length) in pm was used as a quantitative
characteristic. Arcsine transformation was applied to the percentages of conidia
branching prior to 100 pm and to the percentages of those showing more than one germ
tube. Values of 0 % were substituted by (1/4n) %, where n was 50 (Gomez & Gomez,
1984).
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Results

Qualitative colony characteristics

Qualitative colony characteristics of the three brown rot fungi differed considerably.
M. laxa showed a distinctive growth rhythm; radial growth was checked several times,
after which growth resumed. This resulted in a typical rosette pattern of the colony, with
the formation of dark, intramatrical rings at the sites where growth had been checked
(Figs. 2e and 2f). The other two species did not show this growth rhythm, radial growth
was continuous and the colony margin was more or less even. In darkness, however,
some M. fructigena isolates also formed a kind of rosette colony pattern. Sporulation in
M. fructicola took place over the entire surface of the colony. Distinct concentric rings
of aerial mycelium were formed by M. fructigena on which sporulation occurred (Figs.
2c and 2d). Colonies of M. laxa initially produced spores closely appressed to the agar;
however, after 10-14 days little tufis of aerial mycelium developed on which sporulation
also occurred. The colour of sporogenous tissue was distinctively buff/luteous in
M. fructigena, and hazel/isabelline in the other two species (Rayner, 1970).

Quantitative colony characteristics
Mean colony diameters measured after 3 and 5 days are shown in Table 2.

Table 2. Colony diameter (mm) of three Monilinia spp. on PDA after 3 and 5 days
incubation at 22 °C under two different light regimes.

Darkness 12 h light/ 12 h darkness
3 days 5 days 3 days 5 days
M frritztisola 40.5 (33-51)™  62.7 (45-75) 43.6(31-53)  70.1(48-83)
g}.;axa) 22.7(17-30)  34.2 (28-46) 21.5(17-30)  30.8(23-42)
?j‘i‘}t}iﬁgena 16.0(10-26)  23.4 (14-40) 21.1(15-29)  33.6 (24-46)
"=

? number of isolates.
& range of colony diameter given in parentheses.

Colony diameter of M. fructicola was considerably higher than that of the other two
species. The range in colony diameter for the set of M. laxa and M. fructigena isolates
showed a considerable overlap. There was a significant difference in colony diameter
for M. fructigena between both light regimes, after 3 as well as after 5 days (¢-test, o =
0.05).

The number of discrete sclerotial plates showed both inter- and intraspecific variation.
In M laxa no discrete sclerotial plates were observed in either light regime. In
M. fructicola 3 out of 14 isolates showed some sclerotial plates after 12 ddys in
darkness, and 7 out of 14 in light/dark regime (Figs. 2a and 2b). The opposite occurred
with M. fructigena, where sclerotial plates were favoured by darkness.
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Fig. 2. Top (a, ¢, €) and bottom sides (b, d, 1) of Petri dish cultures (PDXA) after 12 days
of incubation at 22 °C. M. fructicola (a, b), M. fructigena (c, d) and M. laxa (e, f).
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The Japanese isolate {JAP 2317), especially, produced sclerotial plates abundantly in
concentric circles around the inoculum plug (Figs. 2¢ and 2d).

Sporulation in all three species was more abundant in the light/dark regime (Fig. 3).
In darkness sporulation was highest in M. fructicola, but in the light/dark regime
sporulation intensity of some of the isolates of M. fructicola overlapped with some of
the profusely sporulating isolates of M. laxa. Isolates of M. laxa from Australia and
Japan tended to produce more spores than those from Europe in both light regimes.
Under light/dark conditions the sporulation intensity of M. Jaxa lies just in between that
of M. fructigena and M. fructicola.

