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Abstract

In Australia, anthracnose on almond is caused by the ascomycete fungus Colletotrichum

acutatum. Anthracnose has been confirmed throughout the major almond growing regions of

Australia and significant economic losses have been reported. Fungicide trials caried out in

Australia in 2000, prior to this project, yielded variable results that differed from those

achieved in Califomia. Two subpopulations of C. acutatum from almond have been reported

in California, whereas one clonal population of Colletotrichum sp. from almond has been

described in Israel, which differed from the subpopulations of C. acutatum in California. A

collection of isolates of C. acutatum from almond in Australia was established. The isolates

were characterised with respect to morphology, genetic variation and pathogenicity to

detached plant tissues, and compared to representative isolates of Colletotrichum sp. from

California and Israel. Plant material was cultured at regular intervals for isolation of C.

acutatum to determine which tissues were likely to be the main sources of inoculum. The

development of anthracnose on almond was monitored in the field for three successive

growing seasons and relationships with weather data examined to elucidate the environmental

conditions that are most conducive for disease.

There was considerable variation among isolates of C. acutatum from almond in Australia in

terms of morphological and cultural characteristics. However, three main morphotypes were

evident, namelypink, orange and cream colony colour. h general, isolates of C. acutatum

from Australia were more similar morphologically to the pink subpopulation of C. acutatum

from California than to the grey subpopulation from California and the isolates of

Colletotrichum sp. from Israel.



Isoiates of Colletotrichum sp. from almond in Australia were confirmed as C. acutatumby

means of PCR with C. acutatum-specific primers. Subsequently, genetic variation was

investigated using PCR with inter-simple sequence repeat primers, and the data were

clustered using UPGMA. All isolates of C. acutatum from almond in Australia, except for

one, shared 100% genetic similarity to one another, suggesting that the population of C.

acutatum from almond was likely to be largely clonai. The isolates of C. acutatum from

almond in Australia were genetically distinct from the isolates of the pink and grey

subpopulation of C. acutatum from almond in California and from the Colletotrichum sp.

from almond in Israel.

Pathogenicity experiments on detached leaves and fruit revealed pathogenic variation among

representative isolates of C. acutatum from almond in Australia, Califomia and Israel,

however, all isolates tested caused disease syrnptoms. The susceptibility of the main almond

cultivars gro\¡/n in Australia was examined by inoculating detached leaves and fruit with

isolates of C. acutatumfromalmondinAustralia, CalifomiaandColletotrichum sp. from

Israel. The results were inconclusive, and further research is needed to develop a rapid and

reliable screening method to assess cultivar susceptibility.

The isolaiion of C. aculutum frorrr almond tissues rnonthly for one year suggested that

mummified fruit, peduncles and woody tissue were potentially significant sources of primary

inoculum. These findings support the recommendation that the removal of mummified fruit

and associated woody tissue may reduce inoculum potential and subsequent disease.

Correlating disease incidence in the field with weather data showed that rainfall early in the

growing season appeared to be important in the development of anthracnose. Infection of

almond tissues occurred when fruit was young, and disease incidence did not increase beyond

November in two out of the three years during which disease was monitored. Disease

1l



progress curves and relative areaunder the disease progress curve data showed significantly

greater disease incidence on Price than Nonpareil, whereas the apparent rate of infection for

Nonpareil and Price was similar for 2002 and 2003. On balance, these results suggested that

there was little difference in susceptibility between Price and Nonpareil, but disease incidence

may differ due to other factors, such as timing of fruit set, however, further investigation is

needed to substantiate this. These results endorse the current reconìmendation that

preventative fungicide sprays commence early in the growing season, however, sprays may

not be necessary beyond November.
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Ghapter 1 lntroduction

Anthracnose on almond in Australia is caused by the ascomycete fungus Colletotrichum

acutatum J.H. Simmonds. In Australia, anthracnose was first reported in 1996 (Hall et al.,

1993) in the Southem Vales region of South Australia and has since been confirmed in all of

the major almond growing regions of Australia (McMichael, 2000). Significant economic

losses, up to 80% of fruit infected, have been observed in some orchards. Anthracnose has

been a serious problem in almond orchards in California and Israel also (Shabi and Katan,

1983;Förster andAdaskaveg,Iggg;Heintz,l997),withreports of crop losses of lupto25Yo

(Stockwin, 1998). In Australia, control measures for this disease have been variable and

inconsistent in efficacy, and it appears that season-long protection cannot be achieved

(McMichael, 2000). The reasons for this variability and lack of consistent response to

fungicides are not well understood.

Conventional taxonomy of fungi in the genus Colletotrichum is based on a limited number of

morphological and cultural features (Cannon, 1998; Sutton, 1992), however, the relationships

among several species, including C. acutatum, remain unresolved due to the overlapping

morphological characteristics and wide host ranges. In recent times, DNA-based diagnostic

methods have been used to identify and characterise Colletotrichum spp., including

C. acutatum from almond in California (Förster and Adaskaveg,1999), and Colletotrichum

sp. from almond in Israel (Freeman et aL.,2000a). DNA-based methods have not yet been

used to examine isolates of C. acutatum from almond in Australia.

Two distinct subpopulations have been identified among isolates of C. acutatum from almond

in California on the basis of several morphological and cultural characteristics, and DNA

fingerprints obtained by arbitrary-primed polyrnerase chain reaction (ap-PCR) methods

1



(Förster and Adaskaveg,1999). In contrast, isolates of Colletotrichum sp. from almond in

Israel are homogeneous with respect to morphology, cultural characteristics, vegetative

compatibility group analysis and banding pattems following ap-PCR (Freeman et al.,1996;

Freeman et al., 2000a). The isolates of C. acutatum from almond in Australia have not been

characterised with respect to morphological and cultural features, pathogenicity and genetic

variation and it is not known if these isolates differ from those of C. acutatum fromalmond in

California and Colletotrichum sp. from almond in Israel. These factors may have

implications fbr management and control measures undertaken in Australia.

The typical synptoms of anthracnose on almond are sunken lesions on young fruit, which

shrivel, die and develop an orange colour, Affected fruit remain attached to the tree, and

leaves, twigs, spurs and small branches may also be affected (Adaskaveg et a\.,199S). It

appears that all above-ground plant tissues are susceptible to infection and mav be sources of

inoculum throughout the season, however, fuither research is required to substantiate these

observations for anthracnose in Australia. There is some evidence to suggest that differences

exist with respect to susceptibility of almond cultivars, however, this is based primarily on

Íiclcl obscrvatiotts (Adaskaveg and Förster, 2000; McMichaei, 2000). Knowledge about

^,'l+;.'^- ^,,^^^..i:L.:1:+,, +^ ^.^+L..^ :- :.-^-- c^,- Lt- - 1- r' r rwurLrv(u ðuòulyuulrrry LU d-rrullilçuusç rs ilruJOrti¿ut IUI Ule Drceulng anc selecllon ol ngw

almond cultivars, for example, in the almond breeding program at the University of Adelaide,

South Australia.

The optimal conditions for disease development are considered to be warm, wet weather, but

evidence for this has been based primarily on field observations in California

{Adaskaveg and Förster, 2000) and on findings from studie s of Colletotrichum

spp. on other crops (Denham and Waller, 1981; Dodd et a\.,1992). The optimal conditions

2



for anthracnose development on almond in orchards have not been adequately investigated in

Australia, California or Israel. The disease cycle of anthracnose caused by C. acutatum on

almond has not been documented.

The research described in this study was undertaken to (i) confirm the identity of C. acutatum

as the causal organism of anthracnose on almond in Australia using PCR-based methods, (ii)

characterise isolates of C. acutatum withrespect to morphological and cultural features,

pathogenic and genetic variation and (iii) explore epidemiological aspects of anthracnose.

Such information will contribute towards the development of improved management

strategies for Australian almond growers.

J



Ghapter 2 Literature review

This review focuses on the characterisation of C. acutatum and epidemiological aspects of

anthracnose on almond. Included are aî overview of the almond industry and the history of

anthracnose on almond.

2"1 Bae kground

2.1.1 The almond industry

The almond (Prunus dulcis Miller [D.4. V/ebb]) is one of the oldest cultivated fruit tree crops

in the world, having originated in Central Asia and spread to countries around the

Mediterranean Sea where cultivation probably began around 3B,C (Zohary and Hopf, 1988;

V aef ar ol nl 1 QO1 \ ñrrlfi.¡ofinn fLcn cnrao¡:l fn Frrrn¡a anrfLa'- À Ê-.i^o ^-,1"")' +h^

mid to late 1800s, followed by smaller plantations in countries such as South Africa, Australia

and South America (Kester et al.,I99I). Almond production is best suited to a

Mediterranean climate of warm to hot, dry summers and mild, wet winters. Almonds belong

to the Rosaceae family and produce a fruit with an edible seed or 'nut', which is used as food

and as an ingredient in cosmetics and 'alternative' medicines (Zohary and Hopf, 1988; Kester

et aL.,1991).

California is the world's major almond producer (Kester and Gradziel, 1996), with an

estimated world market share of at least37Yo (Pocock ancl Rennett, 1999). Spain, central and

southwestern Asia are the next major production areas. Smaller production regions include

Australia, South Africa, Chile and Argentina (Kester andGradziel,Igg6), with Australia

contributing approximately I%o to world production (Pocock and Bennett,7999). Although

4



Australia is a small producer by world standards, Australia's average productivity per tree is

25-30% greater than that of the United States (Bennett, 2004).

The Australian almond industry, currently worth $55 million (Bennett, 2004), continues to

expand and P. Freeman (pers. corrun., 2004), chair of the almond Industry Advisory

Committee, estimated that within 10 years, Australia's annual production of kernel will

increase from the current 10,000 tonnes to an estimated25-35,000, which will equate to 5%o

of world production. The majority of the kernel produced in Australia is consumed

domestically.

The almond was first introduced into South Australia in the 1830s-1840s (Quinn, 1928). The

original production areas were located close to Adelaide in the Southern Vales, Central

Adelaide Plains and the Barossa Valley. However, urban spread and amore suitable climate

have resulted in most of the orchards being relocated to the Northem Adelaide Plains and the

Riverland (Scholefield, 1995). In the 1960s, almond orchards were planted in areas around

the Sunraysia region in Victoria and Padbury in Western Australia. Now, the main

production regions are generally located in close proximity to the Murray River water supply,

with some production remaining in the Willunga region and the Northern Adelaide Plains of

South Australia (Fig 2.1). The following are the main almond growing areas; the Riverland

(South Australia), Lindsay Point, Nangiloc, Robinvale, Redcliffs and Karadoc (Victoria) and

Darlington Point (New South V/ales) (Scholefield, 1995).

2.1.2 Anthracnose d¡sease on almond: history, distribution and econom¡c
importance

Several ascomycete fungi, including those in the genus Colletotrichum, cause a range of

symptoms which are collectively known as antluacnose. Antlracnose, causcd by

5



Colletotrichum sp., occurs on a wide range of perennial and annual plant species and affects

crops worldwide, as reviewed by'Waller (1992). Anthracnose is characterised by dark

coloured and sunken lesions that can occur on stems, foliage, fruits and flowers, affecting all

stages of the plant life cycle (Agrios, 1997). Colletotrichum spp. cause preharvest and

postharvest symptoms, and infections can be latent, which make anthracnose difficult to

diagnose and control (Sutton, 1992; Cannon, 1998).

Victoria

South Australia

Queensland

Western
Australia

IìU¡ LXç¡ X

Territory
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Anthracnose was first reported on almond in Italy in 1896 (Pln2i,1896) and the pathogen was

identified and classified as a Gloeosporium species. Subsequently, anthracnose outbreaks

were reported on almonds in Californiain 1916 (Czamecki, 1976) and in 1925 (Heintz,

1997). Since then, outbreaks- , have occurred in the 1980s and, frequently, in the 1990s

(Adaskave g et a1.,1998), with the most serious epidemics following waÍn, wet weather in

spring (Heintz,1997). Serious crop losses due to anthracnose have also been reported in

Israel and South Afüca (Shabi and Katan, 1983).

Anthracnose was first documented in South Australian almond orchards in 1996, with the

disease found to be widespread in the growing regions of the Southern Vales and Northem

Adelaide Plains (Hall et a1.,1998). It has been suggested that the disease has been in these

regions for a long period of time, having gone uffecognised and confused with other diseases,

such as shot hole (HalI et al.,1998) and brown rot (Hendricks, 1998). Anthracnose has been

confirmed in all the major growing regions of Australia, and economically significant levels

of infection (up to 80% of fruit) have been reported (McMichael, 2000).

The pathogen causing anthracnose on almonds in Australia and Califomia has been identified

as Colletotrichum acutatum J.H. Simmonds (Adaskaveg and Hartin,I997;HalI et al., 1998).

In Israel, C. gloeosporioides (Penz.) Penz. & Sacc. was identified initially as the cause of

anthracnose on almond (Shabi and Katan, 1933) but more recent evidence, using DNA-based

identification methods, suggests that this pathogen is C. acutatum also (Förster and

Adaskaveg,Iggg; Freeman, 2000a). C. acutatum causes anthracnose on many other

commercially important fruit crops (Dyko and Mordue,7979), such as strawberry (Freeman

and Rodriguez,1995), avocado (Adaskaveg and Förster, 2000), citrus (Timmer and Brown,

2000), olive (Martin and García-Figueres, 1999), peach (Adaskaveg and Hartin, 1997), apple

7



(Guerber and Correll,7997), pistachio (Ash and Lanoiselet, 2001) and mango (Afanador-

Kafuri et aL.,2003).

2.2 The genus Colletotrichum Corda

The genus Colletotrichum was first described by Corda in 1831 and, although the genus has

been well defined (Lu et a\.,2004), species concepts remain unresolved (Baxter et al., 1985;

Sutton, 1992),largely because many Colletotrichum species have overlapping host ranges,

similar morphological characteristics and may have both an asexual (anamorph) and sexual

state (teleomorph) (Cannon, 1998). In the past, around 750 'species' of Colletotrichum were

recognised, and different species were described largely on the basis of 'assumed' host

specificity (Cannon et aL.,2000). h 1957, von Arx revised Colletotrichum classification and

described 11 taxa based on morphological characteristics rather than host specificity (von

{rx,1957; Car¡ron et a1.,2000). IIowever, Sutton (1992), in the most recent review of the

taxonomy of Colletotrichum, described 39 generally accepted taxa including C. acutatum.

However, among these 39 taxa,therc are currently three major species aggregates, based

around C. acutatum, C. gloeosporioides and C. orbiculare (Sutton, 1992; Canrron et al.,

2000).

Currently, taxa arc identified primarily on the basis of of morphological and cultural

characteristics, in particular, conidium size and shape, appressorium characteristics, and the

presence or absence of setae and of the sexual state (Cannon, 1998). However, other cultural

features, including temperature response, growth rates, host range (Simmonds,1965),

fungicide sensitivity (Adaskaveg and Hartin, 1997; Jayasinghe and Femando,2004),

vegetative compatibility group (VCG) analysis and pathogenicity (Smith and Black, 1990),

are used also to identify and clarify relationships between Colletotrichum spp,
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Within the last 10 years or so, DNA-based molecular methods have been increasingly used

for characterisation and identification of many fungi, including Colletotrichum spp. Due to

the similarity of morphological characters among species, it has been recommended that a

combination of conventional and molecular methods be used to identify and characterise

Colletotrichum species (Lardner et al., 1999; Cannon et al., 2000; Talhinhas et al. , 2002;

Cook and Hughes, 2004).

2.3 ldentification and character¡sation of Colletotrichum acutatum
by cultural methods

C. acutatum was first described by Simmonds in 1965 when studying ripe fruit rots in

Queensland, Australia (Simmonds, 1965), and the species name was accepted in 1968 (Dyko

and Mordue,1979). Accurate identification of C. acutatum can be difficult, because C.

acutatum is morphologically similar to C. gloeosporioides and C. fragariae and these species

have overlapping host ranges (Smith and Black, 7990; Mills et al.,1994). Additionally, there

appears to be significant variation within the species, leading to the current classification of

C. acutatum as a species complex, which comprises several subgroups (Johnston and Jones,

1997;Lardner et a\.,1,999). Lardner et al. (1999) have suggested thatC. acutatumJ.H.

Simmonds is a subspecific group within the broader C. acutatum complex and Freeman et al.

(2001) referred to this group as C. qcutatum sensu Simmonds. Furthermore, variation is

apparent also within the C. acutatum sensu Simmonds group (Freeman et a1.,2001). The

isolates of Colletotrichum obtained from almond in Califomia and Israel are considered to

belong to C. acutatum sensu Simmonds (Freeman et a1.,2001) and there is evidence of two

subpopulations of isolates of C. acutatum from almond in California (Förster and Adaskaveg,

teee).
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2.3.1 Morphology and cultural characteristics

The main morphological features that are considered diagnostic of C. acutatum J.H.

Simmonds are: fusiform conidia; pink pigment in the culture medium; clavate appressoria;

absence of setae and of the teleomorphic state (Simmonds,1965; Dyko and Mordue,1979;

van der Aa et al.,7990; Sutton, 1992; Caruron, 1998). These characteristics are summarised

in Table 2.1, however, considerable variation has been reported among isolates of

C. acutatum J.H. Simmonds. Additionally, the use of different culture med,ia, age of the

isolates and environmentai factors can affect the morphoiogy of Colietotrichum spp.,

including C. acutatum (Frost, 1964; Smith and Black, 1990; Gunnell and Gubler,1992;

Adaskaveg and Hartin, 1997). These factors complicate the classification of fungal taxa and

they need to be taken into account when comparing published reports about the morphology

of isolates of C. acutatum.

C. acutatum is generally considered to be anamorphic (Dyko and Mordu e, 1979; van der Aa

et aL.,1990; Sutton,7992), however there are brief references in the literature to the

production of perithecia (Guerber and Correll,1997; Lardner et a\.,1999). Recently,

following a series of in vitro crosses between selÊsterile strains of C. acutatum J.IL

Simmonds obtained from various fruit in IJSA, Australia and New Zealand., fertile perithecia

were produced (Guerber and Correll, 1997;Lardner et at. 1999; Guerber and Correll ,200I).

The resultant teleomorph was described and named a ne\ry species, Glomerella acutata J.C.

Guerber an<i J.C. Correil (Guerber and Correll ,2001). However, it should not be assumed

that all groups oT C. acutatumhave a teleomorphic state (Guerber and Correll,200I) as the

teleomorph has not been observed in planta. Putative perithecial initials were observed in an

Australian isolate of C. acutatum from almond (McMichael, 2000), however, perithecium

production and the existence of the teleomorph have not been investigated for isolates of C.
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Morphological
feature

acutatum from almond in Australia or California. The potential for sexual reproduction of C.

acutatum has implications for increasing genetic diversity, which can affect the ability of an

organism to adapt to changing conditions.

Table 2.1. Asurnmary of the morphological and culturai features of C. acutatum as described

by several authors

van der Aa ¿/
aI.

Conidia Fusiform or at
least acuminate
at one end

Colony colour Not reported

Appressoria Not reported

Setae Absent in vitro

Absent

C. acutatum is morphologically similar to C. gloeosporioides, but isolates can be

distinguished by mycelial gowth rate in culture and sensitivity to the fungicide benomyl.

The optimal temperature for mycelial growth of C. gloeosporioides is 26.0 -28.5oC, whereas

ítis25.0-26.5oC for C. acutatum (Simmonds, 1965), and C. gloeosporioides gtows faster than

C. acutatum at their respective optimal temperatures for mycelial growth (Simmonds, 1965;

Sutton, 1992). C. gloeosporioides is sensitivetobenomyl invitrowhereas C. acutatum isnot

(Bernstein et al.,1995; Adaskaveg and Hartin,1997), however, Adaskaveg and Hartin (1997),

founcl that this response is dependent on the benomyl concentration.

Absent Not reportedNot reported Not reported

Absent Occasional but
poorly developed

Not reported Absent in most
isolates

Clavate,
occasionally
slightly irregular,
8.5-10 x 4.5-6

L[m

Clavate or slightly
irregular, margins
entire or slightly
lobed, 8.5-10 x 4.5

-6 um

Clavate to obovate,
6.5-l1x 4.5-7.4

!rm

Obovate and rarely
lobed, 8-9 x 6-6.5
pm

Colonies
produce pink
exudates in
nitrogen-rich
media

White becoming
pinkish grey,
reverse pink

White to pale
orange, then
greenish grey or
black, reverse pink
to reddish purple

White, developing
a grey overlay,
grey or greyish
brown, reverse
white/cream, with
sometimes a

creamy pink
diffusion. Papaw
isolates brisht pink

Fusiform,
occasionally
medianly
constricted,8.5-16.5
x2.5-4 pm

Short, narrow with
pointed ends, some
long spores, 8.3-
14.4x2.5-4.0 ¡tm

Fusiform,
occasionally
constricted in
mid-portion, 8.5-

76.5 x2.5-4 um

Fusiform, 8-16 x
2.5-4 ¡tm

Cannon
tr998)

Sutton (1992) Dyko and
Mordue (1979\

Simmonds
(196s)
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In culture, C. acutatum generally grows more slowly than C. gloeosporioides and other

morphologically similar species (Smith and Black, 1990; Adaskaveg and Hartin, 1997) and,

this feature has been used to assist with the differentiation and identification of

Colletotrichum spp.

2.3.2 Vegetative compatibility group analys¡s

VCG analysis is used to characterise a fmgal popula,tion with respect to genetic di.¡ersity, in

particular, genetic similarity among strains (Glass and Kuldau,1992; Leslie, 1993; Kistler,

1997). Correll (1992) defined vegetative compatibility as the 'ability of the mycelia of two

fungal strains to anastomose', which results in a cell that contains two genetically different

nuclei. This is referred to as heterokaryosis, and strains that are capable of forming stable

heterokaryons are said to be compatible and are classified as belonging to the same VCG.

Correll (1992) stated thai 'strains of a given species thai are vcgetativeiy comparible are

usually identical or very similar with respect to genetic characteristics'. Hyphal anastomosis

may be the first step in the parasexual cycle, which has the potential to increases the genetic

diversity within a population (Glass and Kuldau, 1992). The outcome of the parasexual cycle

can be likened to genctic recombination that occurs as a result of meiosis in fungi that

reproduce sexually (Pontecorvo, 1956; Jennings and Lysek, 1996).

There are several methods for assessment of heterokaryon formation, however, discussions of

these techniques are beyond the scope of this review. The main disadvantages of methods to

determine VCGs are that they can be very time consuming, not all isolates are suitable for

every method (Correll, 1992) and VCG testing does not elucidate the degree of genetic

difference among strains (Kistler, 1997;McDonald, 1997). However, VCG analysis can be
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useful for differentiating subgroups among apopulation, which may appear homogeneous

with respect to other characters, e.g., morphology or genetic profile (Freeman et a1.,2000b).

VCG analysis has been conducted to characterise many plant pathogenic fungi, including

Fusarium oxysporum, (for reviews see Kistler,1997; Leslie, 1993 and Correll, 7992),

Aspergillus spp., (for review see Leslie, 1993) and Verticillium spp. (Elena, 1999; Korolev e/

at.,200l). VCG experiments have been used for population analysis of C. orbiculare

(Wasilwa et a\.,1993), C. dematium (Conell et al.,1993a), and C. acutatum from pine and

other hosts (Lardner et al., 1999), strawberry (Freeman and Katan, 1997) and almond

(Freeman et a1.,1993). Freeman et al. (1998) reported that the Colletotrichum sp. found on

almond in Israel belonged to a single VCG, suggesting that the population is likely to be

clonal. VCG analysis has not been carried out on Australian isolates of C. acutatum obtained

from almond or on Califomian isolates from almond.

2.4 Identification of C. acutatum us¡ng molecular methods

2.4.1 lmmunological identification

The enzyrne-linked immunosorbent assay (ELISA) using monoclonal antibodies has been one

of the most commonly used immunological tests to detect plant pathogens (Miller and Martin,

1988). Organisms express unique and specific antigens that can be detected by

immunological assays, which have been used to identify microbes at the genus, species and

sub-species level (CorreLl,1992). Diagnostic ELISAs have been used for the detection of

several important plant pathogens, inclu ding Rhizoctonia solani (Fidanza and Dernoeden,

1995; Thornton et al.,1999), Pythium spp. (White et al.,1994; Yuen et a1.,1998) and

Ph.ytophthora spp. (Ellis and Miller, 1994). An ELISA test, using monoclonal antibody

MAFF 26 (251164.32),highly specific for C. acutatum, was developed to diagnose
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anthracnose on strawberries in the United Kingdom (Barker et al.,Igg4), and it is used to

identify C. acutatum from other plants (Hughes et al., I9g7). Although results from this

diagnostic procedure can be obtained within 24hours, the test cannot detect latent infection or

infection in the absence of conidia (Barker et al.,Igg4). This may not be practical for use in

almond as conidia of C. acutatum are not present at all stages of the disease cycle.

2.4-2 ÐN_A-baseq' identiflcat¡on

Oligonucleotide primers, based on sequences of the intemally transcribed spacer (ITS)

regions of ribosomal DNA (rDNA), have been developed and used in the polymerase chain

reaction (PCR) to identify several species of plant pathogenic fungi, e.g., Fusarium spp.

(Schilling et al., 1996; Moricca et a\.,1998) and R. solani (Salazar et a\.,2000). Mllls et al.

(1994) and Sreenivasaprasad et al. (1994) developed C, acutatum- and. C. gloeosporioides-

.^^^:ç^ 
-;*^-^ ^^^^l /--t,. ¿^ /^õ^^ 

^ ^ ^^^ñAspecrnc pnmers. iìârrred Latnïz (GUGGAAGUC'fcrcGCGG) and cglnt

(GGCCTCCCGCCTCCGGGCGG), respectively, based on the ITS regions 1 and 2 of the

rDNA gene cluster. PCR with these primers, in conjunction with the universal primer ITS 4

(TCCTCCGCTTATTGATATGC) (White et a1.,1990), has been used to identify and

differentiate isolates af C. acutatum afid C. gloeosporioides from one another and from other

Colletotrichum spp. (Sreenivasaprasad et a\.,1996;Mills el al.,1998;Förster and Adaskaveg,

1999; Frceman et aL.,200I; Peres et a\.,2002; Talhinhas et a!.,2A\2;Afanador-Kafui eî al.,

2003)' Isolates of Colletotrichum spp. obtained from almond in Califbmia and Israel have

been identified as C. acutatum following PCR with these primers (Förster and Adaskaveg,

1999; Freeman et a1.,2001), however, isolates of putative C. acutatum obtained from almond

in Australia have not yet been tested.
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2.5 DNA-based characterisation of fungal plant pathogens

DNA-based molecular markers have been developed for the identification of fungi at genus,

species and sub-species levels, and for studying the genetic structure within and among fungal

populations (McDonald,1997). In the past, morphological, allozyme and isozyme makers

were used, however, nucleic acid-based markers are nov/ used extensively as they have

several advantages over other markers. This section of the review will summarise the factors

and mechanisms responsible for creating genetic diversity among anamorphic fungi and

examine several DNA-based methods used to investigate genetic diversity, with particular

reference to Colletotrichum spp.

2.5.1 Factors and mechan¡sms respons¡ble for genetic diversity

Information about the genetic variation among and within populations of plant pathogenic

fungi is essential for the understanding of the evolution of the pathogen and, to some extent,

the host, and their interaction. For example: How will a pathogen population adaptto a

change in environmental factors? How quickly will fungicide resistance develop in a

pathogen population? The four processes that are considered to change the frequency of

alleles in populations are mutation, random genetic drift, gene flow and natural selection,

however, the initial source of all changes to genetic material is mutation (Ayala, 1983). Non-

lethal mutations that occur in fungi with haploid mycelium will be expressed in the phenotype.

If the progeny has a mutation that is strongly deleterious, then this

new phenot¡1pe is likely to be eliminated from the population by natural selection, resulting in

no increase in the genetic diversity (Aquadro, 1992). In contrast, selectively neutral

mutations, which do not affect the fitness of the fungus, and those which confer an increase in

fitness, are less likely to be eliminated from a population, resulting in an increase in genetic

diversity of a population over time (Aquadro, 1992). Mutation, genetic drift and migration
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occur in populations regardless of whether the organism becomes more or less adapted to its

environment, whereas natural selection results in adaptation of organisms to the environment

(Ayala,1983).

In fungi, both meiotic and mitotic processes pass on changes of the genetic material to

subsequent generations, resulting in variation among populations. Sexual reproduction

produces variation in the progeny mainly due to segregation and recombination of genes

during meiosis. Many fungi, including C. acutatum, are anamorphic, however, despite the

lack of apparent sexual reproduction, anamorphic ftingi still display significant variation at

the subspecies level (Michelmore and Hulbert, 1987). Although mutation is the initial source

of variation, these changes to genetic material can be passed to the subsequent generations as

a result of a specialised recombination process known as parasexuality (Pontecorvo, 1956).

Parasexuality does not involve meiosis, but genetic material from the two 'parental strains'

recombines during mitosis. Parasexuality involves hlphal fusion, heterokaryosis, karyogamy

(nuclear fusion), recombination, or crossing over during mitosis, followed by reversion of the

diploid nucleus to a haploid state (Tinline arìd MacNeill, 1969; Agrios, 1997; Debets, 199S).

Parasexuality has been demonstrated for severai fungi, including Cryphonectriu parasitica

(D;-,,,^^^ 
^-,{ D^"'^ll 1 Ofì<\ 'l ^-^---:ll-.^ ^-- /rl^-¿^ 1 

^.1- 
ñ,-- lir\ìzwalra anu -i-owtll, rrv)), Aspergtllus spp. (F'ontecorvo. i 95(l; ijrookrrrarr antl Denning,

2000) and Phytophthora parasitica (Gu and Ko, 2000) in laboratory conditions, however, its

importance in natural populations is still unclear (Millgroom,1996; Debets, 1998).

The mating system of filamentous fungi, broadly, is heterothallic or homothallic.

Heterothallism is where self-fertilisation cannot occur and cross-fertilisation is essential,

whereas both self- and cross-fertilisation can occur in homothallic fungi (Bryson et al.,1992).

Bryson et al. (1992) noted that the "sexual mating system of Colletotrichum species, however,
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does not fit simply into either of these categories", andmany questions remain, including

those involving taxonomy, evolution, origin of variation and host specificity.

An understanding of genetic diversity contributes to the knowledge of population structure,

which has implications for the control of anthracnose, in particular, fungicide application

regimes, and the breeding and selection of almond cultivars tolerant or resistant to

anthracnose.

2.5.2 Development of molecular markers

A genetic marker is an easily scored character that can be used to investigate vanation and

population genetics, and to identify specific isolates. Nucleic acid-based markers have

several advantages over phenotypic, immunological and isoz¡rme markers, in that they can be

extremely sensitive, have a broad raîge of specificity from genus to sub-species level, cost

considerably less than the development of monoclonal antibodies (Henson and French, 1993),

are selectively neutral, and do not vary with the developmental stage of the organism

(Michelmore and Hulbert, \987; McDonald, 1997). The choice of technique to be used for

marker development and methods for fungal identification and investigating genetic diversity

will depend on research aims, technical difficulty, cost and availability of equipment,

materials and labour. However, regardless of the methodology chosen for marker

development, in order to be effective, the marker system must be reliable, consistent (Horejsi

et a1.,1999),precise and easy to interpret (Michelmore and Hulbert, 1987). Currently, two

nucleic acid-based approaches, restriction fragment length polymorphism (RFLP) analysis

and PCR-based methods, are commonly used to generate molecular markers for the

characterisation of pathogenic fungi both at the species and sub-species levels.

I7



2.5.2.1 Restriction Fragment Length Polymorphism analysis

RFLP analysis involves digesting DNA with restriction endonucleases and the resultant

fragments are separated according to molecuiar weight by gel electrophoresis. The banding

pattern can be compared among isolates, however, the banding pattern may be complex and

difficult to interpret on an agarose gel, so the digested DNA can be denatured, transferred to a

nylon or nitro-cellulose membrane, and hybridised to specific radioactive probes. This

process is known as Southem hybridisation (Southem,1975). The resultant banding pattem

and number of fragments wiil vary depending on the type of probe used (Miller and Martin,

1988). Fragment size and banding pattern can be compared among isolates, and used to

discriminate isolates at a species or strain level (Mills et a\.,1998). Polymorphisms result

from differences in DNA sequence caused by base pair substitutions, deletions, additions and

other chromosomal changes (Michelmore and Hulbert, 1987). RFLPs can be generated from

total genomic DNA, mitochondrial DNA (mtDNA) and rDNA or fiom individual DNA

fragments derived from restriction endonuclease digestion of PCR products. Depending on

which part of the DNA is being subject to RFLP analysis, different banding pattems among

isolates may result. Species and subspecies diversity may not be detected by using one type

of DNA alone in RFLP analysis (Mills et al.,1992). For example, Kistler et at. (1987) found

no genetic diversity among 25 isolates of Fusarium oxysporum obtained from a wide

geographical area and host piant range, following RFLP analysis of rDNA and total DNA, yet

RFLP analysis of mtDNA was used to elucidate subspecies differences. In general, RFLps

are valuable for the identification of species, strains or populations and for the investigation of

the population structure of fungal pathogens. However, differences in band pattems do not

mean that there has been significant genetic divergence among isolates, so techniques such as

RFLPs, which use band patterns for analysis, are not recornmended for phylogenetic studies

(Cannon et aL",2000).
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Drawbacks of RFLP analysis include; development of the probes can be difficult, large

quantities of DNA are required, radioactivity is commonly used, and the methods are

technically more difficult and time consuming than PCR-based methods (Pejic et al., 1998)

However, RFLP markers are co-dominant (heterozygotes can be distinguished from either

homozygote) and non-radioactive methods are available (Rafalski and Tingey,1993).

RFLP analysis has been used to investigate population structure and genetic diversity both

within and among populations of various fungal plant pathogens (Edel et al.,1995; Stummer

et a1.,2000; Pryor and Michailides,2002; Saha et a1.,2002), including Colletotrichum spp.

(Liyange et al.,1992; Correll et al.,l993b; Freeman et aL.,1996; Buddie et aL.,1999).

2.5.2.2 PcR-based methods

The PCR technique was developed in the 1980s and, since then, several methods based on

PCR have been used for the identification and characterisation of fungal plant pathogens.

PCR amplifies very small quantities of a specific DNA sequence without prior knowledge of

sequence data. In a relatively simple process, double stranded DNA is subjected to repeated

cycles of denaturation of the DNA template, annealing of oligonucleotide primers to the

template and synthesis of DNA in the region of interest by the activity of a thermostable DNA

polyrnerase under suitable conditions. Theoretically, PCR results in an exponential increase

of the tnget DNA (Newton and Graham,7994).

Various techniques based on PCR are used to generate molecular markers, including

randomly amplified polymorphic DNA (RAPD)-PCR, inter-simple sequence repeat (ISSR)

primed-PCR and amplified fragment length polyrnorphism (AFLP).
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Randomlv amplified polvmorphic DNA markers

Randomly amplified pol¡rmorphic DNA (RAPD)-PCR was independently described by

Williams et al. (1990) and V/elsh and McClelland (1990) in 1990. Single primers of random

sequence (usually ten nucleotides in length) are used to amplify regions of genomic DNA.

Low arurealing temperatures are used in the PCR amplification to ensure that the primers

anneal to several sites, which are randomly distributed throughout the genome, resulting in

several amplification products (Rafalski and Tingey,1993). The amplified DNA fragments

are separated according to moleeular weight by gel electrophoresis. Different banding

patterns, commonly referred to as DNA fingerprints, may reveal polymorphisms between

species, strains or populations, and are commonly used for identification of fungi at all of

these levels (Cannon et a\.,2000), and for investigation of population structure and genetic

diversity of fungal plant pathogens. However. as discussed above for RFLPs. RAPDS are not

recommended for use in phylogenetic studies (Cannon et a1.,2000). RAPD-PCR is relatively

simple, cheap and quick to perform, does not require the use of radiation, requires smail

quantities of template DNA and no prior knowledge of DNA sequences is necessary (Rafalski

and Tingey,1993). Hovrevet, RAPD-PCR oam lack reproducibility between (Jones et al.,

i997). aird sometimes witliin, laboratories and only dominant markers are produce<i. so that

heterozygotes and homozygotes cannot be distinguished without a progeny test (McDonald,

reeT).

RAPD-PCR has been used extensively in fungal pathology to analyse population structure

and genetic diversity for a range of species (Crowhurst et al. 7991; Wyss and Bonfante,1993;

Bentley and Bassam , 7996; Chiocchetti et al., 1999; Vincente et al., 1999), including

Colletotrichum spp. (Correll, 1992; Vaillancourt and Hanau, 1992; Fabre et al., 1995;

Kurame-Izioka et aL.,1997; Yang and Sweetingham, 199S). DNA fragments obtained by

20



RAPD-PCR can also be used as the basis for the development of other genetic markers for

species or strain identification (Williams et a1.,1990; Rafalski and Tingey, 1993), for

example, RFLP markers and sequence characterised amplified region markers (Leclerc-Potvin

et al.,1999;Li et a1.,1999; Lardner et a1.,2005).

Inter-simple sequence reDeat markers

Nucleotide primers, derived from the microsatellite regions of DNA, commonly referred to as

inter-simple sequence repeats (ISSRs) are used in the PCR process, to amplify short regions

of DNA containing a complementary repeat sequence. Microsatellite regions of DNA consist

of tandem repeats of simple sequences, of generally one, two or three nucleotides, e.g.,

(CAG),, (GC)n, usually less than 100 base pairs in length, but this often varies among

individuals both within and among populations. Microsatellite DNA has been shown to be

abundant and highly pol¡zmorphic in eukaryotic genomes (Tautz, 1989; Rafalski and Tingey,

1993). The DNA fragments are separated by gel electrophoresis, and different banding

patterns among isolates constitute polymorphisms (Rafalski and Tingey, 1993). ISSR-primed

PCR, first used as a technique to investigate genetic variation in plants (Zietkiewicz et al.,

1994),was then shown to generate polymorphic DNA markers for a range of fungi (Hantula

et al., 1996). ISSR-primed PCR has advantages and disadvantages similar to those of RAPD-

PCR, but greater reproducibility of markers than those generated by RAPDs (Godwin et al.,

1997; Meng and Chen,2001).

Polymorphisms obtained by lSSR-primed PCR have been used as genetic markers for the

investigation of variation among individuals and populations of Colletotrichum spp. (Förster

and Adaskaveg,lggg; Freeman et a1.,2001; Afanador-Kafun et a1.,2003; Abang et a1.,2005)
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as well as other plant pathogenic fungi (Tautz,1989;Pejic et a\.,7998; Arenal et at. 1999;

Stummer et a1.,2000; Meng and Chen, 200I; Menzies et a\.,2003).

Amplified fragment length polvmorphism markers

The generation of genetic markers using the amplified fragment length polymorphism (AFLp)

technique was originally developed by Yos et al. (1995) for detecting genetic diversity in

plants. The technique involves digesting genomic DNA with selected restriction enzyïnes,

then adapter molecules are ligated to the ends of the fragments generated by the restriction

digest. The fragments are amplified using PCR with primers basecl on the adapter sequences

with the addition of an arbitrary extension at the 3' end. The number of fragments amplified

depends on the combinations of primers and the length of the 3' extension. Typically 50-70

fragments can be visualised on a denaturins polvacr¡dami<le sel followinø a sinøle P(lR

amplification (Brown,1996; Sreenivasaprasad and Mills, 1998). AFLP analysis allows a

large number of independent loci to be detected following a single PCR amplification and

results are generally highly reproducible, which is an advantage over RAPD-PCR (Brown,

1996; Majer et al., 1996). However, AFLP analysis is technically more difficult, more costly

and the process takes longer than RAPD-and lSSR-primed PCR (Brown, 1996; Mills et al.,

1ee8).

AFLPs have been used to determine phylogentic relationships (Menzi es et a1.,2003) and to

detect genetic diversity (Majer et a1.,1996; Meng and Chen, 2}}I;Ansari et a1.,2004) of

plant pathogenic fungi.
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DNA sequence analvsis

In contrast to the PCR methods discussed above, analysis of DNA sequence data compares

the nucleic acid sequences of isolates to investigate genetic diversity. Dispersed throughout

the fungal genome, there are regions of DNA that occur repeatedly in clusters and in high

copy numbers, e.g., the nuclear rRNA genes (rDNA). This cluster of genes consists of DNA

that codes for the ribosomal subunits, the internally transcribed spacer (ITS) regions and the

non-transcribed inter-genic spacer (IGS) regions. The ITS regions are generally conserved,

showing little variation among strains of a species within a genus. The ITS regions can be

amplified, with a universal primer, using the PCR technique. The regions of DNA can then

be sequenced and species-specific primers developed. The IGS regions have greater

divergence among species and analysis of these regions is useful for strain identification

within a species (Henson and French,1,993; Annamalai et a1.,7995; Bridge and Arora, 1998).

Primers based on sequences of the ITS regions of rDNA have been developed to identify

several species of plant pathogenic fungi, including Fusarium spp. (Schilling et a1.,1996;

Moricca et a.1.,1998) an<l R. solani (Salazar et a1.,2000).

As discussed previously (Section2.4.2), Mills et al. (1994) and Sreenivasaprasad et al. (1994)

developed taxon-specific primers based on the ITS regions 1 and 2 of the rDNA gene cluster.

PCR with these primers is used to differentiate isolates of C. acutatum, C. gloeosporioides

and other Colletotrichum spp. (Sreenivasaprasad et al.,1996; Mills et aL.,1998; Förster and

Adaskaveg, 1999; Freeman et a\.,2001). Isolates of Colletotrichum spp. obtained from

almond in California and Israel have been identified as C. acutatum using PCR with these

primers, however, isolates of C. acutatum obtained from almond in Australia have not been

examined using this method.
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RFLP analyses of mitochondrial and ribosomal DNA were the predominant methods used to

investigate species and population differences then, as technology advanced, analysis of

genome sequences began and is now used frequently (Lu et a|.,2004) for the examination of

phylogenetic relationships among fungi (Guerber et a1.,2003; Kohn, 2004). Portions of the

genome used commonly in sequence analyses include the ITS regions andDIlD2 domain of

rDNA (Johnston and Jones, 1997; Freeman et a1.,200I; Talhinhas et a1.,2002; Afanador-

Kafuri et a1.,2)}3;Martinez-Culebras et a1.,2003;La et a1.,2004) and, increasingly,

conserved protein genes, e.g., p-tubulin2 gene and giyceraldehyde-3-phosphate

dehydrogenase gene (V/eeds et aL.,2000; Talhinhas et aL.,2002; Guerber et a\.,2003;Lu et

aL.,2004).

2.5.3 Molecular analys¡s of C. acutatum

C. acutatum is considered a group species and, to reflect this, it has been referred to as

C. acutatum sensu lato (broad sense) (Johnston and Jones, 1997; Lardner et a1.,1999). The

isolates belonging to C. acutatum sensu lato were further divided into four distinct

C. acutatum sensu stricto (narrow sense) groups based on morphology and sequence analysis

of the rDNA D2 domain (Johnston and Jones, 1997). One of these four groups, group A

(Lardner et a|.,1999) is referred to as C. acutatum sensu Simmonds (Freeman et a\.,2001), as

the morphology of this group is typieal of C. acutatum 
^s 

described by Simmonds in 1965.

Lardner et al. (7999) found that RAPD-PCR data supported these groupings. Furthermore,

Freeman et al. (2001) examined isolates conforming to C. acutatum sensu Simmonds,

obtained from diverse hosts and geographical regions, using various molecular approaches.

They found evidence of genetic variability amongst the isolates and were able to identify four

subgroups within C. acutatum sensu Simmonds: subgroup I included isolates of the pink

subpopulation from almond in Califomia, and apple, peach and pecan from the USA;
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subgroup II included isolates from anemone, olive and strawberry; subgroup III contained

isolates from almond in Israel and strawberry, subgroup IV consisted of a single isolate from

anemone in the Netherlands. This evidence of genetic variation (Freeman et aL.,2001)

supports the suggestion that, at some stage, sexual reproduction may have contributed to the

development of the genetic diversity among isolates of C. acutatum sensu Simmonds

(Freeman et aL.,2001; Guerber et a1.,2003).

Within populations of C. acutatum obtained from different hosts, there has been evidence for

both heterogeneity and homogeneity among isolates from a single host. Based on various

characteristics, e.g., genetic markers, morphology, pathogenicity, VCG analysis, nutrient

assimilation and enzyme activity, diversity has been observed among isolates of C. acutatum

from single hosts, e.g., strawberry (Smith and Black, 1990; Sreenivasaprasad et a1.,7992;

Denoyes and Baudry,1995; Freeman and Rodriguez,1995; Buddie et aL.,1999; García-

Muñoz et aL.,2000), anenome (Freeman et aL.,2000b) and almond (Förster and Adaskaveg,

1999). In contrast, based on various approaches, isolates of C. acutatum obtained from a

single host have been shown to be identical, e.g., almond (Freeman et a1.,2000a), tamarillo

(Afanador-Kafuri et al. , 2003) and strawberry (Freem an et al. , 1 998; Freeman et al. , 2000a),

suggestive of clonal populations and host specificity. However, there is considerable

opportunity for further investigation of the diversity among isolates oî C. acutatum sensu

Simmonds and subgroups assigned within.

Förster and Adaskaveg(L999) identified two distinct subpopulations among 500 isolates of

C. acutatum obtained from almond in California. These differed with respect to morphology,

growth rale at a range of temperatures, sensitivity to benomyl, pathogenicity in laboratory

assays, and DNA banding patterns using RAPD- and ISSR-primed PCR, and are referred to as

the pink and grey subpopulations. Based on various molecular approaches, viz.,RAPD- and
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ISSR-PCR, and RFLP analysis of rDNA, isolates within each subpopulation were shown to

be identical (Förster and Adaskaveg, 7999; Freeman et a1.,2000a), which suggested that each

population was clonal.

In contrast, there was no subspecific variation among isolates of the Colletotrichum, sp.

obtained from almond in trsrael with respect to fungicide sensitivity (Shabi et at. 1994). VCG

analysis (Katan and Shabi, 1996), pathogenicity (Freeman et al.,I9}6),DNA fingerprints

using RAPD- and ISSR-PCR (Förster and Adaskaveg, I999),ISSR-PCR and A + T-rich-

DNA analysis (Freeman et al., i996; Freeman et al.,2}0ta), and sequence analysis of the ITS

region (Freeman et aL.,2000a). These results suggested that the population of C. acutatum

from almond in Israel was clonal (Freeman et a1.,1996; Freeman et a1.,2000a). Isolates of

Colletotrichum sp. from almond in Israel have been shown to be genetically distinct from the

pink subpopulation of C. acutatum from almond in California (Förster and Adaskaves- 1999:

Freeman et aL.,2000a), yet genetically similar to the grey subpopulation from almond in

Califomia (Förster and Adask aveg, 1999).