Germ tube characteristics

Frequency distributions were calculated for total germ tube length and the percentage of
conidia showing branching of the germ tube prior to 100 pm (Figs. 4 and 5). The mean
length of the germ tube ranged from 465 to 851 pm for M. fructicola, and from 161 to
466 pm for M. laxa. M. fructigena had an intermediate range; the minimum was 307 pm
while the maximum was 806 um. There was much intraspecific variation in germ tube
branching (Fig. 5). In general, the highest percentages of conidia branching prior to
100 pm occurred in the M. laxa isolates; 6 out of the 15 isolates showed percentages
higher than 50 %. The presence of more than one germ iube per conidium was most
prominent in M. fructigena. Every M. fructigena isolate tested had some conidia with
more than one germ tube. In M. fructicola, this occurred with 5 out of 14 isolates, and
with M. laxa 4 out of 15 isolates.

Discriminant analysis
Discriminant analysis was applied separately to both sets of quantitative characteristics
(colony and germ tube features, two and three quantitative characteristics, respectively),
and also to the common set of isolates, including a combination of colony and germ
tube characteristics. From the common set of isolates, isolate CBS 165.24 was excluded
from the analysis, because it was an old isolate (1924) of unknown origin.

The two sets of data (dark and light/dark regime) for the colony characteristics were
described by the following linear classification functions in darkness for M. fructicola:

dy = —106.4 + 0.86x, + 27.2x,

M. laxa:
d, =-478+0.33x; +18.9x,

and M. fructigena:
d3 =—439+ 0.0811 + 18.6x2
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Fig. 3. Frequency distribution of logl0-transformed sporulation intensity of Monilinia
Sfructicola ([0 ), M. fructigena ([ ), and M .laxa ( Jll ) after 14 days incubation at
2°C

{A) continuous darkness

(B) 12 h light/12 h darkness
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and in the light/dark regime for M. fructicola:
dy=-2115+2.13x, +49.9x,

M. laxa:
dy = —144.3 + (0.28x + 45.0x,

and M. fructigena:
dy=—117.2+0.73x, + 39.6x,

where x| is the increase in colony diameter {mm) from day 3 to day 5, and x, is the
logt0-transformed number of spores per dish after 14 days. Cross-validation of the
functions obtained showed that the error-rate estimates for the individual species were
lowest in the light/dark regime. In darkness, error-rate estimates were 0, 0.36 and .29
for respectively M. fructicola, M. laxa and M. fructigena. From the 11 isolates tested in
the M. laxa group, 4 were assigned to the M. fructigera group; in M. fruciigena 4 out of
14 isolates were designated as M. laxa. No misclassifications occurred in the
M. fructicola group. The classification functions in light/dark regime turned out to be
more robust and reliable. Qut of the total of 39 isolates, only two isolates were
misclassified. Error-rate estimates were 0.07 (1 out of 14), 0.09 (1 out of 11} and 0 for
respectively M. fructicola, M. laxa and M. frucrigena. In the M. fructicola group, isolate
DAR 27031 was designated to M. laxa, most likely because of its comparatively low
growth rate (colony diameter 31 mm after 3 days in light/dark regime). M. laxa isolate
CBS 165.24 was placed in the M. fructigena group.

Discriminant analysis was applied to three different combinations of the germ tube
characteristics. The following functions were obtained for the combination of total germ
tube length and percentage of conidia with more than one germ tube for M. fructicola:

d] =—18.4+ 00581] - 12.Ox2

M. laxa:
dy = —4.1+0.027x, - 4.1x,

and M. fructigena:
d3 =-147+ 0035}:1 + 15.9XZ

where x; is the length of germ tube in pm, and x, is the arcsine square root transformed
proportion of conidia with more than one germ tube.

The cross-validation results showed three misclassified isolates out of the total set of
4] isolates. In M. fructicola, isolate JAP 1438 was designated as M. fructigena, most
likely because mean length of the germ tube was rather low in combination with a high
percentage of conidia with double germ tubes (12 %). Isolate CBS 165.24, classified as
M. laxa on the basis of general colony characteristics, was again assigned to the
M. fructigena group (confer colony data). Finally, a Dutch M. fructigena isolaie
(PD 4.96m1) could not be classified as such, solely on the basis of the combination of
the two characteristics mentioned. This isolate was assigned to the M. frucricola group.
Error-rate estimates for M. fructicola, M. laxa, and M. fructigena were 0.07, 0.07 and
0.08, respectively.