B. Hall (pers, eomm., 2000), of the South Australian Researeh and Development Institute,

observed morphological variation among several isolates of C. acutatt¿m. from almond in

Australia, which was supported by Colmagro (unpublished data) in a study of 26 isolates of

C. acutatum from almond in Austraiia. However, genetic variation has yet to be investigated

for isolates of C. acutatum from almond in Australia, nor have isolates been compared to

isolates of C. acutatum from Califomia or Colletotrichum sp. from Israel. It is important to

determine whether the genotype(s) in Australia differ from those in California and Israel, as

different genotypes may show variation in characters such as pathogencitiy and fungicide

responses. In addition, this may provide information regarding the origin of almond

anthracnose in Australia.

AZL\)



2.6 Epidemiology of anthracnose on almond

The development of an epidemic of plant disease depends on several factors relating to the

host, the pathogen, the environment and their interaction (Agrios,1997). The epidemiology

of diseases caused by Colletotrichum spp. on avanety of hosts has been studied, including

citrus (Denham and Waller, 1981; Timmer andZitko,1996), mango (Fitzell and Peak, 1984;

Dodd et al.,Iggl),rubber ('Wastie, I972a; I972b) and cocoa (Chandra Mohanan et a1.,1989).

The development of anthracnose on almond appeÍIrs to be favoured by wafin (20-25'C),wet

conditions (Adaskaveg and Förster, 2000), however, the optimal conditions for disease

occuffence and development on almond have not been thoroughly investigated. Factors

contributing to the development of an epidemic will be discussed in relation to the host, the

pathogen and the environment.

2.6.1 The disease cycle

In the literature reviewed to date, a disease cycle for anthracnose caused by C. acutatumhas

been published for blueberry only (Wharton and Diéguez-Uribeondo, 2004), however, there

are many features of the disease cycle which appear to be common to all Colletotrichum spp.

Conidia of Colletotrichum spp. are dispersed primarily by rain splash (Bailey et al., 1992;

'Waller, Igg2)andoccasionallybywind(NicholsonandMoraes, 1980). 'Waller (1972) found

that conidi a of C. gloeosporioides were spread within and between coffee trees by human

activity, but it has not been determined if other agents, e.g., pruning tools, insects, contribute

to the spread of inoculum for anthracnose of almond.

The usual stages of infection for C. acutatum are as follows: in warm, wet conditions, the

conidia germinate on susceptible tissues, producing melanised appressoria. An infection peg

grows from the underside of an appressorium, penetrating the plant cell wall and the h1'phae
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invade the underlying tissue, where the fungus survives on living tissue for a variable period

of time. Following this period, the underlying tissue collapses to produce the characteristic

sunken lesions, and the fungus becomes necrotrophic (Bailey et al.,1gg2). Subcuticular

acervuli develop within the lesions and produce conidia, which burst through the cuticle to be

dispersed, and new infection of susceptible tissues takes place under suitable conditions.

Mycelium and appressoria on infected host tissue are considered to be the main overwintering

structures of C. acutatum (Waller,7992). However, not all conidia of C. acutatum follow

these usual stages of development (for review see Wharton and Diéguez-Uribeondo, 2004),

e.g', some conidia germinate to produce secondary conidia without producing a germ tube and

appressorium, germ-tubes from different conidia undergo anastomosis. Further detail of these

stages is beyond the scope of this review, but it is important to note that conidial germination

and germ tube differentiation have been shown to occur within a few hours followine contact

of conidia with the plant surface (Z;ulfiqar et al.,1996; Curry et ø1.,2})2;Diéguez-rJnbeondo

et aL.,2003; 'Wharton 
and Schilder,2003), which suggests that infection by C. acutatum can

occur rapidly in suitable conditions ('wharton and Diéguez-Uribeondo,2004).

Many Colletotrichum spp., including C. acutatum, can live as saprophytes and this may

provide a source of inoculum throughout the season ('Waller, Igg2). Mummified fruit are

considered to be the main source of primary inoculum for anthracnose on almond in

California (Förster and Adaskaveg,lggg). Apparently healthy tissue can also be infected, and

the fungus can remain dormant until conditions are suitable for growth. This ability to cause

latent infection can make early detection and disease diagnosis difficult.

It has been reported that blueberry and almond fruit are susceptible to infection by

Colletotrichum sp. at all stages of development (Hartung et a\.,1981; Adaskaveg and Förster,
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2000), but Shabi and Katan (1983) found that new infection of almond fruit occurred only in

spring in Israel. This has not been investigated for almond fuiit in Australia.

There are several aspects of the disease cycle of anthracnose on almond in Australiathat ate

poorly understood and warrant further investigation. The main site(s) of overwintering which

are the potential sources of primary and secondary inoculum have not been thoroughly

investigated.

2.6.2 Symptoms

Anthracnose symptoms have been observed on all above-ground plant parts of almond

including blossom, fruit, leaves, peduncles, spurs and branches (Adaskaveg and Förster, 2000;

McMichael, 2000). In California, infection early in the growing season causes blossom blight

(Adaskave g et a1.,1998), which has not been observed in Australia, although the fungus has

been recovered from asymptomatic blossoms (McMichael, 2000). Pinkish to orange, circular

lesions appear on young infected fruit (Fig 2.2),whichgenerally die, shrivel and typically

remain on the tree as mummified fruit throughout the season (Adaskaveg et aL.,1998)

(Fig 2.3). hr Australia, McMichael (2000) reported that orange-tinged, dead fruit, evident

within 4 weeks of petal fall, were the earliest reliable indicator of anthracnose. Fruit aborted

due to other reasons generally are buff-coloured and fall from the tree (McMichael, 2000).

Profuse exudate of tan-coloured gum is characteristic of infection on older fruit.

Infected leaves initially show water-soaked lesions, yellowing and wilting, then marginal

necrosis (Adaskave g et a1.,199S) (Fig2.2). Leaves may fall to the ground, or may remain on

the tree if they are atlached to an infected twig, spur or branch (Adaskaveg et aL.,1998)'

Infected twigs, spurs and branches up to 5 cm in diameter die back, resulting in the loss of

fruitful wood and tree decline (McMichael, 2000). Adaskaveg and Förster (2000) suggested
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that the death of woody tissues was associated with the production of phytotoxic substances

rather than direct colonisation by the fungus, and stated that research is continuing in an

attempt to confirm this hypothesis.

2.6.3 Gultivar susceptibility

There is some evidence that almond cultivars vary in susceptibility to infection by

C. acutatum. It appears from field observations in California, carried out by Adaskaveg and

Förster (2000), that most almond cultivars are affected by anthracnose, although they appear

to differ in susceptibility. Anthracnose has been confirmed on cultivars commonly grown in

Australia, including Fntz, Carrnel, Price, Ne Plus Ultra, Peerless, Baxendale, Chellaston,

Mission and Nonpareil (McMichael, 2000). Based primarily on field observations, Nonpareil

appears to be one of the least affected cultivars both in Australia and Califomia (Hendricks,

1998; Adaskaveg and Förster,2000; McMichael,2}}};Diéguez-Uribeondo et a\.,2002),but

further data are required to substantiate this, in particular for the cultivars grorryn in Australia.

Several studies were conducted in Western Europe in the 1930s and 1970s to assess the

susceptibility of some European almond cultivars to anthracnose (Striem et a\.,1989), but it is

difficult to relate these findings to Australian conditions as these varieties are not grown

commercially either in Australia or Califomia.

2.6.4 Main source(s) of inoculum

It is impofant to know on which plant tissues C. acutatu¡ø survives throughout the year, as

this may have implications for disease management. Mummified almonds are considered to

be the main source of primary inoculum (Förster and Adaskaveg,lggg), and anecdotal

observations suggest that C. acutatum can survive for several seasons in mummified almond

fruit. C. acutatum was isolated also fi'om infectetl blossom, peduncles, spurs, twigs and
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leaves collected during the growing season in California (Förster and Adaskaveg,1999),

suggesting that these plant tissues all have a role as sources of primary and secondary

inoculum during the growing season. It is not known if C. acutatum suwíves in other plant

parts, e.g., peduncles or woody tissue, during the autumn and winter months, which maybe

sources of primary inoculum when conditions become suitable in spring. Other studies on

fungal diseases of perennial fruit tree crops, e.g., peach, have found that peduncles were

important overwintering sites and provided significant sources of inoculum (Kable, 1965).

Kable (1965) also found that blighted and apparently healthy woody tissue provided sources

of inoculum for M. fructicola in peach in Australia. Stensvand et al. (2001) found that

mummified fruit and previously infected fruit spurs from sweet cherry were able to produce

conidia of Monilinia laxa for the entire growing season, but mummified fruit produced more

conidia than did fruit spurs, and conidia were produced for 2-3 yearc after initial infection.

This study highlights the important role of mummified fruit and associated woody tissue as

the predominant sources of primary inoculum for fungal diseases of sweet cherry.

The amount of inoculum available affects disease development ('W'astie, 1972b; Timmer and

Zitko,1996). Identifying the main inoculum sources and quantifying the amount of inoculum

available may assist with disease forecasting and the development of effective control

measures, such as the removal of inoculum sources and the application of fungicide

treatments at the time of greatest inoculum production (Waller,1972). In addition, both

theoretically (Van der Plank, 1963) and in practice, the use of anti-sporulant chemicals during

dormancy in winter on stone fruits (Kable,1970; Wicks, 1981) and on almonds (Ramsdell

and Ogawa,1973) was found to decrease the amount of primary inoculum of Monilinia spp.

before the gfowing season, which led to subsequent decreases in disease.
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Fig2.2. Anthracnose symptoms on almond. A. Tan-coloured lesions on infected young fruit
and water-soaked lesions on leaves. Asymptomatic leaf on left (arrow) and asymptomãtic
fruit shown right (arrow). B. Gum exuding from infected fruit on left (arrow).-
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Fig2.3. Anthracnose symptoms on almond, cv. Price, caused by Colletotrichum acutatum.
Mummified ft]it remain attached to the twigs and lwig dieback is evident. Photo taken in
March 2000. Leaf symptoms in this picture are not due to anthracnose.

2.6.5 Pathogenicity

Pathogenic variation has been reported among isolates of Colletotrichum spp., including C.

acutatum from strawberry (Denoyes and Baudry, 1995; Denoyes-Rothan et a1.,2003) and C.

gloeosporioides from citrus (Denham and Waller, 1981), avocado (Freeman et al.,1996) and

Stylosanthes spp. (Davis et al., 1987). Förster and Adaskaveg (1999) assessed the

pathogenicity of selected isolates of C. acutatum from almond in California on the cultivar

Butte and found that isolates from the pink subpopulation caused larger lesions on detached

fruit than did grey isolates. However, these findings did not translate to the field, as both

subgroups caused damage that was rated as severe. It is not known whether pathotypes of C.

acutatum from almond in Australia exist, as the pathogenicity of isolates of C. acutatum from
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almond in Australia has not been determined. Nor is it known, if there are differences in

pathogenicity among isolates of Coiletotrichum sp. from almond in Australia, Califomia and

Israel. If isolates of Colletotrichum sp. from almond in California and Israel were pathogenic

to almond cultivars in Australia, then it is possible that, if introduced, these could lead to

disease in Australian almond orchards. This may be a problem if opposite mating types or

genotyps more pathogenic than those already in Australia were introduced.

Understanding pathogenic variation among isolates is necessary for the breeding and selection

of almond cultivars resistant to infection by C. acutatum. Aspreviously mentioned (Section

2.6.3), there is evidence that Nonpareil appears to be less affected by anthracnose than several

other cultivars, including Price and Carmel, however, it is unclear if this perceived lack of

susceptibility is due to genetic resistance or other factors, e.g., tree architecture or inoculum

potential. First, it needs to be determined if different pathotypes of C. acutatum from almond

in Australia exist, then various cultivars can be assessed for susceptibility using selected

pathotypes.

2.6.6 Environmental factors

Environmental factors, such as moisture, temperature arid light, can have rJireci effects on ihe

host, the pathogen and their interaction, thus influence the incidence and development of

disease (Colhoun, 1973; Agrios, 1997). The effects of environmental factors on disease

development have been documented for many plant pathogens, e.g., Phytophthora spp.

(Grove and Boal, 1997), Puccinia spp. (Hovmøller, 2001; Pfender, 2001), Monilinia

fructicola (Koball et al., 1997), Venturia inaequalis (Penrose and Nicol, 1996), (Jncinula

necator (Jailloux et a1.,1999), Uromyces sp. (Joseph and Hering,7997), Fusarium sp.
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(Swanson and van Gundy, 1935) and Colletotrichum spp. (Wastie,7972a; Denham and

Waller, 1981; Dodd et al., I992;King et al.,1997; Fernando et a1.,2000).

All phases of the cycle of disease caused by Colletotrichum spp. that occur on the external

surface of the host tissue are dependent on water. Sporulation requires high relative humidity,

spore release and dispersal require free water. Spore germination and infection can occur

with less than 4 hours of wetness at optimal temperatures ('Waller, 1992). The critical

importance of moisture for the disease cycle has been demonstrated for C. gloeosporioides

(Wastie, 1972a; Wastie, I972b; Fitzell and Peak, 1984; Chandra Mohanan et a1.,1989;

Chakraborty et a1.,1990) and for C. acutatum on strawberry (Wilson et a1.,1990;Fernando e/

a1.,2000) andrubber (Wilson et a1.,1990; Femando et a1.,2000). In abrief report, Dié'goez-

Uribeondo et at. (2002) found that longer wetness duration was needed for infection to occur

on leaves of almond than on blossom at 10oC following in vitro inoculation studies with C.

acutatum,yet at 15oC, the reverse was true. Whereas the exact water requirements for the

various stages of the disease cycle of anthracnose on almond have not yet been determined, in

the field, it has been observed that major outbreaks of anthracnose have followed extended

periods of rain during spring in California (Adaskaveg and Förster, 2000) and Israel (Shabi

and Katan, 1983).

With respectto Colletotrichum spp., temperature has been shown to affect sporulation and the

duration of latent infection (King et al.,1997), spore germination, appressorium formation

(Miehle and Lukezic,1972) and mycelial growth rate (Wastie,1972al' Wilson et a1.,1990;

Förster and Adaskaveg,Iggg), but it appears that germination can occur over a wide

temperature range ('Wastie, 1972a). Diéguez-Uribeondo et al. (2002) found that, for both

almond leaves and blossom, 10oC was a critical low threshold for disease development

following inoculation in vitro with C. acutatum. Major outbreaks of anthracnose occurred in
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California in the late 1990s following spring rains when waÍn (20-25"C) (Adaskaveg and

Förster, 2000).

In contrast to moisture and, to a lesser extent, temperature, it does not appear as though the

life cycle of C. acutatumhas specific light requirements, although exposure to sunlight may

be detrimental to particular phases of the life cycle of the fungus. 'Wastie (1972a) found that

exposure to sunlight led to rapid inactivation of conidia of C. gloeosporioides from rubber.

Almond trees less than 5 years old do not appeæ to be affected by anthracnose and it has been

speculated that the open canopy of these young trees results in greater air flow than older trees

and thus dry conditions which are not conducive for infectionby C. acutatum (McMichael,

2000). Although this is a reasonable hypothesis, it could also be that more sunlight penetrates

the open canopy of young trees and promotes desiccation of conidia of C. acutatum. Also,

the distance between tree canopies is greater in younger than in older orchards. which mav

reduce the efficiency ofspore dispersal.

Other factors, such as tree spacing, canopy density, pruning methods and types of irrigation

are all cultural practices that may affect the disease cycle (Waller, 1992), due to their effects

on the microclimate within the orchard and canopy, respeetively. The effects of

environmental factors, such as moisture and temperature, and cultural practices on the disease

cycle of anthracnose and on the life cycle of C. acutatum from almond in Australia have not

yet been adequately investigated in vitro or in planta.

2.6.7 Diseasemanagement

Fungicide applications and cultural practice are the two main approaches used to control

anthracnose (.Waller, 1992), however, the efficacy of these strategies is variable (Hein1z,

1997 ; Adaskaveg et al., 1998; McMichael, 2000).
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In California, arange of fungicides, with various modes of action, is recommended, with the

aim of preventing growth, reproduction and survival of the fungus. Likewise, alternating

chemicals with different modes of action to delay fungicide resistance is recommended

(Adaskave g et a\.,1998; Hendricks, 199S). In Australia, fungicide efficacy trials conducted

1n 1998199 and 2000 by McMichael (2000) of Scholefield Robinson Horticultural Consulting

Services, showed that early (pink bud stage) fungicide applications were essential for disease

control. McMichael (2000) found that all new tissue must be continuously protected, with

spray intervals not exceeding 12 days from pink bud until the end of the season, particularly if

wet and warïn conditions occurred. None of the fungicide treatments eradicated the disease,

which concurs with the findings of Adaskaveg and Hartin (1997), and control varied among

the trial locations, namely'Willunga, Angle Vale and Renmark (South Australia), and

Nangiloc and Lindsay Point (Victoria) (McMichael, 2000). However, there were several

limitations to these trials, including variation in experimental design and different disease

incidence and severity among field sites. Notwithstanding the limitations, the recommended

fungicides to apply for management anthracnose in Australia are Bravo@ (chlorothalonil) and

Captan (McMichael, 2000).

Mummified fruit represent the main source of inoculum, according to Shabi and Katan (1983)

and Adaskaveg and Förster (2000), and the removal of mummified fruit and infected branches

has been recoÍtmended to reduce potential inoculum and improve air circulation (Shabi and

Katan, 1 983 ; Adaskaveg et al. , 1 99S). The efficacy of this method has not been assessed

either in Califomia or in Australia.

Another possible management strategy is breeding and selection of almond cultivars with

resistance to or tolerance of infection by C. acutatum (Waller, 1992). However, there is no

evidence to suggest that any almond cultivar is resistant to anthracnose, as was discussed in
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Section 2.6.3. Information about the relative susceptibility of cultivars would be useful for

the almond breeding program, based at the University of Adelaide, South Australia, for the

selection of cultivars resistant to or tolerant of infection by C. acutatum.

Further work is needed to improve disease control strategies and to understand, why measures

currently applied with the aim of controliing anthracnose gave variable results in the field.

2.6.8 Disease development models

Models to forecast an epidemic have been developed for many diseases of horticultural crops,

e.g., late blight of potato (Krause et a1.,7975), brown spot of pear (Llorente et a1.,2000), fire

blight of apple (Van der zwet et al.,1994), apple scab (Buhler et al.,1993;Buttand Xu,

1994) and downymildew of grapevine (Magarey and Westem,1997; Madden et a1.,2000).

Models may vary from simple to complex and can be usecl to nrerficf whefher the rliqeqce ic

expected þositive forecast) or is not expected (negative forecast). Simple models have been

developed empirically, by correlating weather data and qualitative records of disease. More

complex models use meteorological data, crop weather data, d,atafrom laboratory and

controiied experiments anci quantitative measures of disease (Bourke, 1970;Fitzell et al.,

1aìo/\L>o+).

'Meteopathological forecasting' aims to predict the onset and development of disease over

time, and is based on the relationship between the weather conditions and disease

development (Bourke,1970). The intended benefit of forecasting is generally to reduce the

number of chemicai sprays and improve the timing of such treatments to minimise loss to

disease. There are several reports of a decrease in the number of fungicide applications in

response to the use of a forecasting model, for example, brown spot of pears (Montesinos and

Vilardell, 1992), downy milelew of lettuce (Scherm et a\.,1995) and post-bloom fi:uit drop in
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citrus (Timmer andZitko,1996). However, Bourke (1972) suggested that four requirements

must be met if a disease forecasting model, based on weather conditions, is to be of any use to

a grower. These are: the disease causes economically significant damage; the disease varies

throughout and between seasons due to weather factors; cost effective control measures are

available and data from laboratory and glasshouse experiments are available, which outline

the nature of the dependence of the disease on weather factors.

As discussed previously, anthracnose has caused significant economic damage in Australia,

with growers having to spray early and regularly throughout the growing season, with

variable results. Further research is needed to understand pathogen variation and the

conditions that are most conducive for disease development. This will assist with the

development of effective and reliable control measures.

In order to monitor disease development, it is essential to have a quantitative measure of the

disease. This can be done in a variety of ways, including the measurement of the number of

spores ('Waller, 1972a; Wastie, 7972b), the number of infected plant parts (Timmer andZitko,

1996), disease incidence (Denham and Waller, 1981), visual assessment of disease severity

(3Wastie, I972a; Chakraborty et a1.,1990) and yield (Timmer andZitko,1996). Spore

measurements may be useful for those pathogens that have spores that are easy to trap,

identify and measure, however, this process may be difÍicult and time consuming for

C. acutatum, which has relatively nondescript conidia.

'Wastie (1972a,I972b) measured combinations of environmental factors that were thought to

influence secondary leaf fall caused by C. gloeosporioides in rubber crops. Measurements

were made of temperature, relative humidity, light and free water, and the effect of these

factors on infection, spore germination, viability and production. Wastie (1972a) concluded

that the development of a disease forecasting system was not possible as the interaction of
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factors was too complex. In contrast, Timmer andZitko (1996) developed apredictive model

for post-bloom fruit drop in citrus caused by C. acutatum. Their linear regression model is

based on the relationship between the total number of diseased flowers and the rainfall (mm)

for the past 5 days. The use of this model led to a decrease in the number of fungicide

applications, an increase in fruit count, and an overall improvement in disease control.

However, this model was not useful on days when only light rain fell or when there was a

lack of inoculum.

br general, several environmental factors interact to influence the development of an

epidemic, so research programs should aim to study a combination of these factors (Fitzell et

al., 7984; 'Wilson 
et aL.,1990) in both laboratory, glasshouse and field experiments to gain the

greatest understanding of the development of a disease.

2.7 Summary

Anthracnose is found on almonds in California and Israel, and has recently been discovered in

almond crops in Australia. Control measures vary in effectiveness and little is known about

the morphological, pathogenic and genetic diversity of the pathogen, C. acutatum, in

Australian conditions. The development of an epidemic of anthracnose is believeci to be

favoured by warm, wet conditions, however, this has yet to be investigated thoroughly in

Australia, Califomia or Israel. Mummified almond fruit are thought to be the main source of

primary inoculum and the overwintering site for C. acutatum,however, this and the role of

other plant tissues as inoculum sources and overwintering sites have not been investigated in

Australia. Such information will assist growers in the management of anthracnose.
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2.8 Research objectives

The objectives of this research were to;

1 characterise isolates of C. acutatum from almond in Australia with respect to

morphological and cultural characteristics, genetic diversity and pathogenicity, and compare

these isolates with those of Colletotrichum sp. from almond in California and Israel,

2 investigate several epidemiological aspects of C. acutatum on almond in the field,

including monitoring anthracnose progression, examining the environmental conditions most

conducive for disease and determining which plant tissues are potential sources of primary

inoculum and the main overwintering sites.

The information gained from this study will contribute knowledge about the pathogen and the

disease, which will assist in improving control measures of anthracnose for the Australian

almond industry.
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Chapter 3 General materials and methods

3.1 Gollection and establishment of isolates of c. acutatum

Almond plant material suspeeted of having anthracnose was collected from all major almond

growing regions of Australia. An initial collection was carried out in the Southem Vales and
close'þ Ad¿\crirl¿>

Northern Adelaide Plains,regions South Australia (Fig 2.1, Section 2.1.1) in July 2001. A

survey was conducted in October 2001, in which material was collected from orchards in the

Riverland region of South Australia, and the Lindsay Point and the Sunraysia regions of

Victoria (Table 3.1), fi'om the trees that growers considered were affected by anthracnose.

Where possible, dead almond fruit attached to peduncles was collected, aiming at five

mummified fruit per aspect (north, south, east and west) per tree per cultivar. Where this was

not possible, any fruit that may have been affected by anthracnose was collected. Plant

material was stored on ice for transport to the laboratory and then stored in a cool room (4oC).

Material suspected of having anthracnose was also provided by several almond growers.

Plant material was surface sterilised with a 25%o solution of commercial bleach (White

King@, sodium hypochlorite 42 g/L) for 3 min, washed twice in sterile distilled water (SDW)

for 2 min each time and excess water was removed by blotting with a sterile tissue.

Plant material was placed into plastic trays (42 x26 x 5 cm), which were lined with two

layers of sterile Chux@ cloth over two layers of sterile paper towel and moistened with 200

mL of SDW. The trays were sealed in a plastic bag, incubated in the laboratory at room

temperature (approx 22"C) in natural daylight and checked regularly for mycelium and,/or

spore masses, which may indicate the presence of C. acutatum. Fungal material, putatively

identified as C. acutatl4m,was transferred aseptically, using a needle or scalpel, onto Potato

Dextrose Agar (PDA, Difco, USA) (39 glL) acidihed with lactic acid (LAPD A,7 mL/L),
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incubated at25oC in darkness, and subcultured onto PDA until a pure culture was established.

After incubation for approximately 2 weeks, 1 mL of sterile double distilled (dd) H20 was

pipetted onto the surface of the culture, which was rubbed with a sterile glass rod to dislodge

the spores. One hundred ¡rL of the spore suspension was pipetted onto the surface of 7.5 Yotap

water agar (TWA, Oxoid, No. 3) in a 90-mm diameter Petri dish, and spread with a sterile

bent glass rod. The plates were incubated in the laboratory at room temperature in diurnal

light for 12-24 h. With the aid of a binocular microscope, single germinating spores were

excised using a sterile scalpel, transferred to PDA and incubated in the dark at 25oC. Single

spore-derived cultures \¡/ere prepared for all isolates used in this study.

Table 3.1. The almond grower, arcaand cultivar from which plant material was obtained,

with date of collection.

Grower Date

M. and D. Clements July 2001

G. Keene August 2001

L. Hunt July 2001, throughout
2002

Jubilee Almonds October 2001

Simarloo Almonds October 2001

P. Martin October 2001

A. Lacey October 2001

P October 2001

Mildwa Agricultural
Contractors

October 2001

I. Keen October 2001

October 2001

October 2001

October 2001

October 2001

L
B.
D
Msrs Red Cliffs, Victoria Ne Plus Ultra

Ne Plus Ulha. NonpareilRed Cliffs, Victoria
Red Cliffs, Victoria Fritz and various unknown
Red Cliffs. Victoria Ne Plus Ultra, Fritz

Nangiloc and Colignan,
Victoria

Price, Carmel, Mission, Price,
Ne Plus Ultra

Red Cliffs, Victoria Ne Plus Ultra, Fritz
Price. Carmel. NonpareilRenmark, South Austraha

Lindsay Point, South
Australia

Price, Johnstone, Mission,
Fritz, Peerless

Lindsay Point, South
Australia

Ne Plus Ultra, Price
Lyn¡p, South Australia Ne Plus Ultra

Waikerie, South Australia Ne Plus Ultra, Price,
Nonpareil, Carmel

Nonpareil, CarmeT, F ntz,
Price

Willunga, South Australia

Munno Para Downs,
South Australia

Fritz, Chellaston, Nonpareil,
Price, Somerton

Langhorne Creek, South
Australia

Johnstone, Bruce

Area Cultivar
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3.2 Fungal cultures

The isolates of C. acutatum and other fungi used in this study are listed in Table 3.2. These

include isolates of C. acutatum obtained from almond and other host plants, which were

provided by colleagues in Australia, Israel and Califomia, USA.

Fungal cultures were routinely maintained on PDA in the dark at 25oC. For long-term

storage, approximately 10 mycelial plugs (5 mm diameter) were excised from the growing

margin of a colony, transferred to a McCartney bottle containing 20 mL of sterile ddHzQ and

stored at 4oC. In addition , 7 50 ¡.tL of conidial suspension were added to a 1.5 mL Eppendorf

tube containing 150 ¡l,L of sterile glycerol, vortexed for 5 sec and stored at -70oC.

Table 3.2. The origin of the fungal isolates used in this study.

Isolate code Host

w1 P. dulcis
w2 P. dulcß
w P. dulcis
W4m mummified fruit, P

dulcis
P. dulcis

V/5L P. dulcis
W5m mummified fn¡it P

dulcis
w6 mummified fruit, P

dulcß
w7 P. dulcis
csl.-1689* P. dulcis
v/16 P. dulcis
w17 mummified fnÅt, P

dulcß
w26 mummified fruit, P

dulcis
w29 mummified fruit, P

dulcis
w31 P. dulcis
w32 P. dulcis
w33

w

V/illunea, SA200rC. acutatum
Willunga, SA2001C. acutatum
Willunga, SA2001C. acutatum

'Willunga, SA2001C. acutatum

V/illunga, SA2001C. acutatum

Willunga, SA2007C. acutatum
Willunga, SA2000C. acutatum
Willunga, SA2000C. acutatum
Willunga, SA2000C. acutatum

V/illunga, SA2000C. acutatum

Willunga, SA2000C. acutatum

'Willunea, 
SA2000C. acutatum

Willunea, SA2000C. acutatum

Willunga, SA2000C. acutatum
Willunga, SA2000C. acutatum
Willunea, SA2000C. acutatum
Willunga, SA2000C. acutatum

SiteYear of
isolation

Species
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Isolate code

w34
w36
v/38

v/39

w42
w43
w44
w45

w4'7
ws5

w64
v/65
w66
w76
w77
w87
w93
wl00
w107
wl17

wt22

w128b

w129

w136

v/143

w74l

w153
w154

w155

w156

w157

w158

w159

w160
w162
Wl62a
v/163

2002C. acutatum Willunea, SA
Willunea, SA2002C. acutatum
V/illunsa. SA2002C. acutatum
V/illunea. SA2002C. acutatum

2002C. acutatum Willunga, SA

2002C. acutatum Willunga, SA

Willunga, SA2002C. acutatum

V/illunga, SA2002C. acutatum

Willunga, SA2002C. qcutatum

2002C. acutatum Willunga, SA

2002C. acutatum Willunga, SA
V/illunea, SA2002C. acutatum

Willunga, SA200tC. acutatum

V/illunga, SA200tC. acutqtum

2001C. acutatum V/illunga, SA

2001C. acutatum Willunga, SA

Willunga, SA2001C. acutatum

Willunga, SA2001C. acutatum

C. acutatum 'Willunga, SA2001
2001C. acutatum V/illunea, SA

Willunsa, SA2007C. acutatum
Willunsa. SA200rC. acutatum

C. acutatum Willunsa. SA2001
2001C. acutatum Willunea, SA

Willunea, SA2001C. acutqtum
V/illunea. SA2001C. acutatum
V/illunea. SA2001C. qcutatum

2001C. acutatum V/illunga, SA

2001C. acutatum Willunga, SA
Willunea. SA2001C. acutatum

Willunga, SA2001C. acutatum
C. acutatum Willunsa. SA200t

2001C. acutatum V/illunea, SA
Willunea. SA2001C. acutatum

V/illunga, SA2001C. acutatum

C. acutatum Willunga, SA2001
2001C. acutatum V/ilhurea, SA

Willunea, SA200rC. acutatum

SiteYear of
isolation

Species Host

P. dulcis
P. dulcis

mummified fruit P
dulcß
mummified fuiit, P
dulcis

P. dulcis
P. dulcis

P. dulcß
mummified fruit P
dulcis

P. dulcis
mummifred fruit, P.

dulcis
P. dulcis

P. dulcis
P. dulcis

P. dulcis
P. dulcis
P. dulcis
P. dulcis
P. dulcis
P. dulcis

mummified fn¡it, P
dulcis
mummified frvit, P
dulcis
mummified ftiit, P
dulcis
mummified fruit, P
dulcis
mummified fnrit, P
dulcis
mummified fn-rit P
dulcis
mummified fruit, P
dulcis

P. dulcis
mummifiedfruit, P
dulcis
mummified fruit P
dulcis
mummified frrit, P
dulcis
mummified frui,', P
dulcis
mummified fruit P
dulcis
mummifred fruit, P
dulcß

P. dulcis
P. dulcis
P. dulcß
P. dulcis

w164 P. dulcis
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Isolate code

w165
w166
wt6l
w168
w169
Wl69a
w169b
wl70

wtTt

wt72

wt73

wt74

wI76
wt77
v/178
w179
wl80
w181
wl83
v/1 84

v/184b
w185
w186

v/188

w189
wl90

MPDl

MPD2

MPD3

MPD4
MPD5

csl.-1691*

MPDT
csl,-1690
s43"
s44
csl,-1314
csl.-1687 u*

csl--1315 ^*
DAR-72401
s53o

C. acutatum

Host

P. dulcis
P. dulcis
P. dulcis
P. dulcis
P. dulcis
P. dulcß
P. dulcis

mummified fruit
P. dulcis
mummified fruit,
P. dulcis
mummified fruit
P. dulcis
mummified fruit
P. dulcis
mummified fruit
P. dulcis

P. dulcis

P. dulcis
P. dulcis
P. dulcis

bark, P. dulcis
P. dulcis
P. dulcis

mummified fruil
P. dulcis
mummified fruit,
P. dulcis

P. dulcis
mummified fruit,
P. dulcis
mummifred fruil
P. dulcis
mummified fruil
P. dulcis
mummified fruil
P. dulcis

P. dulcis
mummified fruit,
P. dulcis
mummified fruit,
P. dulcis

P. dulcis
P. dulcis
P. dulcis

P. dulcis
P. dulcis
P. dulcß
P. dulcis

P
P
P

dulcis
dulcis
dulcis

w
SA
SA.

46

The Adelaide Hills, SAUnknownC. acutatum
Willunea, SA1996C. acutatum
Munno Para Downs, SA1997C. acutatum
Willunga, SA1998C. acutatum
SA1998C. acutatum
WA1998C. acutatum
Angle Vale, SA1998C. acutatum
Angle Vale, SA2002C. acutafum
Munno Para Downs, SA2001C. acutatum

Munno Para Downs, SA2001C. acutqtum

Munno Para Downs, SA2001C. acutatum
Murmo Para Downs, SA2001C. acutatum

Munno Para Downs, SA2001C. acutatum

Munno Para Downs, SA2007C. acutatum

Munno Para Downs, SA2001C. acutatum

Willunga, SA2002C. acutatum
Willunea, SA2002C. acutatum

'Willunga, SA2002C. acutatum

Willunga, SA2002C. acutatum
'Willunea, SA2002C. acutatum

2002
2002C. acutatum

Willunea, SA2002C. acutatum
V/illunea. SA2002C. acutatum
Willunga, SA2002C. acutqtum
Willunea, SA2002C. øcutatum
V/illunea, SA2002C. acutatum
Willunga, SA2002C. acutatum
V/illunga, SA2002C. acutatum

Willunga, SA2002C. acutatum

Willunga, SA2002C. acutatum

Willunga, SA2002C. acutatum

Willunga, SA2002C. acutatum

Willunga, SA2002C. acutatum
Willunga, SA2002C. acutatum
Willunea, SA2002C. acutatum
Willunea. SA2002C. acutatum
V/illunga, SA2002C. qcutatum
Willunea, SA2002C. acutatum
Willunea, SA2002C. acutatum
Willunga, SA2002C. acutatum

SiteYear of
isolation

Species

,< P. dulcis



1999Eutvoa lqta Vic
1997Botryosphaeria ribis Vic
r997Botrytis cinerea Unknown

Colletotrichum
coccodes

2000 Unknown
Verticillium sp. Unknown1980

1996Fusarium oxysþorum Unknown

UnknownChondrostereum
purpureum

Unknown
UnknownC. gloeosporioides Israel

C. sloeosporioides IsraelUnknown
UnknownC. sloeosporioides Israel
1989C. sloeosporioides Unknown, Australia
2002C. Eloeosporioides SA
UnknownC. acutatum NSV/

C. acutatum NSV/Unknown
2003C. acutatum SA
2003C. acutatum SA
2002C. acutatum SA

C. acutatum SA2001

UnlorownC. acutatum Hunter Valley, NSW
200tC. acutatum NSV/
UnknownC. acutqtum California, USA

C. acutatum Unknown California, USA
UnknownC. acutatum California. USA
UnknownC. acutatum California, USA
UnknownC. acutatum California, USA
UnknownC. acutatum California, USA

C. acutatum California. USAUnknown
UnknownC. acutatum California, USA
UnlorownC. acutatum Califomia, USA
UnlcrownC. acutatum California, USA

C. acutatum IsraelUnl¡nown
UnknownC. acutatum Israel
UnknownC. acutatum Israel
UnlorownC. acutatum Israel
UnknownC, acutatum Israel

C. acutatum IsraelUnknown
UnlorownC. acutatum Israel
1998C. acutatum Unlorown, Australia
1998C. acutatum Nansiloc. Vic

C. acutatum Ansle Vale. SA1998

1998C. acutatum South Australia
1997C. acutatum Ansle Vale, SA
r997C. acutatum Unknown, Australia

Year of
isolation

Species SiteIsolate code

csl-1317u *

csl.-1318
csl.-1298
s66u

csl.-1698 u*

ALM-NRB
ALM-BZR-8L
ALM-KSH-1
AL]Ù/I-GZT-

ALM-GVA
ALM-GOZ-428
ALM-N
ALM-US-3
ALM-US-4
ALM-US-68

ALM-US-11
ALM-US-1
us-173
us-1813"
us-t776"
us-1796"
Pi
NSWl
SE37"
oL2^
oL3"
oL4
DAR_75574 c**

Bbls
Or1"
s54
TUT-5954
AVO-58
AVO-37-4B

cc 74

cc 296u

cc 318u

B 5gu

P
P
P

P
P
P
P

Host

P. dulcis
P. dulcis
Persea

P. dulcis
P. dulcis
P. dulcis
P. dulcis
P. dulcß
P. dulcis
P. dulcis
P. dulcis
P. dulcis
P. dulcis

Pistacia

Vitis
Vaccinium
Citrus
Citrus

Perseq
Persea
Pyrus communis

Vitis
P. dulcis
Solanum tuberosum

P. dulcis

dulcis
dulcis
dulcis
dulcis
dulcis
dulcis
dulcis
dulcis
dulcis

Olea

P

o
o
o.
o

dulcis

t7 V,

V,M280

South Australia (SA), Victoria (Vic), New South Wales (NSW), Western Australia (WA),
The United States of America (USA)

Isolate provided by Barbara Hall, SARDI, South Australia
Isolate provided by Dr Stanley Freeman, The Volcani Center, Bet Dagan, Israel

Isolate provided by Dr Helga Förster, University of California, Riverside, USA
Isolate provided by Dr Gavin Ash, Charles Sturt University, NS'W
Isolate provided by Nancy Cunningham, SARDI, South Australia

b

c

d

e
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f

h

*
*i<

Isolate provided by Ru Huang, Charles Sturt University, NSW
Isolate provided by Andrew'watson, Yanco Agricultural Institute, NSw
Isolate provided by Dr Richard Lardner, the University of Adelaide, South Australia
Isolate lodged with the central Science Laboratory, Sand Hutton, york, IrK
Isolate lodged with the Agricultural Scientific collection unit, orange, NS'w,
Australia

3.3 ldentification of C, acutatum us¡ng pCR

To confirm the identity of putative isolates of C. acutatum (Table 3.2) used in experiments in

this study. genomic DNA was amplified by PCR with species-specif,rc primers (Section

2.4.2).

3.3.1 lsolation and purification of fungal DNA

Isolates listed in Table 3.2were grown on PDA and prepared for DNA extraction as follows:

250-mL conical flasks containing 100 mL of sterile potato-dextrose broth (24 glL, Difco,

USA) (PDB) were inoculated with 4-5 plugs of mycelium (2x2 mm) excised from the

margin of colonies and incubated on a rotating disk in natural light at room temperature for 5-

7 days. The mycelium was filtered through sterile Whatmann@ no. 4, filter paper using a

Buchner funnel and washed with 300 mL sterile dd H2O. Excess moisture was removed by

blotting with filter paper, then mycelium was frozenin iiquid nitrogen and stored at -70'C

until required.

The mycelium was ground to a fine powder in liquid nitrogen using amortar and pestle. Fifty

mg of ground mycelium was transferred to a2-mL Eppendorf tube and 1 mL of lysis buffer

(150 mM EDTA, 50 mM Tris pH 8,lyo lauroyi sarkosine, 500 ¡t"glmLpronase E) added.

Genomic DNA was extracted based on the protocols of Rodriguez and,Yoder (1991) and

Freeman et al. (2001) with the following modification: I0 ¡t"L of RNAse A (10 mg/ml) was

added to the 1 mL of lysis buffer. The resultant slurry was vortexed for 5 sec, incubated for
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15 min at 65oC then centrifuged at 14 000 rpm for 20 min. The supernatant (600 ¡^lL) was

transferred to a clean Eppendorf tube and 0.7 vol of PEGA{aC|(20% polyethylene glycol

6000, 2.5 M sodium chloride) was added. Materials were incubated on ice for 10 min then

centrifuged at 14 000 rpm for 5 min. The supematant was discarded and the DNA pellet was

suspended in 500 ¡rL of TE buffer (10 mM Tris-HCl, 1 mM EDTA). Ammonium acetate was

added to a final concentration of 2.5 M, the extracts were incubated on ice for 20 min, then

centrifuged at 14 000 rpm for 15 min. The supernatant was transferred to a clean Eppendorf

tube and 0.6 vol of ice-cold isopropanol added. The solutions were incubated overnight at

4oC, then centrifuged at 14 000 rpm for 5 min. The isopropanol was decanted and the DNA

pellet dissolved ín250 ¡r,L of TE. The DNA was precipitated in 0.1 M NaCl and2 vol of 95%

ice-cold ethanol, incubated on ice for 10 min then centrifuged at 14 000 rpm for 5 min.

Ethanol was removed with an aspirator and the DNA pellet was re-suspended in 80 ¡r.L of TE

buffer.

DNA quality and quantity were assessed by subjecting a2-¡tL aliquot to electrophoresis in a

lo/o agarose gel (Roche Diagnostics, Germany) in 1 x TAE buffer (40 mM Tris-acetate, 1 mM

EDTA) at 65 Y for 1.5 h. Gels were stained with ethidium bromide (0.5 ¡tglmL), viewed

under UV light and photographed using Polaroid 667 film (Polaroid Corporation, UK). DNA

quantity was estimated by comparison with a L Hind III ladder (Roche Diagnostics,

Germany), containing known quantities of DNA. The DNA was diluted with TE buffer to a

concentration of approximately 20 ngl¡t"L, then stored at -20oC until required.
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3.3.2 PGR amplification

3.3.2.1 ldentification of C. acutatum using genomic DNA

Genomic DNA was amplified by PCR using the universal primer ITS 4

(TCCTCCGCTTATTGATATGC) (White et a1.,1990) coupled with specific primers for

C. acutatum (Carnt2) (GGGGAAGCCTCTCGCGG) or C. gloeosporioides (Cgrnt)

(GGCCTCCCGCCTCCGGGCGG) (Sreenivasap rasad et at., 199 6). Amplification was

expected to result in amplicons of 490 bp and 450 bp for C. acutatum and, C. gloeosporioides,

respectively (Freeman et a1.,2000a). Reference isolates of C. acutatum, CSL-I689, CSL-

169l,DAR-72407, CSL-1688, US-1796 and US-1776, and C. gloeosporioides,AVO-58 and

AYO-37-4B (Table 3.2),werc used as positive controls in the PCR. Genomic DNA of fungi

other than Colletotrichum spp.,listed in Table 3.2,was included to assess the specificity of

the PCR.

Amplification by PCR was performed in a total volume of 20 ¡tL, comprising 10-20 ng of

genomic DNA, 50 mM KCl, 10 mM Tris-HCL,0.2 mM each of dATp, dcrp, dGTp and

dTTP" 1.5 mM Mgc12, 1 unit of Taq DNA polymerase (promega, uSA) and 0.5 pM ITS 4

primer coupled with either 0.5 pM CaInt2 or 0"5 pM Cglnt" The DNA was amplified in a

thermocycler (PTC-100, MJ Research, Waterlown, MA), starting with 5 min of denaturation

at95oC, followed by 30 cycles consisting of 30 sec at 95oC, 30 sec at 60oC and 1.5 min at

72oC (Frceman et at.,2000a). Negative controls, using sterile dd H2O instead of DNA, were

included in each experiment.

Amplification products were separated in agarose gels (1.5% w/v) in 1 x TAE buffer and

subjected to electrophoresis at 80 V for 2h. Gels were stained in ethidium bromide (0.5

pdmL), and amplification products were viewed under UV light, then photographed as
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described previously in Section 3.3.1. Amplification products were compared to a 100-bp

ladder (Geneworks, Australia). Amplification reactions were performed twice.

All isolates of Colletotrichum sp. obtained from almond in Australia, Califomia and Israel,

including the reference isolates oî C. acutatum fromAustralia and California, produced a

490-bp fragment using the primers CaInt2 and ITS 4. No PCR product was obtained from

isolates of C. gloeosporioides (S54, Or1, AVO-58 and AVO-37-48) or of fungi other than

Colletotrichum spp. Fig 3.1 shows representative isolates of C. acutatum, C. gloeosporioides

and Fusarium sp. following PCR amplification with Calnt2 and ITS 4. Isolates obtained from

plants other than almond, which had been identified as C. acutatumbased on morphological

criteria, also produced an amplicon of 490 bp following PCR with the CaInt2 and ITS 4

primers. This group included isolates from olive, pistachio, wine grape, strawberry, blueberry

and avocado. C. gloeosporioides reference isolates (AVO-58 and AVO-37-48) and isolates

of putative C. gloeosporioides (S54 and Or1) produced a fragment of 450 bp following PCR

with the primers CgInI and ITS 4, whereas none of the isolates of C. acutatum or other fungi

produced an amplicon. Fig 3.2 shows representative isolates of C. gloeosporioides and C.

acutatum following amplificationwith CgInt and ITS 4.

3.3.2.2 ldentification of C. acutaturn us¡ng mycel¡al extract

Mycelial extract, instead of genomic DNA, of representative isolates of C. acutatum, C.

gloeosporioides andother fungi, was used in PCR amplification with the primers CaInt2 and

ITS 4. The following isolates were tested; CSL-1690, ALM-KSH-IO, PI, OLz, S43, S44,

csl--1687, DAR-72407, CSL-1688, CSL-1689, Wl6, W42,W77, W107, W153, V/155, US-

l776,rJS-1796 andus-1732 (C. acutatum) and AVO-37-48 and S54 (C. gloeosporioides)

(Table 3.2). Other fungi tested included Fusarium sp., Botryosphaeria sp., several
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Fig 3.1' Amplification products of DNA extracted from isolates of Colletotrichum spp.
obtained following PCR with the C. acutatum-specific primers CaInt2 and ITS 4.
A. Lanes I and20,100-bp ladder; lanes 2-13, C. acutatum from almond in Australia, (CSL-
1690), Colletotrichum sp. from almond in Israel (ALM-NRB-3DK and AIM-BZp.-1L), C.
acutatum from almond in Australia (MPD2, S44, DAR-72407, CSL-1317 and CSL-16gg), C.

in stralia (W2 and V/l54); lanes 14 and 15, C. acutatum from pistachio (P1) and from
avocado in Australia (CSL-1298); lanes 16 and 17, C. gloeosporioides ¡omavocado in Israel

dd H2o.
R Tarrccl qnÁlO lOfl-lrn1q¡1¡1oe l^-^.t 1'7 t/- -^-,t-1..---c--^--- ^1---^--r: ^ 

, 1- /rt,Fr
-_-_, ^-:^_-- _^ 

*^- t J) -"" L t t v. ØwøLq.Øttt rlurrr 4llll\rlrLl rU llUSLI¿fI.1 (yVJL,
wl36, w156, wl58, wl62a,v/166, w167, w169, w174,w176,w177,w17g, wr79,
W180, W184); lane 18, C. acutatum from olive in Australia (OL2).