The combination of the characteristics of germ tube length and percentage of conidia
branching prior to 100 pm, turned out to be less useful in delineating the three
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Fig. 4. Frequency distribution of the length of the germ tube of Monilinia

Jructicola (MY ), M. fructigena ([]), and M. laxa ( i) after 18 h incubation at 22 °C
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Fig. 5. Frequency distribution of the percentage of conidia showing branching prior to

100 pum of Morilinia fructicola ([l ), M. fructigena (1), and M. laxa (Wl ) after
18 h incubation at 22 °C in darkness.
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Monilinia spp.. Within M. fructicola, 4 isolates out of 14 were misclassified. For
M. laxa, this was 2 out of 15 isolates, and 6 isolates out of 12 were misclassified in
M. fructigena (data not shown).

A combination of all three germ tube characteristics did not perform any better than
the combination of germ tube length and percentage of conidia with more than one germ
tube. As in the analysis for two characteristics (germ tube length/number of germ tubes),
3 misclassifications occurred out of 41 isolates. The isolates JAP 1438 (M. fructicola)
and PD4.96ml (M. fiuctigena) were again designated as M. fructigena and
M. fructicola respectively. Within the group of M. Jaxa, JAP 1390 was misclassified and
placed in the M. fructigena group. This isolate showed a low percentage of conidia
branching prior to 100 pm (18 %), combined with a high percentage of conidia with
more than one germ tube (12 %).

The common set of isolates consisted of 11 isolates of M. fructicola, and 9 each of
M laxa and M. fructigena. Data for colony characteristics were only taken from the
light/dark regime. The combination of the two characteristics, length of germ tube and
growth rate, resulted in two misclassifications. Isolate DAR 27031 was again
misclassified, this time the isolate was designated to M. fructigena. Isolate PD 8.96
(M. fructigena) was put in the M. laxa group, most likely because of a short germ tube
length. Error-rate estimates for M. fructicola, M. laxa, and M. fructigena were resp.
0.09, 0 and 0.11. The addition of one extra character, sporulation intensity, to this set
resulted in only PD 8.96 being misclassified. Addition of the percentage of conidia with

- more than one germ tube, instead of sporulation intensity, did not improve delineation
of the species. The same result was obtained as with only the two characteristics.

Discussion

This paper presents a simple procedure based on quantitative colony and germ tube
features only for delineating the three brown rot fungi. The examination of germ tube
features only, provides the best means for correct identification. On the basis of the two
features ‘length of the germ tube’ and ‘number of genm tubes per conidium’, almost all
tested isolates could be designated to the right species. Out of a set of 14 M. fructicola
isolates, 15 M. laxn isolates and 12 M. fructigena isolates, only one isolate in each
species was misclassified on the basis of these two characteristics. Measurement of
these two features must be the basis for identification of an unknown isolate. The
standardized method of obtaining conidia on PDA under nUV light allowed us to
measure the increase in colony diameter from day 3 to 5 (growth rate), before spores
were washed off to test germ tube characteristics. With these three parameters we were
able to correctly identify nearly all the isolates within the group of common isolates
(Table 1). Only 2 misclassifications out of 29 isolates tested were observed. Addition of
one extra feature, sporulation intensity, reduced the number of misclassifications to only
one. Therefore, the sporulation intensity of the species on agar cultures can be a useful
quantitative trait to include in a standard assay. However, the contribution of sporulation
intensity, assessed after an incubation period shorter than 14 days, to the performance of
a discriminant analysis should be first determined. In general, growth rate and germ tube
characteristics can be determined within 7 or 8 days of incubation.