Fig 3 .2. Amplification products of DNA extracted from isolat es of Colletotrichum spp.
obtained following PCR with the C. gloeosporioides-specific primers CgInt and ITS 4. Lanes
1 and 8, 100-bp ladder; lanes2-7, C. gloeosporioides from avocado in Iirael (AVO-58), C.
gloeosporioides from orange in Australia (Or1), C. acutatum from almond in Australia (DAR-
72407), C. acutatum from almond in Califomia (ALM-US-3), C. acutatum from almond in

stralia (V/154) and dd HzO.

1000

I910r 17 l8 19
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unidentified fungi and ayeast, which were frequently recovered following incubation of

almond piant material (Section 7.3.2). Based on the protocol of Hamelin et al. (2000),

approximately 3 x 3 mm of mycelium was Íemoved from the growing margin of cultures on

PDA using a sterile pipette tip, and added to 100 ¡t"L of exlraction buffer (0.5 M Tris-HCl, pH

9.0,I yo Triton@ X-100). The mycelium was gently macerated using the pipette tip and the

mixture vortexed for 5 sec. Materials were boiled at 100"C for 5 min, then immediately

placed on ice for 5 min. A2-¡.tL aliquot of the extract was used in each 20-¡tL reaction and

amplified as previously described, with the inclusion of polyvinyl-pyrrolidone, MW 10 000

(PVP-10) in the reaction mixture to a final concentration of 2 % (Koonjul et aL.,1999). A

positive control, comprising genomic DNA of isolate DAR-72407 instead of mycelial extract,

and a negative control, sterile dd H2O instead of DNA, were included in each experiment.

Two replicates from each extract were amplified per experiment.

Amplification products were separated, stained and viewed as described (Section 3.3.2.1) and

compared to a 100-bp ladder (Geneworks, Australia).

Following PCR amplification with C. acutatum-specific primers, a 490-bp fragment was

produced for the representative isolates of C. acutatum from almond, whereas isolates other

than C. acutatum did not produce an amplicon of this size following PCR with these primers.

The intensity of the fragment was occasionally variable and a false negative result was

produced infrequently. However, results were consistent and reliable when adequate amounts

(3 x 3 mm) of mycelium was available for use in PCR.

3.3.3 Gonclusions

All of the isolates of Colletotrichum sp. obtained from almond in Australia, as well as those

from Califomia and Israel, were confirmed as C. acutatum using PCR. These results were
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consistent with those of Freeman et al., (2000a), who reported that the Israeli almond isolates,

which had been identified previously as C. gloeosporioides using morphological criteria,

produced fragments of expected size following PCR with the C. acutatum-specific primers.

The results of this study were also consistent with those of Förster and Adaskaveg (1999) and

Freeman et al (2000a), who found that isolates from the pink and grey subpopulation of C.

acutatum from almond in California were positive with the C. acutatum-specific primers and

not with the C. gloeosporioides-specific primers. The isolates of C. gloeosporioides from

orange in Australia and from avocado in Israel were positive with the C. gloeosporioides-

specific primers and not with the C. acutatum-specific primers, confirming that these isolates

were C, gloeosporioides.

Identification of C. acutatum using mycelial extract in PCR amplification demonstrated that

the common process of growing the fungus in culture media and subsequent extraction of

total genomic DNA may not be necessary for identification of C. acutatumusingPCR with

species-specific primers. PCR using mycelial extract was efficient and may be used for rapid

identification of C. acutatum, in conjunction with morphological criteria. However, this

method was tested with a small range of isolates of C. acutatum and,microorganisms other

¡l¡on f- nn¡ttnt¡,ø¡ ^-J ^L^,,lJ L^ ^-,^1--^¡^l --.:¿1^ ^ 1^,-- .,- . | 1 ,rrr@rr v' ØvØLuþØttLt 4rI\l ùrlvLut.l Uv vvdlu<lL(]u wlùlI A IAIBVI lillfgü UI fs0latgs OT U, ACUmtUm AnO,

other microorganisms before this method could be recommended as a procedure for rapid and

accurate identification of C. acutatum.

3.4 Source and maintenance of potted plants

Five cultivars of almond; Carmel, Price, Nonpareil, Ne Plus Ultra and Fritz, were used in this

study. All cultivars had been grafted onto Nemaguard@ rootstock, and the grafted trees were

obtained from the registered almond nursery, Laxton Nursery, Lindsay Point, Victoria, in
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May 2002. The trees were grown in 30-cm plastic pots containing a mixture of 50 Yo perlite

and 50 %UC soil mix (Baker, Ig57), fertilised regularly with Osmocote@ as per the

manufacturer's instructions, and kept in a shadehouse at the Waite Campus. Plants were

watered as required and no pesticide sprays were used.

3.5 Gonfirmation of identity of almond cultivars

There was uncertainty about the identity of trees in the almond orchard, situated at Willunga,

South Australia, used in several experiments in this study. To confirm the identity of these

cultivars, genomic DNA was amplified by PCR using two types of primer and amplification

products were compared against reference specimens.

DNA from the following trees was used as reference mateiaT; Carmel, Price, Fntz,Ne Plus

Ultra and Nonpareil, which were supplied from Laxton almond nursery. In addition, genomic

DNA of Carmel, extracted from trees used in the almond breeding program at the University

of Adelaide, was supplied by Dr Michelle Wirthensohn. DNA was extracted from the leaves

of representative trees in rows four and five of the almond orchard at Willunga, South

Australia (Section 7.2.1.1) and, following PCR amplification, the amplicons were compared

against the reference material.

DNA was extracted from reference material and trees in rows four and five (as mentioned

above) from 50 mg of leaf tissue, which had been ground to a fine powder in liquid nitrogen,

using the Dneasy@ (Qiagen, Germany) plant mini kit.

DNA quality and quantity were assessed by subjecting a2-¡t"L aliquot to electrophoresis in a

1o/o agarose gel (Roche Diagnostics, Germany) in 1 x TAE buffer at 65 V for 1.5 h. Gels

were stained with ethidium bromide (0.5 ¡rglml), viewed and photographed as described in
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Section 3.3.1. DNA quantity was estimated by comparison with a X Hind,III ladder (Roche

Diagnostics, Germany), containing known quantities of DNA. The DNA was diluted with TE

buffer to a concentration of approximately 20 ng/pL, then stored at. -20oC until required.

3.5.1 PGR using anchored dinucleotide pr¡mers

PCR amplification was performed in a total volume of 20 ¡rL, comprising 10-20 ng of

genomic DNA, 50 mM KCl, 10mM Tris-HCl, 0.2 mM each of dATp, dcrp, dGTp an<l

drrP, i.5 mM Mgcl2, 1 unit of raq DNA pol¡rmerase (promega, usA) and 0.5 pM primer

(AG)sYC, (cA)8T, (cr)sc, (cA)sG, (AG)4YT or (AG)3y4. The DNA was amplified in a

thermocycler (PTC-100, MJ Research, watertown, MA), using two cycling profiles as

follows; 2 min of denaturation at 95oC, followed by 34 cycles consisting of 30 sec at95oC, 45

sec at 48"c ffor (AG)8YC, (cA)sT, (cr)8c and (cA)sG] or 55oc ffor (AG)ayr, and

(AG)8YAI and 1 min at72oC, and a final extension of 10 min at72oC (M. Wir"thensohn, pers.

comm., 12 August 2004). Amplification products were separated in agarose gels (1.5% w/v)

in 0'5 x TBE buffer (45 mM Tris-borate, 1 mM EDTA), subjected to electrophoresis at 65 V

for 2.5 h. Gels were stained in ethidium bromide (0.5 ¡rglml), and amplification products

'¡,¡ere vie'wed under IIV light, and photographed wittr Polaroid,667 film (Poiaroid Corporation,

UK). Amplification products were compared to a 100-bp ladder (Geneworks, Australia), and

banding patterns compared against the reference materiatr.

For each PCR, a negative control containing all reagents but with dd H20 instead of DNA was

included. Two amplifications of each sample were performed and banding patterns

compared.

The DNA banding patterns obtained follov-'ing PCR with the primers (AG)8YC, (CT)8G,

(CA)8G, (CA)gT, and (AG)gYT were identical for Carmel, Price and Fritz. The banding
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patterns for Ne Plus Ultra and Nonpareil were different from the other cultivars and from one

another. The banding pattem for trees in row four from the Willunga orchard was the same as

that for the Carmel, Price andFntz standard and the banding pattern for trees in row five was

the same as that for the Nonpareil standard. The banding pattern using primer (AGIYA was

the same for Carmel and Price, but different for each of Fritz, Ne Plus Ultra and Nonpareil.

Trees from row four of the Willunga orchard had the same banding pattem as Carmel and

Price, and trees from row five had the same pattern as Nonpareil using primer (AG)sYA.

Overall, banding patterns obtained using anchored dinucleotide-primed PCR showed that Ne

Plus and Nonpareil could be differentiated from one another and from Carmel, Price and

Fritz, however, it was not possible to differentiate Carmel from Price. Therefore, it was not

possible to determine if the trees in row four were Carmel or Price. DNA from trees in row

five had the same fingerprint as Nonpareil using primers (AG)8YC, (CA)3G, (CA)3T, and

(AG)8Y4, which supported the identification of the trees from row five as Nonpareil.

3.5.2 PGR using S-allele pr¡mers

PCR amplifications were performed on DNA from Nonpareil, Price and Carmel, trees from

the V/illunga orchard rows four and five, using primers designed to target specific regions on

se,tf i^ a2^p^À;biì;fg a.l\clø9,

the introns of the¡S-alleles (Channuntapipat et aL.,2003). The sequences of the S-allele

primers and size of expected amplicons (bp) are given in Table 3.3. Amplification was

carried out in a total volume of 20 ¡tL, comprising 10-20 ng of genomic DNA, 50 mM KCl,

10 mM Tris-HCl, 0.2 mM each of dATP, dCTP, dGTP and dTTP, 1.5 mM MgC12, 1 unit of

Zaq DNA polymerase (Promega, USA) and 0.3 ¡rM each of the forward and reverse S-allele

primers. The S-alleles, ,S1 and S7 are found in Price, 
^S7 

and 58 in Nonpareil, and ,S5 and 58 in

Carmel.
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The DNA was amplified in a thermocycler (PTC-100, MJ Research, Watertown, MA), using

three cycling profiies as follows: 3 min of denaturation at 95oC, followed by 34 cycles

consisting of 30 sec at95oC,45 sec at either 60oC for 
^S1 

and 
^S8, 

56oC for,S5 or 54oC for 57,

and 1 min aI72oC, and a final extension of 10 min at72oC (Channuntapipat et at.,2003).

Amplification products were separated as previously described. For each PCR, a negative

control containing all reagents but with sterile dd H2O instead of DNA was included. Two

amplifications of each sample were performed, the size of amplicons determined and bands

amplified from DNA of trees in V/illunga orchard rows four and hve were compared against

Carmel, Price and Nonpareil standards.

Table 3.3. Specific primers designed from the introns of genomic DNA for,S-allele
identification from Channuntapipat et al. (2003).

allelle

s1 488

s5

425

A 488-bp amplicon was produced following PCR using the ,S1 primer pair for DNA from

Price and fbr trees from Willunga orchard ro.¡¿ fbur, but not fbr DNA from Carmcl, l.Jonpareil

or trees from row five. A 75-bp amplicon was produced using the 
^S5 

primer pair for DNA

from Carmel, bttt not for Price, Nonpareil or trees ftom row four. A 425-bp amplicon was

produced using the S7 primer pair in PCR for DNA from Price, Nonpareil, trees in row four

an<i row flive, but not fbr Carmel. A band of ó48 bp was evident fbllowing PCR with the 58

t5

648

s7

s8 CAAAIG GTC CTTACT CAC TCT
CCCAAATCG CAGACT CAC TCT

,s8F

s8R

ACCATATAACAI CGT GTT GC
GAG GATAATATG GTA CAT TC

,s7F
s7R

GGC TCT TTG TTTTTC TAG TTA C
GCAACA TCC AAG CAA TAA ATC

,S5F

s5R

CTC TTTAGC AIT TTA GTT TTT
AGCTG AGA CAT CCAAGC AAT ATA G

^s1F
slR

Nucleotide sequence (5'-3')Primer
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primer pair for DNA from Carmel, Nonpareil and trees from row five. Fig 3.3 shows an

example of amplification products following PCR using the S1 and 58 primer pairs.

bp

1000

500

200

Fig 3.3. PCR amplification of genomic DNA extracted from leaves of almond trees from
reference material of Carmel, Price and Nonpareil, and from trees in rows four and five in an

almond orchard at Willunga, South Australia.
A. PCR with the,S8-a11ele primerpair. Lanes 1 and 8, 100-bp ladder; lanes2-6, the almond

cultivars Carmel, Price, Nonpareil, trees from row four and row five; lane 7, ddEzO.
B. PCR with the ,S1-allele primer pair. Lanes 1 and 10, 100-bp ladder; lane 2, Carmel; lane 3,

trees from row four; lanes 4-7, Carmel; lane 8, Price; Iane 9, dd H2O.

3.5.3 Gonclusions

The results from PCR amplification using anchored-dinucleotide and ^S-allele 
primers

suggested that trees in Willunga orchard row four were the cultivar Price and trees in row five

were Nonpareil.

12345674 12 34 56 7 E 910

u
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Ghapter 4 Morphological and cultural variation of
Colletotrichum spp.

4.1 lntroduction

Fungi of the genus Colletotrichum Cordahave been examined extensively and described with

respect to morphological characteristics in culture (Section 2.3.\),however, due to the

inherent morphological plasticity and overlapping of features among species (Cannon et al.,

2000; 'Wharton 
and Diéguez-Uribeondo,2004),the taxonomy of Colletotrichum spp. has not

yet been resolved. Recent advances in molecular biology are helping to resolve some of the

taxonomic confusion (Johnston and Jones, 1997;Lardner et al.,1999; Freemanet a1.,200I;

Guerber et a1.,2003), but morphology remains important for the identification and description

of Colletotrichum spp., particularly for plant pathologists who work in the areaof applied

pathology and may have limited access to facilities for moiecular biology.

C. acutatum is currently considered a 'group species' (Section 2.3) (Johnston and Jones,

1997; Cannon et al',2000), with variation of morphology and cultural characteristics evident

among the groups (Lardner et a1.,1999). One subgroup, referred to as 'C. acutatum sensu

Qi--^-rlo) (D-^^ 
^^ ^+ ^l 1^nl. f\,-^-1^^-- ^--s ^-, 

, 11 ^^^r \urr¡urrv¡ruù u ¡vvlr4tr cL u..) LvvL2 \Jugruçr allu uulTell, zvul), contarns lsolatgs oI

Colletotrichum sp. from almond in Califomia and Israel (Freeman et a1.,2001).

The isolates of C. acutatum from almond in California and Colletotrichum sp. in Israel have

been characterised with respect to morphological and cultural characteristics (Förster and

Adaskaveg,1999; Freeman et aL.,1996). Two subpopulations of C. acutatum fromalmond

from California have been described (Section2.6.3) and are referred to as the pink and grey

subpopulations (Förster and Adaskaveg,1999). These subpopulations differ in colour when

viewed from above an<1 below the ctrlture plate, conidial shape, the amount of sporulation and
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mycelial growth rate atvarious temperatures (Förster and Adaskaveg,1999). The isolates of

Colletotrichum sp. from almond in Israel are grey in culture, and have been identified as C.

gloeosporioides based on morphological characteristics (Freeman et al., 1996), but as C'

acutatumusing PCR-based methods (Förster and Adaskaveg,1999; Freeman et a1.,2000a).

Isolates of C. acutatum fromalmond in Australia have not been characterised with respect to

morphologicai and cultural characteristics, nor have they been compared to the isolates of

Colletotrichum sp. from almond in California and Israel. The aims of the research

presented in this chapter were to characterise the isolates of C. acutatum from almond in

Australia using morphological and cultural characteristics, and to compare these with isolates

of Colletotrichum sp. from almond in Califomia and Israel.

4.2 Materials and methods

4.2.1 Morphological var¡at¡on

4.2.1.1 Golony characteristics and conidial morphology

Macroscopic and microscopic characteristics were examined for 732 isolates of

Colletotrichum spp. (Table 3.2, Section 3.2), which included 101 isolates of C. acutatum from

almond in Australia, 10 isolates of C. acutatum from almond in California, seven isolates of

Colletotrichum sp. from almond in Israel, 10 isolates of C. acutatum fromplants other than

almond in Australia, one isolate of C. acutatum from strawberry in Israel, two isolates of C.

gloeosporioides ftomavocado in Israel and two isolates of C. gloeosporioides from orange in

Australia. All isolates were subcultured onto PDA from spore suspensions which had been

stored at -|OoC (Section 3.2). Cultures were grown in the dark at 25oC for 10 days, then a 5-

mm diam plug of mycelium was taken from the margin of each colony and placed in the

centre of a 90-mm Petri dish containing PDA. Three replicate plates \Mere prepared for each
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isolate. All isolates were incubated in the dark at 25oC for 14 days and the following

morphological and colony characters examined; colony colour-upper, colony colour-reverse,

mycelial texture, mycelial density, mycelial elevation, colony edge, colony diameter (mm),

spore length/width Q/w) ratio and spore shape. Several of the characters were scored using a

different number of categories within each characteristic and these will be referred to

subsequently as maximum (max), moderate (mod) and minimum (min) number of categories

and are described in detail in Table 4.1.

Colony colour, upper and reverse of the culture plate, was determined by visual observation

based on the mycological colour chart of Raynor (1970). The main colour categories of the

colonies, both upper and underside (reverse), were pink, orange, gïey and cream (min number

of categories). However, within these categories, cultures could be further differentiated into

pink, orang€, groY, orange-pink, cream and orange-grey for colour-uooer. and vinaceorrs.

pink, cream, brick, orange, grey and rose-grey for colour-reverse (max number of eategories).

Mycelial elevation was classified as low, moderate or high and mycelial density was

classified as sparse, moderate or dense. Mycelial texture was described using a minimum

number of two categories; 1. smooth, fine, flat with or without crystalline surface, with or

r¡¡ifhnrrf manrr.lo- ^- 1 f^^+L^--- ff--rÂ- :----, 1 I
6LqLrw^aL 4yyw4rorrvv) vL .. LvanrLvty) rlurly, rffCgülaf IUIIS, WOOlly Of ìVlspy. Ho1ryevef,

within these two categories, the mycelial texture was further divided into five categories; 1.

smooth, 2. granular,3. furcylvelvety, 4. tufted, 5. feathery/wispy (maximum number of

categories). colony edge was classified as regular or irregular.

Colony diameter (mm) was measured for each repiicate and the mean diameter calculated for

each isolate. Colony diameter of each isoiate was categorised as shown in Table 4.1.
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1. 2.0-2.19
2. 2.2-2.39
3. 2.4-2.59
4. 2.6-2.79
5. 2.8-2.99
6. 3.0-3.19
7.3.2-3.39
8. 3.4-3.59
9. 3.6-3.79
10. 3.8-3.99
r1.4.0-4.19
t2. 4.2-4.39

As for maximum number of
categorres

1. One end rounded and the
other pointed
2. Both ends rounded
3. Both ends pointed

As for maximum number of
categorles

1. 21-30 mm
2.31-40mm
3. 41-50 mm
4. 51-60 mm
5. 61-70 mm
6. 71-80 mm
7. 8l-90 mm

As for maximum number of
categories

Regular or irregular As for maximum numbe¡ of
categones

1. Smooth
2. F eathery I fluffy (includes
furry, irregular tufts, velvety
cobwebby, woolly, wispy
mycelium)

l. Smooth a (fine, regular
mycelium, generally
crystalline)
2. Smooth b (fine mycelium
undemeath with small
granular mycelial tufts)
3. Furry(soft,velvety,
dense and fluffy)
4. Tufted (tufts of
mycelium, irregular height
and density)
5. Feathery/fluffy (sparse

and wispy feathery with tufts
of uprieht mvcelium)

1. Sparse
2. Moderate
3. Dense

As for maximum number of
categories

1. Low
2. Moderate
3. Hieh

As for maximumnumber of
categones

1.

2.

3.

4.

5.

Pink
Cream
Brick
Orange

6. Grey
7. Rose-qrey

Vinaceous As for maximumnumber of
categories

1. Pink
2. Orange
3. Grey
4. Orange-pink
5. Cream
6. Oranqe-grey

As for maximum numbe¡ of
categories

tMaximum'number of
catesories

'Moderate'number of
categories

Table 4.1. Colony characteristics and categories which were used in principal components

analysis, nonmetric multi-dimensional scaling and clustering analysis of 132 isolates of
Colletotrichum spp. from almond and other plants from Australia, California and Israel.

Colony characteristic 'Minimum'number of

Colour- upper 1. Pink
2. Orange
3. Grey
4. Cream

Colour- reverse 1. Pink
2. Orange
3. Grey
4. Cream

Mycelial elevation

Mycelial density

Mycelial texture

Colony edge

Colony diameter

Conidial shape

Conidial length/width ratio

As for maximum number of
categones

As for maximum number of
categories

1. Smooth
2. Feathery/fluffy

As for maximum number of

As for maximum number of
categories

As for maximum number of
categories

t. 2.0-2.49
2. 2.5-2.99
3. 3.0-3.49
4. 3.s-3.99
5. 4.0+
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On completion of colony descriptions, conidia were removed using a sterile wire loop,

mounted in lactoglycerol and viewed using the x 100 objective with oil immersion. Fifty

conidia, chosen at random, per isolate were examined and measured for length, width and

shape. The conidia were assigned to one of three shape categories (Smith and Black, 1990);

1. one end rounded and the other pointed, 2.both ends rounded and 3. both ends pointed

(fusiform)' The mean length/width ratio was calculated for each isolate, and isolates were

categorised as shown in Table 4.1. Cultures of US-1776, anisolate from the grey

subpopulation of C. acutatum in California, did not produce conidia during this experiment,

therefore data for spore size and shape were not available.

4.2.1.2 Statisticalanalysis

To determine if there were significant differences among isolates, with respect to conidial

length and width, data were subjected to analysis of variance (ANOVA) (Genstat@ for

'Windows, 
6th edn). Results were considered significant ifP<0.001, unless otherwise stated.

Second, to determine if discrete groups could be elucidated among the isolates examined,

statistical analysis using principal components analysis (PCA), nonmetric multi-dimensional

cnqlin- t/À/tnQ\ onã ^l,,ofo- ^-^1..^:^,-,^-^ ^^*:^.J ^--L1^^-^a -,- La 1 1\LtLUeJ 4rau wruùru 4u4rJùrD wçrç \r.llltriLr uut uasEu oll tnc morpnoroglcal and colony

characteristics described previously. As noted above, several of the morphological and

colony characteristics were scored using a different number of categori es, viz, max, mod and

min, within each characteristic. PCA, MDS and cluster analyses were performed on the max,

mod and min data sets. The mode of three replicates was used for further analysis for colour-

upper, colour-reverse, mycelial elevation, mycelial density, mycelial texture, colony edge and

spore shape, whereas the mean of three replicates was used for colony diameter and spore l/w

ratio. Data for spore size and shape of US-1776 were deemed 'missing values' for pCA,

MDS and cluster analysis.
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PCA was performed on the max, mod and min data sets using Multi-variate Statistical

Packageo software (Kovach Computing Services, V/ales). PCA is an ordination method used

to determine which variables, morphological characters in this case, accounted for the

maximum amount of variance of the data. Principal components with an eigen value of > 1

were retained for use in further analysis. PCA can decrease the number of variables that

account for the maximum variance of the data. PCA has been used for analysis of disease

variables in other pathosystems (Chakraborty et al. , 2002; Vernière et al. , 2003), however,

reference to the use of PCA analysis of morphological data for fungi was not found in the

literature. PCA and similar techniques have been used for analysis of morphological

characters in plants (Keiper and McConchie, 2001).

The retained principal components were then subjected to nonmetric MDS analysis using NT-

SYSpc Q.{umerical Taxonomy and Multivariate Analysis System, version 2.02k, Exeter

Software, Setauket, New Yorþ. MDS is an ordination technique used for representing

similarity among individuals (Kruskal, I964a,I964b). Two and three-dimensional MDS

were performed, and stress statistics were calculated as part of these analyses. The stress

statistic measures the goodness of fit of the distances among the individuals in the multi-

dimensional space to the distances calculated in the original similarity matrix. Stress values

can be interpreted, as suggested by Kruskal (1964b), as follows:

Stress Goodness of fit

0.40 Poor

0.20 Fair

0.10 Good

0.05 Excellent

0.00 Perfect
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To determine if isolates formed discrete clusters for either the max, mod or min data sets, a

phenogram of relative distance among isolates was created using the retained principal

components. The relative distance among isolates was determined using the average

'taxonomic' distance coefficient, resulting in a dissimilarity matrix. The matrix was clustered

by ITPGMA (unweighted pair-group method, arithmetic average) using the SAHN

(sequential, agglomerative, hierarchical and nested cluster analysis) algorithm, generating a

tree matrix, which was then displayed as a phenogram (Rohlf, 1997). A cophenetic

coefficient was calculated (Mantel,1967) to determine goodness of fit of the cluster analysis

to the data. Values of > 0.9 indicate that clusters within the data are highly likely to be real,

thus the clusters are a very good fit to the data (Rohlf, 1997).

4.2.2 Growth rate at a range of temperatures

A 5-mm plug was excised from the margin of 7-day-old colonies of the following isolates on

PDA; csl--1689,'wl6,'wl53, DAR-75574,Pr, s43, s44, csl--1687, s53, s54, csl.-131g,

CSL-1298, CSL-1688, CSL-1690, MPDl, or1, oL3, ALM-KSH-10, US-1g13 and us-l796.

The mycelial plug was placed in the centre of a 90-mm Petri dish containing PDA and

incubated in the dark at 4, 10, 15,20.25, 30 or 35oC for 7 da¡zs. colon¡z diamcter was

measured from day three until day seven and the mean radial growth rate (mm/day)

determined for each isolate at each temperature. There were three replicates of each isolate at

each temperature and the experimerrt was repeated twice. The experiment was a split-piot

design, with blocks being the replicates in time, temperatures the whole plots and isolates the

subplots. The data were analysed using a two-way ANOVA and, as there was no significant

difference between the two replicates of the experiments (blocks), the data from each

experimental replicate were combined. The growth rate of each isolate, using the combined

data, was determined using simple linear regression. Subsequently, in order to determine if
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there were significant differences in the mean mycelial growth rate among isolates, ANOVA

was performed for isolates at each temperature and results were considered to be significant if

P<0.001 unless stated otherwise. Tukey's test at the 5o/o level was used to determine which

isolates were significantly different from one another. All analyses were carried out using

Genstat@ for Windows, 6th edn.

4.3 Results

4.3.'l Morphological var¡at¡on

4.3.1.'l Gultural characteristics

There was considerable variability in the morphological characteristics amongst the I32

isolates of Colletotrichum spp. examined, as well as among the isolates of C. acutatum from

almond in Australia.

General cultural characteristics

Based on general colony appearance, four main groups could be distinguished among the I32

isolates of Colletotrichum spp. examined. These will subsequently be referred to as 1. pink,

2. orange,3. cream and 4. grey. The morphology and cultural characteristics of each group

are described in Table 4.2. Fig4.1 shows isolates representative of the four groups. The

groups were determined based primarily on colony colour and on general mycelial

characteristics. Colony diameter, spore shape and size were not used to determine these

groups. The pink group contained the majority of isolates of C. acutatum from almond in

Australia and those from the pink subpopulation in California, except for ALM-US-12, which

was cream. Isolates Se37, OL3 and OL4 from olive in Australia were also included in this
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group. The orange group contained six isolates from almond in Australia,viz. CSL-1315,

CSL-1318, CSL-1688, 568, Wl69b and Wl84b, as well as CSL-1298 from avocado in

Australia, Pl from pistachio in Australia, NSWI from olive in Australia and TUT-5954 from

strawberry in Israel. The cream group contained 10 isolates of C. acutatum fromalmond in

Australia, viz.csL-1314, csl--1687,wJ6,w107, wlr7,wr57,wr62a,'w169a, w17l,

V/180, as well as ALM-US-12. The grey group consisted of isolates of Colletotrichum sp.

from almond in Israel and from the grey subpopulation of C. acutatumfrom almond in

Califomia. In addition, the following isolates were included in the 'grey' group, S53 (C.

acutatum from strawberry in Australia), AVO-58 and AVO-37-48 (C. gloeosporioides from

avocado in Israel), S54 and Or1 (C. gloeosporioides fromorange in Australia),DAR-75574

(C' acutatum fromwine grape in Australia), Bb1 (C. acutatum fromblueberry in Australia)

and OL2 (C. acutatum from olive in Australia). No isolates of C. acutatum fromalmond in

Australia were classified as grey. Although four main groups were evident, there was

considerable variation among isolates within each group, and the placement of several isolates

was equivocal, because the general colony appearance overlapped between groups. Examples

of this were; ALM-US-I2had an upper colour that was cream-pink and orange in reverse,

CSL-1298, NSW1 and TUT-5954hadcolony coiours of orange-grey.

In this experiment, colony characteristics were examined after incubation for 14 days at25oC,

however, some characteristics changed during and after this time. For example, some cream

coloured colonies became pale grey with increasing age or a pink pigmentation developed in

the centre of the culture, whereas some orange colonies developed a grey aenalmycelium. In

general, the characteristics of the pink isolates changed less than the isolates from the cream

and orange groups. In addition, there was some variation among replicates of the same isolate

and, in a few instances, among single spore isolates that were derived from the same bulk

spore suspension (Section 3.1).
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4.3.1.2 Gonidialmorphology

The isolates from almond in Australia and from the pink subpopulation in California

sporulated profusely, whereas the isolates from the grey subpopulation in California, from

almond in Israel, and from the cream group produced few conidia.

There was signifi cantvariation in the conidial length and width among isolates of

Colletotrichum spp.and also among Australian isolates of C. acutatum from almond. The

mean length for isolates from almond in Australia was 8.7 ¡rm (+l- 0.I7), and the range was

5.3-21.2 þm(Table 4.3). The mean width of isolates from almond in Australia was 3.18 prm,

and the range was2.12-4.24 ¡tm. The majority of conidia from isolates from almond in

Australia were rounded at one end and pointed at the other. However, many conidia were

fusiform, some were rounded at both ends, and several intermediate forms occurred.

Fusiform conidia were more conìmon among isolates from the orange group than for the other

gïoups, however, the majority of conidia from the orange group were rounded at one end and

pointed at the other. There were no obvious differences among the pink, orange or cream

groups with respect to conidial morphology. The range of sizes and shapes overlapped

among the groups, and these characters did not assist in assigning the isolates of C. acutatum

from almond in Australia to groups.

Conidia of the isolates from the pink subpopulation in California had a mean length of 9.39

¡rm (+/-0.1), which was larger than the mean conidial length of the Australian isolates.

Although conidia of the isolates from the pink subpopulation in California, with a mean width

of 3.37 ¡rm, tended to be wider than Australian isolates (mean width of 3.18 pm), the range

was the same, 2.1-4.2 pm (Table 4.3). In general, conidia of the isolates from the pink

subpopglation from almon<lin California were rounded at one end and pointed at the other,

however many were fusiform. There appeared to be a larger proportion of conidia that were

69



fusiform and fewer intermediate conidial forms than for the conidia of Australian isolates

from almond' Conidia from isolate US-1813, representative of the grey subpopulation from

California, were generally longer than conidia of the isolates of C. acutatum fromAustralia

and the pink subpopulation from Califomia (Table 4.3). All of the conidia of isolate US-lg13

examined were rounded at one end and pointed at the other. Although there was a trend for

conidia of the isolates of C. acutatum from almond in California to be larger than the isolates

of C. acutatum from almond in Australia, the Califomian isolates were within the range of

that for the isolates from Australia.

The conidia from isolates of Colletotrichum sp. from almond in Israel, with mean length of

I2.4 ¡tm, were generally longer than conidia of the isolates of C. acutatum fromalmond in

Australia (mean length, 8.7 ¡"rm) and of the Californian pink and grey subpopulation (9.39 and,

1o'77 rrm reslìeefiwehÀ (Table ¿.3). h general, the ccnidia of lsolatcs froni almoü,j il Io,.ool

were distinctly rounded at one end, yet somewhat intermediate between rounded and pointed

at the other. It was difficult to classify these isolates as being either distinctly rounded at both

ends, or rounded at one end and pointed at the other. However, they appeared different, in

shape aud size, from those of isolates from Australia and flom those of the pink subpopulation

tiom califbrnia, as the latter groups had, in general, one end distinctly pointed.

Table 4.4 summarises the mean conidial length and width for isolates of Colletotrichum spp.

from plants other than almond in Australia anel Isra,el. Conidia from isolates of C.

gloeosporioides ftom orange in Australia and from avocado in Israel were, in general, longer

and wider than conidia of C. acutatum from almoncl or other host plants. The size range of

conidia for isolates of C. acutatum from other plants was consistent with that of C. acutatum

frorrr alrrrond in Australia. Fiowever, the sizerange of the isolates of C. acutatum ftom

almond in Australia also overlapped with that of the isolates of Ll. gloeosporioides. Conidia
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Table 4.2. Appearance, on pDA", of morphological groups recognised among isolates of Colletotrichum spp. from almond and other plants rn

Australia, California and Israel.

Cream

Colony colour -
upper

Colony colour -
reverse

Mycelial texture

Mycelial elevation

Mycelial density

Colony margins

Spore masses

Cream to off-white, occasionally
with pale to dark pink concentric
ring in centre. Some colonies
with pink sectors.

Cream to light-brown,
occasionally pink concentric
bands and pink sectors.

a. Furry, fluffy, velvety and tufted
or

b. Wispy, feathery and not at all
tufted.

a. Moderate to high or

b. Low.

a. Dense or

b. Sparse to very sparse.

a. Irregular or

b. Regular.

Generally no visible spore Íìasses.

Pink

Medium to dark pink, light to dark
vinaceous and some colonies
brick.

Pale to bright pink, some colonies

dark pink and occasionally
orange-pink. Colonies had

concentric rings of different
shades ofpink.

Moderate

Low

Smooth, fine, usually crystalline.

Clear, colourless spore masses

arranged in concentric rings.
With increasing age, occasionally
orange spore masses on inoculum
pluc.

Regular

Grey

Light to dark mouse grey,

occasionally cream-grey and rose-
grey.

Light to dark mouse grey,

occasionally cream-grey.

Moderate, occasionally dense

Low, occasionally moderate

Smoott¡ fine, usually crystalline,
occasionally slightly fluffy and

velvety.

Generally no visible spore rnass€s,

but ifpresent, clear and

colourless.

Regular, occasionally irregular

Orange

Smooth, fine, crystalline.

Bright orange, occasionally
cream-orange.

Bright oraîge, occasionally
cream-orange and orange with
greyish surface mycelium with
increasing age for some isolates

Regular

Moderate, occasionally sparse

Low

With increasing age, abundant

orange, opaque and slimy spore

masses generally in concentric
rrngs.

'Cultures growïl for 14 days at 25oC in dark



Fig. 4.1. Cultures, on PDA, afLer 14 days incubation at 25oC in the d , viewed from
A. the upper surface and B. the underside, representative of the main colony types
observed among isolates of Colletotrichum spp. from almond and other plants in

stralia, California and Israel.
clockwise from bottom left; cSL-l688 (orange group), w6a (pink group), csl-1314
(cream group) (All c. acutatum from almond in Australia) and Avo-37-48 (grey
group) (C. gloeosporioides from avocado in Israel).
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Table 4.3. Conidial size for isolates of Colletotrichum sp. from almond in Australia,

Califomia (USA) and Israelu.

Country Colletotrichun species
(number of isolates)

C. acutatum
Pink isolates 84

isolates

Cream isolates

California, USA, C. øcutøtum
Pink subpopulation (8)

Conidial width

Max

4.24
4.24
4.24
4.24

4.24

Grey (l) 3.18

Colletotrichum 4.24

* standard error <0.005
u conidia harvested from colonies gro'wn on PDA fot 14 days at 25oC in dark'

oî C. gloeosporioides from isolate Or1 (from orange in Australia) and AVO-58 and AVO-37-

4B (from avocado in Israel), were predominantly rounded at both ends, whereas, for S54 (C'

gloeosporioides ftomorange in Australia) approximately half of the conidia were rounded at

one end and pointed at the other. However, it was often difficult to define this character, as

several intermediate forms were evident. Shape of conidia of isolates of C. gloeosporioides,

in general, was more similar to that of conidia of Coiletotrichum sp. from almond in Israel

and C. acutatum from the grey subpopulation from almond in California, than to C. acutatum

from almond in Australia and the pink subpopulation from almond in California. The isolates

of C. acutatum fromstrawberry (S53 and TUT-5954), avocado (CSL-1298), pistachio (P1),

wine grape (DAR-75574) and one olive isolate (NSW1) had fusiform conidia, whereas the

isolate from blueberry (Bb1) and four olive isolates (Se37, OLz, OL3 and OI-zt) had conidia

that were predominantly rounded at one end and pointed at the other.

12.42 (0.1) 19.087.42 3.183.29 (*)
7.4210.77 (0.32) t6.96 3.183.18 (0)
6.369.3e (0.1) 3.37 (0.02)14.84 2.12

2t.25.39.2 (o.t) 3.183.2 (*)
8.6 (0.1) 16.965.3 3.183.2 (*\

4.249.0 t0.01) 14.84 2.t23.0 (*)
5.38.7 (0.17) 3.18 (*)16.9 2.72

MaxMinMean (standard
error)

MinMean (standard
error)

Conidial leneth (um)
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4.245.02 (x)18.0210.6t4.s (0.2\C. gl o eo s p o r i o id es (Isr ael)
3.183.18 (0)10.68.488.21 (0.16)C. acutatum (Australia)
3.i83.45 (*)9.s48.488.37 (0.11)C. qcutatum (Israel)
3.183.22 (*)7r.666.369.71 (0.2r)C. acutatum (Australia)
4,244.24 (0)13.787.4210.68 (0.15)C. acutatum (Australia)
3.183.18 (0)12.727.42e.92 (0.16)C. acutatum (Australia)

4.244.el (0.03)18.029.54t4.2 (0.2)C. gloeosporioides
(Australia)

3.183.2 (0.006)14.844.249.4 (0.1)C. acutatum (Australia)
3.183.39 (*)12.727.42e.2 (0.2)C. acutatum (Australia)

Min
Mean
(standard
error)

MaxMin
Mean
(standard
error)

Conidial length (um)
Colletotrichum species
(country of origin)

Table 4.4. Conidial size for isolates of Colletotrichum spp. obtained from blueberry, olive,
orange, pistachio, avocado, strawberry and wine grape in Australia and Israela.

Ilost plant
(number of
isolates)

Conidial width

Max

4.24
Olive 3.24
Orange (2) 5.3

Pistachio 3.18
Avocado 1 4.24

4.24
5.3

Wine 3.18
Avocado 5.3

* standard effor is < 0.005
u conidia harvested from colonies grown on pDA for 14 days at 25oc in dark.

D eter_mi44_t_io_n of gro u ps

To determine if distinct $oups or clusters could be revealed among isolates based on scoring

of all of the morphological and cultural characteristics described in Section 4.2.I.l,the data

were s ected to PCA, MDS and eluster analysos.

Raserl on nn eioen r¡alrre oîcqter fhon 'l DñÁ ^- +h^ *^- ¿ln+^ ^^+ *^,,^^t^l +L-^^--:-^^:,-^1Lt ' vt r vtr urrw rrlq^ uaLúl Ðvt Içvçd.lgu tf U Utr PI lIfUlPAl

components, which accounted for 69%o of the variance in the data. In this analysis, all

variables or morphological characters were deemed important and, therefore, retained. MDS

the majority of isolates of C. acutatum from almond in Australia tended to be similar to each

other and, in general, discrete groups were not evident (data not shown). The stress value \¡/as

0' 14, suggesting that the distances between the isolates in the two-dimensional space were a

fair to good fit to the original similarity matrix. The distances were better represented by the

three-dimensional MDS, with a stress value of zero, suggesting that the distances depicted in

I
1
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the three dimensions were a perfect fit to the distances calculated in the original similarity

matrix. The three-dimensional MDS plot (Fig 4.2) showed considerable variation among

isolates, but there was a trend toward many of the isolates from almond in Australia being

close together in the three-dimensional space. The isolates that were the greatest relative

distance from the majority of isolates from almond in Australia were those of Colletotrichum

sp. from almond in Israel. Cluster analysis of the three principal components using the max

data set revealed many clusters, as shown in the phenogram in Fig 4.3. The cophenetic

coefficient was 0.91, suggesting that the clusters were highly likely to be real. There were 13

clusters in which all of the isolates were identical, and each of these contained isolates that

were from almond in Australia, as well as two isolates from olive in Australia. However,

many isolates from almond in Australia were not within these clusters and were not identical

using the max data set. In this analysis, no isolates from almond in Israel or in Califomia

were found to be identical.

PCA on the mod data set, using an eigen value greater than 1, showed that two principal

components \¡/ere most important and accounted for 660/o of the variance in the data. This

analysis found that the variables, elevation and density, did not contribute significantly to the

two principal components, therefore they v/ere removed. MDS was performed on the two

retained principal components and seven retained variables, i.e., colour-upper, colour-reverse,

mycelial texture, spore 7lw ratio, colony edge, colony diameter and spore shape. Two-

dimensional MDS revealed considerable variability among isolates, with a trend toward most

of the isolates from almond in Australia being close together and six of the isolates from

almond in Israel being relatively close together, yet relatively distant from the other isolates in

the two-dimensional space (data not shown). The stress value was zero, which suggested that

the distances depicted in the two-dimensional plot were a perfect fit to the original similarity

matrix. The cluster analysis, as depicted by the phenogram (data not shown) found many
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small clusters among isolates, and the cophenetic coefficient was 0.93, indicating that the

clusters were highly likely to be real. As for the max data set, there were 13 clusters in which

isolates were identical and, within these, isolates were from almond and two from olive in

Australia. However, the clusters were not the same as those found following cluster analysis

of the max data set. This analysis revealed that isolates from the pink subpopulation in

California, ALM-US-3 and US-1732,werc considered to be identical, as were isolates ALM-

GVA-64 and ALM-GOZ- 2B, from almond in Israel. None of the isolates from almond in

Australia were identical to isolates from almond in califomia or Israel.

PCA, when performed on the min data set, showed that three principal components with nine

variables or morphological characters, accounted for 70%o of the variance in the data. Two-

dimensional MDS was carried out on the three retained principal components, and the stress

value was 0.12, suggesting a good fit of the distances depicted in the two-dimensional space

to the original similarity matrix (data not shown). The stress value for the three-dimensional

analysis was zero, suggesting a perfect fit of the distances in this analysis to the original

similarity matrix, and the three-dimensional MDS plot is shown inFig 4.4.

As with the max and mod data sets, distinct groups were not evident among isolates, however

a similar trend was observed, with isolates of C. acutatum from almond in Australia tending

to be close to each other in three-dimensional space, and five of the isolates from almond in

Israel being relatively close together yet distant from the majority of isolates from almond in

Australia (Fig a.a). In contrast to the MDS analysis of the max and mod data sets, MDS on

the min data set revealed that there were several isolates from the pink subpopulation from

almond in Califomia which were relatively close to the majority of isolates from almond in

Australia (Fig a'Ð' UPGMA cluster analysis of the min data set revealed many clusters (Fig

4.5), with a cophenetic coefficient of 0.95, which were highly likely to be real. Eieven
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Fig 4.2. Three-dimensional nonmetric multi-dimensional scaling (MDS) analysis of I32
isolates of Colletotrichum spp. from almond in Australia, California and Israel, and other

plants, based on the max data set. Nine morphological characters (Table 4.1) were scored and

subjected to principal components analysis, then data were clustered using MDS with
NTSYSpc (v.2.02k).
Isolates of C. acutatum fromalmond in Australia are shown as a white data points; C.

acutatumrepresentative of the pink and grey subpopulations from almond in Califomia are

pink and grey datapoints, respectively; Colletotrichum sp. from almond in Israel are red data

points; C. acutatum from other plants are blue and C. gloeosporioides, gleen.

the following isolates are found in the area referred to as oI'; ALM-US-3, ALM-US-4, ALM-US-9,

csl-1315, CSL-I317, CSL-1318, CSL-I688, CSL-I689, CSL-1690, CSL-I691, DAR-72407, MPDl,
MPD2, MPD3, MPD4, MPD5, MPD6, MPD7, OL3,OL4, 566, 568, Se37, Wl, W2, W4m, W4p,

W5L, W5m, W5p, W6, W7, W16, W17, W24,W26,W29,'W3i, W39,W64,W32,W32a, W34, W36,

w38, W43, W44,W45,W47, W55, W65, W66, W77,W87,W122,W128, Wr29,W147, W153,

wl54, Wl55, Wl56, Wl58, Wl59, Wl63, W164, Wl65, Wl66, W167,Wl68, W169, W172, W173,

w174,W176W177,Wl78, Wr79,Wl81, Wl83, Wl84, Wl86, W188 andW190.
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Fig 4.3. Morphological similarity among 132 isolates of Colletotrichum spp. from almond in

Australia, California and Israel, and other plants. Based on the max data set, nine

morphological characters were scored, subjected to princþal components anaþsis, then

similarity was determined using the average taxonomic distance coefficient and UPGMA
cluster anaþsis.
Isolates of C. acutatum fromalmond in Australia are shown as black text; C. acutatum,

representative of the pink and grey subpopulations from almond in California are pink and

grey text, respectively; Colletotrichum sp. from almond in Israel are red text; C. acutatum

from other plants are blue and C. gloeosporioides, green.
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Fig 4.4. Three-dimensional nonmetric multi-dimensional scaling (MDS) analysis of I32
isolates of Coiletotrichum spp. from almond in Australia, Califomia and Israei, and other
plants, based on the min data set. Nine morphological characters (Table 4.1) were scored and
subjected to principal components analysis, then data were clustered using MDS with
NTSYSpc (v.2.02k).
Isolates of C. acutatum from almond in straiia are shown as white data points; C. acutatum
representative of the pink and grey subpopulations from almond in California are the pink and
grey data points, respectively; lletotrichum sp. from almond in Israel are red data pãints; C.
acutatum from other plants are blue; c. gloeosporioides are green.
The following isolates are found in the group s 7-4, viz.: group I, ALM-US-3, V/155 and W172; group
II, ALM-US-9, CSL-1690, MPD5, MPD7, CL4, Se37, w44, w55, w64,w77,'w86, 'Wi28 

,w147,-w154,wr74,wr77,wl83, w186 and'wl88; group III, csl-1689, csl-1317, csl-1691, DAR-
72407, MPDI, MPD2, MPD3, 366, W4m, W4p, W5p, W6, W7, W24,W26,W32,W32a, W33, W36,
w38, w39, w45'w47, 'w65, w87, wI29,wl53, w156, wl58, w164,wl67,w169,w170, wI73,
w176, w178, wr79, w181, w184 and w190; group rv, MpD4, w5m, v/34 and w163.
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clusters contained isolates that were identical, but most of these were not the same clusters as

revealed by cluster analysis of the max or mod data set. Two isolates from the pink

subpopulation in California, ALM-US-3 and ALM-US-9, were identical to isolates from

almond in Australia. Two isolates from almond in Israel, ALM-NRB-3DK and ALM-GOZ-

 2B,wereconsidered identical, and two from the pink subpopulation in California, ALM-US-

6B and ALM-US-i1, were identical. None of the isolates from Israel or from the grey

subpopulation in California were identical to isolates from almond in Australia.