Data on quantitative colony and germ tube features of the three brown rot fungi are
scattered throughout the literature and have never been combined to serve as a protocol
for delineation. Mostly only two species of the brown rot fungi were studied at the same
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time. In our experiments we observed that the growth rate of M. fructicola on PDA was
consistently higher than that of M. laxa and M. fructigena (Table 2). In this, M. laxa and
M. fructigena showed overlap to a large extent. However, Batra (1979) stated that
M. laxa can be distinguished from M. fructicola and M. fructigena by its slower growth
rate. He worked mainly with material from the United States. The author mentions a
colony diameter of 8 cm after 6 days for M. fructicola on PDA, 8.5 cm after 7 days for
M. fructigena on YEMEA (yeast extract- malt extract agar), and 4 cm after 6 days for
M. laxa on PDA (all in 12 h light/12 h dark cycle) (Batra, 1991). In our study mean
colony diameters for M. laxa were more or less equal to those for M. fructigena after
5 days under similar conditions (Table 2). Sonoda & Ogawa (1982), in a study of the
growth rate of M. fructicola on PDA (isolates from California), found growth rates
similar to ours; colony diameter for benomyl-sensitive isolates varied from 35.7 to
46.Z mm, and for benomyl-resistant isolates, from 33.0 to 44.7 mm after 3 days at
20°C.

Many researchers report ‘sparse’ sporulation for M. laxa and abundant sporulation for
M. fructigena on PDA in a light/dark regime, especially at temperatures above 20 °C
(Jenkins, 1965a; Byrde & Willetts, 1977; Batra, 1991). We did not find a clear
difference in sporulation intensity between M. laxa and M. fructigena. On the contrary,
mean sporulation per isolate was even higher for M. laxa compared with M. fructigena,
especially in a light/dark regime. Number of conidia per dish found in our experiments
for M. laxa agree well with other findings. Ogawa et al. (1978) recorded 1 x 107 spores
per Petri dish for M. laxa on PDA, numbers were comparable with the counts for
M. fructicola isolates in the same experiment. Tamm & Fliickiger (1993) obtained
similar spore counts while using a medium based on yeast powder extract and frozen
apricot. Data for sporulation in darkness given by Pascual er al. (1990) are similar to
ours under the same conditions. No quantitative data for M. fructigena are known from
the literature. A qualitative assessment of the extent of sporulation on the basis of an
agar culture, will most probably lead to the conclusion that M. fructigena sporulates
more abundantly, because of its distinctive concentric rings which rise above the
colony’s surface on which sporulation occurs.

Germ tube morphology has been mentioned by many authors as a useful characteristic
to delineate the brown rot species (Wormald, 1920; Jenkins, 1965a; Gupta & Byrde,
1988). Ezekiel (1924) studied germ tube morphology in drop cultures of potato dextrose
decoction at 25 °C. After 18 h of incubation he measured an average length of the germ
tube of 769.5 um for M. fructicola, and 140.6 um for M. laxa, using only one isolate for
each species. These figures agree well with the range of figures we found for both
species. Other authors however, do not give any quantitative data on germ tube
morphology, although they stress the fact that branching of the germ tube is a useful
characteristic to separate M. laxa from M. fructicola/M. fructigena. M. laxa produces
germ tubes that branch at a short distance from the conidium, while in M, fructicola and
M. fructigena germ tubes grow out as a single hypha for some 400-1200 um before
branching (Wormald, 1920). On the contrary, in our experiments we found many
M. fructicola and M. fructigena isolates that also showed branching of the germ tube
close to the conidium (prior to 100 um). One of the problems in comparing our results
with those in the literature lies in the fact that branching is not exactly defined. We only
considered a ramification of the leading germ tube as a branch, when this side branch
was at least 20 pm long. Moreover, different media have been used to study germ tube
morphology. Wormald (1920) used a solid medium (prune juice agar), while other
researchers used different kinds of liquid media, for example a solution of 0.1 %
dextrose + 1 % orange juice (Jenkins, 1965a) or just distilled water {Calavan & Keitt,