4.3.2 Growth rate at a range of temperatures

Mycelial growth rate (mm/day) attemperatures from 5 to 35oC was determined for selected

isolates of Colletotrichum spp. from almond in Australia, California and Israel, and from

plants other than almond in Australia. Figs 4.6 and 4.7 show the mycelial growth rate for

representative isolates of C. acutatum from almond in Australia in this range.

The maximum mycelial growth rate for isolates of C. acutatum from almond in Australia

generally occurred at25oC (Fig 4.64), however, there was significant variation among

isolates at this temperature (Fig 4.7D). Isolate CSL-1318 differed from the other Australian

isolates, in that the mycelial growth rate at20oC was the same as at25oC (Fig a.6A). At

z1oc,the mean mycelial growth rate for isolates of C. acutatum from almond in Australia was

3.5 mm/day and the range was 3.0 mmlday (V/16 and CSL-1688) to 4.3 mmlday (CSL-1318)

(Figs 4.64 and4.7D).

The maximum mycelial growth rate for isolates representative of the pink and grey

subpopulations of C. acutatum in Califomia, US-1796 and US-1813, respectively, occurred at

25"C (Fig 4.6A) and there was no significant difference between the two isolates at this

temperature (Fig 4.lD). The growth rates of isolate ALM-KSH-1O, representative of
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Fig4.5. Morphological similarity among 132 isolates of Colletotrichum spo. from almon<1 in
Australia, California and Israel, and other plants. Based on the min data set, nine
morphological characters were scored, subjected to principal components analysis, then
similarity was determined using the average taxonomic distance coefficient and UpGMA
cluster analysis.
Isolates of C. acutatum from almond in Australia are shown as black text; C. acutatum,
representative of the pink and grey subpopulations from almond in Califomia are pink and
grey text, respectively; Colletotrichum sp. from almond in Israel are red text; C. acutatum
from other plants are blue ancl C. gloeosporioides, green.
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Colletotrichum sp. from almond in Israei, were 3.0 mrnlday at20oC and 3.I mmlday at25oC

(Figs 4.64 and 4.7D), which were not significantly different from each other. The mycelial

growth rates for US-1796, US-1813 and ALM-KSH-I0 were not significantly different at

25oC, and they were within the range for isolates of C. acutatum fromalmond in Australia

€ig a.7D).

Among isolates of Colletotrichum spp. from piants other than almond, the maximum growth

rate for isolates from avocado (CSL-1298) and olive (OL3) occurred aL25oC (Fig 4.68) and

the mean mycelial growth rate was 3.8 mm/day and 3.5 mm/day, respectively, within the

range for isolates of C. acutatum from almond. The maximum growth rate for isolates of C.

acutatum obtained from strawbeny (S53) and C. gloeosporioides from citrus (Or1 and S54)

occurred at 3OoC (Fig a.6B). Isolates from pistachio (P1) and wine gïape (DAR-75574) grew

fastest at25 and 30"C (Fig 4.68).

There was significant variation in myceiial growth rate among isolates of Colletotrichum spp.,

and among isolates of C. acutatum from almond in Australia, at 10, 15, 20, 25, 30 and 35oC

Fig a.D. Isolates of C. gloeosporioides from orange in Australia, S54 and Or1, hacl the

fastest mycelial growth rate at 10 to 35oC (Figa.T. and this was statistically signifìeant at 10,

25 amd 30"C (Fig 4.7A, D and E). With respect to isolates of C. acutatum fromalmond in

Australia, the only obviotts trend was that isolate CSL-1318 consistently grew faster than the

other isolates of Colletotrichum sp. from almond in Australia, California and Israel at 10 to

3OoC. As the temperature decreased from 25oC to 1OoC, mycelial growth rate of all isolates of

Colletotrichum spp. tended to decrease, and no isolate grew at 5oC. However, after the

completion of this experiment, the isolates that had been incubated at 5oC were retumed to

room temperature for several days, and all gre_w.
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Although not statistically significant, the isolates from strawberry and wine grape, S53 and

DAR-75574, respectively, grew more slowly than the other isolates af l0-25oc. however, but

not at 30 or 35oC. At 30oC, the isolates from almond in Israel and from the grey

subpopulation in Califomia, ALM-KSH-IO and US-1813, respectively, grew more slowly

than all of the other isolates (Fig 4.78).

The only isolates of C. acutatum to grow at 35oC were those from strawberry (S53), avocado

(CSL-1298), wine grape (DAR-75574) and almond (CSL-131S), as did C. gloeosporioides

from orange in Australia (Or1 and S54) (Fig a.7F). CSL-1318 was the only isolate of C.

acutatum from almond in Australia to grow at 35oC and there was no growth from either of

the isolates obtained from almond in California or Israel at this temperature. S54 grew

significantly faster, 0.7 mmlday, than the other isolates and CSL-1298 was the slowest, 0.08

mm/day. Following the 7-day period, the isolates were placed at room temperature for

several days and all, except for ALM-KSH-IO and US-1813, grew.

The mycelial growth rate for isolates from pistachio (P1), avocado (CSL-1298) and olive

(OL3) was within the range of that for the isolates of C. acutatum from almond in Australia at

10 to 30oC (Fig a.D.

4.4 Discussion

The purpose of the experiments described in this chapter was to characterise the isolates of C.

acutatum from almond in Australia with respect to morphological and cultural characteristics,

and compare them to isolates of Colletotrichum spp. from almond in California and Israel, as

well as to those obtained from plants other than almond. Although there was considerable

variation among isolates of C. acutatum from almond in Australia, based on the
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morphological characteristics examined and the analysis used, the isolates fitted the range of

descriptors used for C. acutatum (Simmonds, 1965 ; Dyko and Mordu e, 197 9; Sutton, 1 980;

Gunnell and Gubler,1992). Based on colony colour, three main subgroups or morphotypes

were evident, in which isolates were either pink, orange or cream. The main morphological

features of the majority of isolates of C. acutatum from almond in Australia comprised; bright

pink colour of the culture from above and reverse, smooth and moderately dense mycelium,

an abrupt and regular colony margin, maximum mycelial growth rate at25oc, and conidia

rounded at one end and pointed at the other. The range for length of conidia of C. acutatum

from almond in Australia (4.24-21.2 pm) was larger than the descriptions of conidial size

range for C. acutatum (Simmonds, 1965; Dyko and Mordue, 1979) (8-16 ¡rm), however,

Gunnell and Gubler (1992) reported that conidiaof C. acutatum from strawbeny \¡/ere longer

than 16 pm.

Several isolates differed from the above descriptors, in that the colour of the culture from

above and reverse was bright orange. In general, the conidia of these isolates were more

fusiform than those of other isolates of C. acutatum from almond in Australia; fusiform

conidia are generally considered typical of C. acutatum (Simmonds, 1965; Gunnell an<l

ll"Ll^- 'l OO,)\ Tì,,1.^ ^-,1 l\/f^*,{,,- ¡/1O?O\ ^^+^.7 +L^+ ^^l^-:^^ ^ç /1 n-.,t^ta,a^^ ^^- L^ ^^1^uuvrwrr Ltt-). vJ¡\v q¡ru rvrvruuw \r/ / /) tLvLw r¡r4r wurvllrwò vr v. qvuLuLullt vqr uv P4lv

orange and, recently, Denoyes-Rothan et al. (2003) and Jayasinghe and Fernando (200a)

described isolates of C. acutatum from strawberry and ugurassa (a tropical fruit crop

cultivated in Sri Lanka), respectively, as orange. Although cream or white colonies have been

described for C. acutatum (Simmonds, 1965; Dyko and Mordue, 7979; Gunnell and Gubler,

1992), staling of isolates in culture and repeated subculturing can lead to changes in colony

characters including colour and mycelial texture. This may be the case for several of the

isolates placed in the cream group, although they had been passaged through strawberry (data

not shown) and none had reverted to pink. However, several cream cultures exhibited pink

90



sectors and/or a concentric ring of pink pigment was observed from the underside of the

culture plate, further demonstrating the morphological variability among cultures. In

addition, several of these isolates were cream in culture even when derived directly from a

single spore (Section 3.1) and had not been subjected to repeated subculturing.

Colony colour was the only distinguishing feature of these groups, as all of the other cultural

and morphological characteristics examined, including mycelial growth rate, did not support

clear differentiation into groups. Likewise, statistical analysis of morphological data using

PCA, MDS or cluster analysis did not support these groups. Subgroups of C. acutatum and C.

gloeosporioides, based on colour, have been described (Gunnell and Gubler,7992;Liyange et

a1.,7992; Förster and Adaskaveg,7999; Abang et a1.,2002; Denoyes-Rothan et a1.,2003)

and, in several cases, other features such as conidial morphology and growth rate supported

the classification of these subgroups (Förster and Adaskaveg,1999; Denoyes-Rothan et al.,

2003; Abang et aL.,2005).

The morphological and cultural characteristics of the isolates of C. acutatum ftom almond in

Australia were more similar to those of the pink subpopulation of C. acutatum ftom almond in

California, than to those of isolates from the grey subpopulation in California and Israel. This

was particularly true for colony colour, mycelial characteristics, and spore shape and size.

Although the predominant colony colour for Australian isolates of C. acutatumwas bright

pink, the isoiates representative of the pink subpopulation in California were orange-pink.

None of the isolates from almond in Australia was grey, however, it should not be discounted

that genotypes of this colour exist.

The findings of this study with respect to the isolates of C. acutatum from almond in

Califomia were consistcnt with those of Förster and Adaskaveg (1999), in that the maximal

mycelial growth for the pink and grey subpopulation of C. acutatum from almond in
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California occurred af 25oC, the conidia of the grey isolates had less pointed ends than those

of the pink isolates, the grey isolates grew significantly faster at 1OoC and slower at32oC than

isolates from the pink subpopulation, and the isolates of the grey subpopulation sporulated

less profusely on PDA than did those of the pink subpopulation. Here, the optimal

temperature for mycelial growth for the representative isolate of Colletotrichum sp. from

almond in Israel occurred at20 and2soc, which is similar to the findings of Freeman et al.

(1998), who reported that the isolates of Colletotrichum sp. from almond in Israel grew fastest

at20-22oC. In the present study, the growth rates of the representative Israeli and Californian

isolates were similar at their respective optimal temperatures (20 and,25oC). Ír contrast,

Freeman et al. (1998) found that isolates of Colletotrichum sp. from Israel grew more slowly

than isolates of C. acutatum from California attheir respective optimal temperatures.

However, it must be noted that, here, single isolates representative of each population were

used in the mycelial growth rate experiments, whereas multiple isolates were used in the

study of Förster and Adaskaveg(I999), whereas such details were not provided by Freeman

et al. (1998). Although inferences can be made using small numbers of isolates, more isolates

should be studied to assess the variability of mycelial growth rate within a population. In

addition, care mr-lst be taken when making inferences about fiurgal grovrth in the field, as

growth in culture may not necessarily reflect what occurs in nature,

The effect of culture medium and environmental conditions on morphological characteristics,

particularly those considered useful for species delimitatior, €.g., conidial shape, has been

observed by several researchers (Smith and Black, 1990; Sutton,1992; Gunnell and Gubler,

1992; Andersen and Thrane, 1996; Adaskaveg and Hartin, 1997;Kim et at. 2005). For

example, Adaskaveg and Hartin (1997) found that conidi a of C. acutatum were fusifofin on

pea straw agar and on almond fruit, whereas on PDA conidia were shorter and had forms

intermediate between both ends rounded and both ends pointed. Such effects can lead to
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taxonomic confusion (Sutton, 1992), and make it difficult to compare results from different

laboratories. In addition, secondary conidia are produced directly from germinating primary

conidia for many Colletotrichum spp. Secondary conidia are generally smaller and more

variable in shape than primary conidia, making it difficult to differentiate among species of

Colletotrichum, suchas C. acutatum, C. gloeosporioides and C. fragariae (Buddie et al.,

1999). It was often difnicult to categorise the conidial shape in this study, as many

intermediate forms existed. Gunnell and Gubler (1992) reported that the conidial shape was

uniform and consistent within Colletotrichum spp. only if a medium such as strawberry leaf

agar (SLA) was used. The range of conidial forms found in this study confounded attempts to

differentiate between C. acutatum and C. gloeosporioides or among groups of isolates of C.

acutatum. Likewise, spore size did not provide a useful means to distinguish isolates at the

species level or subspecies level as ranges overlapped, a finding also reported by Talhinhas ¿/

al. (2002).

Although the cultures used in this comparison were progeny from single spore-derived

isolates (Section 3.1),variation with respect to colony colour and amount of sectoring had

been observed among replicates of the parent single spore-derived isolates when first

established (Section 3.i). Variation among cultures established from single spores and

sectoring among cultures has been reported for isolates Colletotrichum spp. (Liyange et al.,

1992; Johnston and Jones, 7997; Kurame-Izioka et a1.,1997; Talhinhas et a1.,2002). The

results of the present study support the findings of others, that delineation of species and

subspecies should not rely on morphology alone (Sutton, 1992; Johnston and Jones, 1997;

Martin and García-Figueres, 1999; Freeman et a1.,2000a). For examination of the

morphology and cultural characteristics of fungi of the genus Colletotrichum,it would be

useful to standardise protocols among laboratories, as recoÍtmended by Johnston and Jones

(1997). In order that morphological and cultural characteristics be used to differentiate
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groups reliably within the genus, Johnston and Jones (1997) recommend that cultures used for

comparing isolates must be derived from a single conidium. This was not done here, due to

time constraints. In addition, the use of a different culture media, e.g., SLA, may lead to

different results. Such changes to protocols are recommended for future studies of the

morphological variation of isolates of C. acutatum from almond in Australia. In addition, a

larger sample of isolates from other plants is recommended to improve the understanding of

the relationship among these isolates and those from almond.

The morphological features of isolates of C. acutatum fromolive, pistachio and avocado were

similar to those from almond in Australia and the pink subpopulation from Califomia, and

could not be distinguished from isolates of C. acutatum from almond in Australia based on

the morphology and cultural characteristics examined in this study. Isolates from wine gïape,

blueberry, strawberry (from Australia and Israel) and one isolate from olive in Australia.

differed from those isolates from almond in Australia, in that the colony colounwas grey.

However, apart from colony colour, there was overlap of the other morphological and cultural

characteristics examined, making it difficult to distinguish isolates, although all of the isolates

fitted the range of descriptors for C. a.a¿tafitm (Simmonds , 1965; Dyko and Mordu e, 1979;

Qrrffnn 1 OOr\vslrvrr, Lt/-1.

The isolates of C. gloeosporioides examined, from avocado in Israel and orange in Australia,

could be distinguished from the isolates of C. acutatum fromalmond in Australia. The

isolates of C. gloeosporioides were grey and, in general, the conidia were larger than conidia

of C. acutatum. Conidial shape was consistent'with that described for C. gloeosporioides,

i.e., rounded at both ends (Simmonds, 1965; Mordue, 1971; Sutton,1992). Results reported

here for mycelial growth rate were eonsistent with the findings of others, such that C.

gloeosporioides has a higher temperature for optimal mycelial growth (Simmonds, 1965) and
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grows faster than C. acutatum (Smith and Black, 19901' Gunnell and Gubler, 1992; Sutton,

1992; Talhinhas et al.,2OO2; Jayasinghe and Femando,2004). However, the morphology and

cultural characteristics examined in this study, apart from optimal temperature and mycelial

growth rate, were not sufficient to differentiate clearly the isolates of C. gloeosporioides and

C. acutatum, which highlights the problems with species differentiation based on morphology

alone. Testing the sensitivity of isolates to benomyl may have been a useful method to

differentiate C. acutatum from C. gloeosporioides, as has been documented by a number of

authors (Bemstein et a1.,1995; Adaskaveg and Hartin,1997; Talhinhas et a1.,2002;

Jayasinghe and Fernando,2004),however, this was beyond the scope of this project.

There was no apparent link between geographical area, and morphological and cultural

characteristics of the isolates of C. acutatum from almond in Australia. However, the

majority of isolates were obtained from Willunga and the Northern Adelaide Plains region

and several almond growing regions were represented by a single isolate, such as Nangiloc

and Westem Australia, and other important areas were not represented at all, such as the

Riverland, Lindsay Point and Redcliffs. A survey of almond growing regions of South

Australia, Victoria and New South Wales was carried out in October 2001 (Section 3.1) and

plant material collected from these regions did not yield C. acutatum, nor was anthracnose

observed on any trees in these areas at this time. To determine if isolates of C. acutatum from

almond obtained from the almond growing regions of Australia differ with respect to

morphology, a more comprehensive collection of isolates is required.

The results from PCA, MDS and cluster analysis of the max, mod and min data sets

confirmed the general observations that there was considerable variation among the isolates of

Colletotrichum spp. as well as among the isolates of C. øcutatum from almond, with respect

to morphological and cultural characteristics. Overall, it was considered that methods such as
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PCA, MDS and clustering were not particularly useful, apart from confirming the variation

noted during general observation of the cultures. This was due to: the subjective nature of the

descriptors within each category; the fact that a change in the number of descriptors within a

category led to different results; the difficulty of using a single adjective to describe a

morphological character. For example, comparing the results from the analyses of the max

and mod data sets highlights how small changes to the number of descriptors within one

category, viz. mycelial texture, led to different results. The number of descriptors was

different for half of the categories in the minversus the max data set, and the analyses

revealed considerably different groups following MDS and cluster analyses. However,

analyses of all three data sets did reveal, in general, that isolates of Colletotrichum sp. from

almond in Israel differed considerably from C. acutatum from almond in Australia and

California, but isolates of C. gloeosporioides from Australia and Israel were not clearly

different on morphological grounds from isolates of C, acutatum. The aim of PCA is to

obtain the minimum number of variables which account for the maximum variance in the

data, and this usually involves a decrease in the number of variables, leading to simplification

of a data set used in subsequent analyses. However, a decrease in the number of variables

occurred for the mod data set only, suggesting that PCA, in general, did not simplify the

analyses. However, further studies, using different numbers of adjectives in each category

and other categories, e.g., appressorial shape, could be investigated in future.

In summary, there was considerable variation among isolates of Colletotri.ch.u.m spp. and also

among isolates of C. acutatum from almond with respect to morphological and cultural

characteristics. Three main morphotypes were observed among isolates of C. acutatum from

almond in Australia, namely pink, orange and cream colonies, the former being predominant.

The majority of isolates of C. acutatum from almond in Australia were morphologically

similar to those of the pink subpopulation of C. acutatum fromalmond in Califomia and less
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so to those from the grey subpopulation of C. acutatum from California and to the isolates of

Colletotrichum sp. from Israel. Colour is a simple and natural grouping, especially for

practical and applied plant pathology, even though the grouping of isolates into three

morphot¡pes were not supported by analysis of other mycelial and reproductive characters.

As stated by Sutton (1992), Johnston and Jones (1997) and Freeman et al. (2000a),

morphology alone should not be relied upon to delineate species and subspecies of

Colletotrichum spp., other approaches that may be taken include analysis of genetic variation

using molecular biology techniques and pathogenicity tests. Such experiments are reported in

Chapters 5 and 6, respectively.
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Ghapter 5 Genetic variation among Colletotrichum spp.

5.1 lntroduction

Investigations into the taxonomy of the genus Colletotrichum are of interest to researchers

because relationships among the species have not yet been resolved (Baxter et a\.,1985;

Sutton, 1992; Guerber and Correll,200l; Ureña-Padillaet aL.,2002; Guerber et a\.,2003). As

discussed in Section 2.3, C. acutatum is considered a species complex, consisting of several

subspecific groups (Johnston and Jones, 7997;Lardner et a1.,1999) including C. acutatum

sensu Simmonds. Furthermore, Freeman et al. (2001) found evidence of subgroups within C.

acutatum sensu Simmonfu and that genetic variation existed within these subgroups.

Förster and Adaskaveg (1999) reported that the pink and grey subpopulations of C. acutatum

from almond in California <lifferecl from one another qeneticallv as well as m.rrphological!¡,

but isolates within each subpopulation were genetically identical (see Section2.5.3). Isolates

representing each subgroup in Califomia were also genetically distinct from isolates of

Colletotrichum sp. from almond in Israel (Förster and Adaskaveg,Iggg; Freeman et al.,

2001). Based on morpholog¡ isolatcs of Colletotricltuttt sp. from almond in Israel had been

identified as C. gioeosporioides (Freeman et ai., i996) but, subsequentiy, using PCR with

species-specific primers, they have been identified as C. acutatum (Förster and Adaskaveg,

7999; Freeman et a1.,2000a) (see Section2.4.2). Isolates of Colletotrichum sp. from almond

in Israel were shown to be genetically identical using a varicty of DNA-based molecular

techniques suggesting a clonal population structure (see Section2.5.3). Despite the

uncertainty with respect to species delineation, Freeman et al. (2001) assigned isolates of

Colletotrichum sp. from almond in Israel, as well as isolates of C. acutatum of bhepirtk

subpopulation from almond in California, to the C. acutatum sensu Simmonds group (see
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Section 2.3). The genetic variability of isolates of C. acutatum from almond in Australia was

not known prior to this study, nor was it known if the Australian isolates were genetically

different from those in California and Israel. An understanding of the extent of genetic

variation in the population of C. acutatum from almond in Australia is necessary for the

selection and breeding of almond cultivars resistant to anthracnose, as resistance should be

conferred to all variants of the pathogen (Bentley et a1.,1995).

As discussed in Section2.3,the teleomorph of C. acutatum, Glomerella acutata (Guerber and

Correll, 2001), has been described recently. However, the teleomorph has not been observed

in cultures of Colletotrichum sp. from almond from California, Israel (Freeman et aL.,1998)

or Australia. To date, the teleomorph of C. acutatumhas not been found in nature, so it

remains likely that C. acutatum from almond reproduces asexually and, this being the case,

then little genetic diversity would be expected in C. acutatum from almond in Australia.

Understanding genetic diversity, and the detection of genetic groups among populations of

fungi, can provide information regarding the possible origin(s) of primary inoculum and host

specificity (Ureña-Padilla et al., 2002).

Genetic diversity can be investigated using PCR-based techniques, several of which are

relatively simple, rapid and do not require prior knowledge of DNA sequences. ISSR-primed

PCR (see Section 2.5.2.2) has been used widely to investigate intra-species diversity among

populations of fungi, as reviewed by Bridge and Arora (1998), inlcuding C. acutatum from

almond in California and Israel (Förster and Adaskaveg,lggg; Freeman et aL.,2000a). The

'aims of the experiments described in this chapter were to investigate genetic diversity

among isolates of C. acutatum from almond in Australia and to compare these isolates to

those from almond in California and Israel.
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5.2 Materials and methods

5,2.1 PGR amplification

DNA was extracted and purified from the 132 isolates listed in Table 3.2, as described in

Section 3.3.1. The isolates used were as described in 4,2.l.l,with the addition of an isolate of

Eutypa lata lrom grapevine, M280, which was used as an outgroup. Isolatesff42,W77 and

V/l88 did not produce PCR products, therefore, were not included in the final analysis. The

primersRl (WeiningandLangridge, l99l),M13 (Stenlidetal.,1994) andtenlsSRprimers

were first screened with genomic DNA of isolates CSL-1690, ALM-NRB-3DK, CSL-1691,

Pl, DAR-72407, CSL-I689 and US-l776 (Table 3.2). The ISSR primers were (CAG)5

(Rodriguez and Yoder, l99l), (GACA)4 (weising et al., 1989), (GTG)5, (GACAC)3 (Freeman

et al.,1993), (CAC)s, (GATA)4, (TGTC)4 (Freeman et a1.,2000a), (GAA)5, (GGAT)4

(Stummer et aL.,2000) and (TCT)5. Based on production of clear and reproducible banding

patterns, six primers, namely (CAG)s, (GACA)4, (GTG)s, (GACAC)3, (CAC)s and (GGAT)a,

were selected for use in further experiments. The sequences of these primers are given in

Table 5.1.

Tabie 5. i. The nucieoti<ie sequences of the inter-simple sequence repeat primers selected to
assess genetic variation among 132 isolates of Colletotrichum spp. from Australia, Califomia
and Israel.

Primer Nucleotide uence
CAGCAGCAGCAGCAG
GACAGACAGACAGACA
GTGGTGGTGGTGGTG
GACACGACACGACAC
CACCACCACCACCAC
GGATGGATGGATGGAT
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PCR amplification was performed in a total volume of 20 ¡,tL, comprising 5 ng of genomic

DNA, 50 mM KCl, 10 mM Tris-HCL,O.z mM each of dATP, dCTP, dGTP and dTTP, 1.5

mM MgClz, 1 unit of Taq DNA pol5rmerase (Promega, USA) and 1 ¡rM primer. The DNA

was amplified in a thermocycler (PTC-100, MJ Research, Watertown, MA), starting with 5

min of denaturation at 95oC, followed by 30 cycles consisting of 30 sec at 95oC,30 sec at

either 60"C ffor (CAG)5,(GTG)r, and (CAC)5] or 48oC ffor (GACA)a, (GGAT)4, àîd

(GACAC)31 and 1.5 min at 72oC (Frceman et aL.,2000a). Amplification products were

separated in agarose gels (1.5% wþ in 0.5 x TBE buffer, subjected to electrophoresis at 80 V

for 2.5 h. Gels were stained, viewed and photographed as described in Section 3.3.1.

Amplifrcation products were compared to a 100-bp ladder (Geneworks, Australia).

For each PCR, a negative control containing all reagents, and with sterile dd H2O instead of

DNA, was included. Two amplifications of each isolate were performed and bands

compared. If the fingerprints were not identical, a third amplification was performed. In that

case, only bands that were reproducible across the three repetitions were used for further

analysis. PCR products with a molecular weight of approximately 180 to 1300 bp were

included in the analysis.

Bands were scored as present (1) or absent (0) and a binary data matrix generated. Using the

binary matrix, similarity among isolates was determined using the simple matching

coefficient, resulting in a similarity matrix. The similarity matrix was clustered by UPGMA,

using the SAHN program, generating a phenogram (see Section 4.2.L2). A cophenetic

coefficient was calculated to determine "goodness of fit" of the cluster analysis to the data as

described in Section 4.2.1.2. Data were analysed using two- and three-dimensional nonmetric

MDS and stress statistics were calculated (see Section 4.2.1.2). All analysis was carried out
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using NTSYSpc (Numerical Taxonomy and Multivariate Analysis System, version 2.02k,

Exeter Software, Setauket, New Yorþ.

5.3 Results

5.3.1 Genetic variation oi C. acutatum

A total of 71 clear and reproducible bands was produced following PCR with the six selected

ISSR primers, and the primers amplified between 18 and 31 bands for all isolates, without

monomorphic bands. Fig 5.1 shows representative banding pattems obtained following PCR

amplification with primer (GTG)5.

Cluster analysis, using UPGMA, revealed several groups among the collection as depicted in

the phenograrn (Fig 5.2). The ccphenetic coefficient';,'as C.99, ',r'hrch suggcstcd iliat tlic

clusters formed by the phenogram were highly likely real, not random. There were four

clusters of Colletotrichum sp. from almond, and each cluster contained isolates that shared

100% similarity; these are subsequently referred to as groups one, two, three and four. Group

one contained all of the isolates from almond in Australia, except for CSL-1318. lsolate

CSL-1318 from almond was most similar (99%) to an isolate from avocado in Australia,

(CSL-1298), and, these two isolates shared 79o/o simllanty with those from group one. Group

one also included isolate P1 from pistachio in Australia as well as three isolates from olive in

Australia, Se37, OL3 and OI-4. Group two contained all isolates from the pink subpopulation

from almond in California. This group was79%o similar to the isolates from Australia

assigned to group one. Group three contained isolates from almond in Israel. Group four

contained both isolates from the grey subpopulation of C. acutatum in Califomia. Groups

three and four were most similar to one another, and they were 77o/o similar to the isolates
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Fig 5.1. DNA banding patterns of 34 isolates of Colletotrichum spp. obtained following PCR

with the inter-simple sequence repeat primer (GTG)5.

A. Lanes 1 and 19, 100-bp ladder; lanes 2-77, C. acutatum from almond in Australia (CSL-

1690, W1, W2,W4p, W4m, W5m, W5p, 
'W5L, 'W6m, V/7p, W8, Wl6, WI7,W26,W29);

lane 18, dd HzO.
B. Lanes 1 and 20, 100-bp ladder; lane2, C. acutatum from avocado in Australia (CSL-1298);

lanes 3-10, Colletotrichum sp. from almond in Israel (ALM-NRB-3DK, ALM-BZR-8L,
ALM-KSH- 1 0, ALM- GZT -lF, ALM-GOZ -428, ALM-GOZ -428, ALM-NA-7Q) ; lane I I, C.

acutatum from strawberry in Israel (TUT-5954); lane 12 and 13, C. gloeosporioides from
avocado in Israel (AVO-SS and AVO-37-48);1anes 14-19, C. acutatum from almond in
California (US-1776 and US-l813, representative of the grey subpopulation, and ALM-US-3,
ALM-US-4, ALM-US-68 ancl ALM-IIS-9, representative of the pink subpopulation).
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Fig5.2. Genetic similarity among 129 isolates of Colletotrichum spp. from almond and other
plants following PCR with inter-simple sequence repeat primers. Similaritywas determined
using the simple matching coefficient and UPGMA cluster analysis. Four groups in which
isolates were identical to one another are numbered 1-4.
Isolates of C. acutatum from almond in Australia are black text; C. acutatum,representative
of the pink and grey subpopulations from almond in California, arepink and grey text,
respectively; Colletotrichum sp. from almond in Israel are red text; C. acutatum from other
plants are blue and C. gloeosporioides, green.
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from almond in Australia in group one. The two isolates of C. gloeosporioides ftomorange

in Australia'were identical, and were most similar to isolates in groups three and four.

Isolates of C. acutatum from several plants other than almond, including strawberry, olive,

wine grape and blueberry from Australia, formed a cluster in which isolates were 89-98%

similar to each other and, as a group, were most similar (83%) to C. acutatum isolates from

almond in Australia (group one). Both isolates of C. gloeosporioides from avocado from

Israel (AVO-5 8 and AVO-3 7 -48) were 960/o similar to each other and most simil a4 8lo/o, to

arr isolate of C. acutatum from strawberry (TUT-5954) from Israel. These three isolates from

Israel were the least similar,T5o/o, to all of the other isolates tested in this study, including È'.

lata, isolate M280.

Two-dimensional MDS analysis was carried out and the stress value was 0.24, indicating that

the goodness o1 trt was tarr to poor, therefbre the analysis is not presented.

The results of the three-dimensional MDS (Fig 5.3) were similar to those following UPGMA

clustering, and the four groups described previously were evident. Isolates from almond in

Australia (group one) formed a distinct group, separate from the isolates of C. acutatum from

plants other than almond in Australia. Groups three and four were shown as separate groups.

The outliers were again evident. The stress value for the three-dimensional analysis was 0.11,

which indicated that the plot of the distances among the clusters of the isolates was a good fit

to the original similarity matrix, leading to the conclusion that the three-dimensional MDS

analysis was a better representation of the data than the two-dimensional MDS analysis.
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Fig 5.3. Three-dimensional nonmetric multi-dimensional scaling analysis of I29 isolates of
Colletotrichum spp. from almond in Australia, Califomia and Israel and, other plants. Data
were derived following PCR with inter-simple sequence repeat primers and analysed with
NTSYSpo (v.2.02k).
Isolates of C. acutatum from almond in Australia are shown in black (Group 1 and CSL-
1318); C. acutatum representative, of the pink and grey subpopulations from almond in
Califomia are pink and grey, respectively (Groups 2 and 4); Colletotrichum sp. from almond
in Israel are red (Group 3); C. acutatum from other plants are blue; C. gloeosporioides are

green; E. lata, M280, is brown.
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5.4 Discussion

V/ith the exception of isolate CSL-1318, there was no genetic diversity evident amongst the

isolates of C. acutatum from almond in Australia. According to Lu et al. (2004), isolates that

show more than90%o similarity to one another following ISSR- and RAPD-PCR share

genomes that are "at least near-identical". Therefore, the population of C. acutatum from

almond in Australia was most likely to be clonal. These results may also suggest that there

may have been a single introduction of C. acutatum onto almond in Australia and that

selection pressure for change has remained low, resulting in little genetic diversity (Hodson e/

aL.,7993). The use of UPGMA cluster analysis showed the isolates that shared 100%

similarity with one another and is useful to depict groups among isolates. However,

differences in band patterns do not necessarily indicate that significant genetic divergence has

occurred (Cannon et aL.,2000), so care must be taken making if conclusions about genetic

relationships and phylogeny from ISSR-PCR results. IIPGMA analysis forces the data into

two dimensions and connects isolates with lines, which makes isolates appear connected to

one anothet, ê.9., E. lata, isolate M280, is depicted as more similar to all of the isolates of C.

5o-re of,
acutatum than are the isolates of the closely related species, C. gloeosporioides . The three-

4

dimensional MDS analysis also clearly depicts the groups in which isolates are identical, but

no connection is inferred among isolates, which makes it difficult to tell how similar they are

to one another, yet it is easy to observe the outliers, such as M280. Such analyses \¡/ere useful

and easy to interpret for binary data produced by ISSR-PCR, in contrast to the UPGMA

cluster analysis and the MDS ordination for the morphological data.

Isolate CSL-1318, obtained from the Angle Vale region of South Australia, differed from

other isolates of C. acutatum obtained from almond in Australia, and was most similar to

CSL-1298, an isolate of C. acutatum from avocado, originating from an unknown region in
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South Australia. This result may suggest that the two isolates were closely related and may

have diverged from a common ancestor. The slight variation in ISSR-PCR banding patterns

could reflect exchange of genetic material following hlrphal fusion and mitotic recombination,

however, testing this hypothesis would require further research, using methods such as

vegetative compatibility group (VCG) analysis. Alternatively, such variation may have arisen

from mutation, or insertion and deletion events. It is possible that infected plant material

from avocado in another region, e.g., the Riverland, was transferred to the Angle Vale region,

and C. acutatum spread from the avocado to the almond. Orchard to orchard spread in the

Angle Vale region was unlikely because avocados are not grown commercially there.

However, given that isolates of C. acutatum from almond with the same DNA fingerprint as

CSL-1318 have not been recovered during the course of this study, it could be that this

phenotype failed to establish widely on almond or it was overlooked when recovery of C.

acutatum from plant material was undertaken. The genetic diversity of C. acutatum on

avocado in Australia is unknown, and such knowledge would be useful to elucidate the

relationship between C. acutatum from almond and avocado.

It is possible that two introductions of C. acutatum on almond into Australia occurred. One

phenotype may have spread to most of the major almond growing regions and become

established, whereas the other was either introduced at alater date and has not yet spread to

other almond growing regions or has failed to establish in any arca apart from Angle Vale.

Alternatively, the difference between DNA fingerprints of isolate CSL-1318 and the other

isolates of C. acutatum from almond in Australiamay be a result of mutation in the

predominant phenot¡1pe of C. acutatum in Australia or Colletotrichum sp. on avocado.

Isolates from almond in Australia were genetically different from those in California and

Israel. The pink and grey subpopulations of C. acutatum from almond in California were
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different from one another, yet genetically homogeneous within each subpopulation, which is

consistent with the findings of Förster and Adaskaveg (1999) and Freeman et al. (2000a).

This study also showed that the isolates from the pink and grey subpopulations from almond

in California differed from the isolates of Colletotrichum sp. from almond in Israel. Freeman

et al. (2000a) found that the Israeli isolates differed from those of the pink subpopulation in

California, however, they did not have access to the isolates from the grey subpopulation in

Califomia at the time of their study (S. Freeman, pers. comm., 2003). Förster and Adaskaveg

(1999) reported that the grey isolates from almond in California had banding pattems 'almost

identical' to those of the isolates from Israei based on RAPD-PCR. However, in the present

study the isolates from Israel and those from the grey subpopulation in California were

distinct, but isolates from each group were genetically more similar to each other than to

isolates from either Australia or from the pink subpopulation in California.

Although homogeneity was found among the majority of isolates of C. acutatum from almond

in Australia following ISSR-primed PCR, co-migrating bands of the same molecular weight

do not necessarily share sequence homology (Ouellet and Seifert,1993). It is possible that

genetic diversity may he revealecl using other molecular approaches, as was found by Arenal
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among isolates of Eppicoccum nigrum. Several groups, in which isolates were genetically

homogeneous following lSSR-primed PCR or RAPD-PCR, have been identified among

isolates of C. acutatum from almond (Förster and Adaskaveg, 1 999; Freeman et a1.,2000a),

strawberry (Freeman et a1.,2000b; Denoyes-Rothan et a1.,2003),lupin (Talhinhas et al.,

2002), anemone (Freeman et aL.,2000b) and tamarillo (Afanador-Kafuri et a\.,2003).

Analysis of the isolates within these groups using other molecular approaches, including A +

T-rich-DNA analysis (Freeman et a\.,2000a; Afanador-Kafun et a1.,2}}3),restriction
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enzyme digestion of rDNA (Förster and Adaskaveg,1999; Freeman et a1.,2000a), analysis of

pattems of nuclear hybridisation of restriction enzyrne-digested nuclear DNA (Freeman et al.,

2000a), sequence analysis of the ITS region (Freeman et aL.,2000a; Talhinhas et a\.,2002;

Denoyes-Rothanet a1.,2003; Afanador-Kafun et aL.,2003), sequencing of ß-tubulin2 and

histone 4 genes (Talhinhas et a1.,2002) and AFLP analysis (Talhinhas et a1.,2002), supported

the findings of genetic homogeneity within each group. In contrast, the genetically

homogeneous group containing isolates of C. acutatum fuom strawberry and anemone was

differentiated into two groups following VCG analysis (Freeman et al.,2000b), showing that

the VCG approach can elucidate differences amongst isolates both between and within

populations that have apparent genotypic homogeneity (Freeman et a1.,2000b). Sequencing

of the ITS regions of representative isolates of C. acutatum from almond in Australia is being

canied out by Dr S. Freeman and colleagues at The Volcani Center, Bet Dagan, Israel, but

results were not available at the time of writing.

Three isolates of C. acutatum from olive and one from pistachio had DNA fingerprints

identical to isolates of C. acutatum from almond in Australia (excluding CSL-1318). Given

that antluacnose, caused by C. acutatum, oîpistachio and olive was reported in Australia as

recently as 2000 (Ash and Lanoiselet, 2001) and 2001 (4. Watson, pers. coÍrn., 2002)

respectively, whereas anthracnose was first recorded on almond in Australiain 1996 (Hall et

aL.,1998), it is more likely that C. acutatum spread to pistachio and olive from almond than

vice versa. Single isolates from strawberry, wine gr:ape and blueberry, and two isolates from

olive yielded different DNA fingerprints, but were genetically more similar to one another

than to other isolates of C. acutatum. However, the genetic diversity of populations of C.

acutatum infecting strawberry, avocado, pistachio, wine grape and blueberry in Australia is

not known. More isolates from these plants should be collected in the future, and experiments
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conducted to investigate genetic diversity within and among these populations, further

clarifying the relationships among isolates of C. acutatum sensu Simmonds.

The two isolates of C. gloeosporioides from orange in Australia were genetically identical in

terms of DNA fingerprints following ISSR-primed PCR. Although, these two isolates formed

a distinct group, they were genetically more similar to the isolates of Colletotríchum sp. from

Israel and to the isolates of the grey subpopulation of C. acutatum in California than to the

other isolates of C. gloeosporioides ftom avocado from Israel. Freeman et al. (1996) found

that there were genetic differences among isolates of C. gloeosporioides from avocado, as

was found here, but here the difference between the two isolates was small. Based on the

findings of others (Hodson et al.,1993; Hayden et a1.,1994; Freeman et a1.,1996;Buddie et

al., 1999; Ureña-Padllla et aL.,2002), isolates of C. gloeosporioides v/ere expected to display

genetic variation, and one explanation for this is that sexual recombination by the teleomorph,

Glomerella cingulata, contributes to genetic diversity (Hayden et a\.,7994; Ureña-Padllla et

a1.,2002). Conclusions regarding genetic diversity are not warranted here, as only two

isolates of C. gloeosporioides from Australia were examined.

This study provides further evidence that subgroups exist within C. acutatum sensu

Simmonds (Freeman et aL.,200I), however, genetic diversity was not evident among the

subgroups of C. acutatum from almond in Australia, Califomia and Israel. The existence of

populations of asexually reproducing fungi displaying relatively similar genetic profiles

suggests coÍrmon ancestry and recent distribution (Mills et al.,L992;Urefla-Padilla et al.,

2002). Here, the populations of C. acutatum from almond in Australia, California and Israel

were genetically distinct, which suggested that they did not originate from a common

ancestor. However, the degree of polymorphism among the groups from eaeh eountry may

inrlicate that sexual reproduction may have once played a role in the life cycle, generating
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individuals of different genotypes, which have spread to different countries. Subsequently,

each genotype has reproduced asexually, resulting in the clonal population structure observed

within each group. Brasier (19S7) suggested a hypothesis by which a "basal population" of a

fungus, which is sexually reproducing and highly polymorphic, is subject to sudden stress,

e.g., new geographic al area, climate change, new host, which Brasier (1987) referred to as

'episodic selection'. This event distorts the basal population, in that sexual reproduction is

suppressed and clonal populations result. Could the clonal populations of C. acutatum ftom

almond in Australia, California and Israel be a result of episodic selection on a basal, once

sexually reproductive population of Glomerella acutata? Alternatively, mutation rates,

population size and age of apopulation (Aquadro, 7992; Bengtsson,2003) may have

contributed to the genetic diversity.

In summary, genetic diversity existed among the isolates of C. acutatum examined in this

study, however, the diversity among isolates from almond in Australia detected using ISSR-

primed PCR was extremely low. These results were consistent with what would be expected

of a fungal population that reproduces asexually. The teleomorph of C. acutatum ftom

almond has not been found in nature or in vitro, and it was concluded that the population from

almond in Australia is most likely clonal. These results also support the findings of other

researchers, in that the isolates of Colletotrichum sp. from almond in Israel were genetically

identical, as were the isolates within each subpopulation of C. acutatum from almond in

California. However, isolates of C. acutatum from almond in Australia were found to be

genetically different from Californian and Israeli isolates. Although this does not necessarily

mean that the isolates from each country are biologically different, it could indicate that thc

response of C. acutatum on almond in Australia to environmental and host factors, and to

fungicides may differ from that of the pathogen in California and Israel.
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Ghapter 6 Pathogenicity oÍ Colletotrichurn spp.

6.f lntroduction

In addition to the morphological and genetic variation doeumented for C. acutatum (see

Section 2.3.1 and 2.5.3), pathogenic variation has been demonstrated amongst isolates of C.

acutatum from strawberry in France (Denoyes and Baudry , 1995) and Adaskaveg and Hartin

(!997) found differences in lesion size between representative isolates of the pink and grey

subpopulations of C. acutatum from almond in California. However, 'no studies have

been published of the pathogenicity of Australian isolates of C. acutatum from almond, and

pathogenic variation among the isolates has not been investigated.

It is not known if all commercial almond cultivars are susceptible to infection by C. acutatum

nor if there are rlifferences jn suscenfihilitv There is lirnitqd e.'idence, pdrnaril;'based cn

field observations, that Nonpareil is less susceptible to infection by C. acutatum thanthe other

main commercial cultivars (Adaskaveg and Förster, 2000; McMichael,2000;Diéguez-

Uribeondo et a1.,2002), but this has not been thoroughly investigated. Also, it is not known if

isolatcs of C. acutatunt from other hosts are able to infect ahnond. Several fruit tree crops,

e.g., oiive, avocado, pistachio and orange, on which anthracnose has been reported in

Australia, are grown in the same regions as almonds in Australia. It would be useful to know

if almonds are potentially at risk from cross-infection by C. acutatum from other hosts. If this

was the case, and anthracnose was found on other fruit crops adjacerf to an almond orchard,

the almond grower may need to be more vigilant with respect to hygiene between orchards

and monitoring for anthracnose in the orchard than otherwise. In addition, a reliable and

rapid method to assess pathogenicity and, in tum, cultivar susceptibility, is desired by the
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Australian almond industry, in particular, the almond breeding program, conducted at the

University of Adelaide, to assess potential genotlpes for susceptibility to anthracnose.

The aims of the experiments described in this chapter were to determine if;

pathogenic variation exists amongst Australian isolates of C. acutatum from almond

and, if so, how the isolates compare with those from other countries,

there are differences in susceptibility to infection by C. acutatum from almond among

the main almond cultivars grown in Australia,

isolates of C. acutatum obtained from other tree crops in Australia are pathogenic on

almond.

6.2 Materials and methods

6.2.'l General mater¡als and methods

Conidial suspensions were prepared from 7-10-day-old cultures that had been grown in the

dark at 25oC. Two mL of SDW was pipetted on the surface of the culture, the conidia gently

released using a glass spreader, then the resultant suspension was pipetted into sterile

Eppendorf tubes and vortexed for 5 sec. Serial dilutions were carried out and, using a

haemocytometer, the concentration was adjusted to 1 x 106 conidia/ml. The spore

suspensions were stored at 4oC for up to 48 h. At the commencement of each experiment, 5

¡^lL of the suspension for each isolate was spread onto PDA to confirm viability of the conidia.

The SDW used in the controls was spread onto PDA to check for contamination.
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Plant material was collected, stored on ice and transferred to a cool room, 4oC, until required.

Material was surface sterilised as described in Section 3.1 and air dried in a laminar flow

cabinet unless otherwise stated.

Plant material was inoculated with a 5-¡rL droplet of either spore suspension (1 x 106

conidia/ml) or SDW, as a control, unless otherwise stated, then material was either wounded

or remained intact. Leaves and fruit were wounded using the following protocol: A sterile

needle was passed though the droplet of spore suspension or SDW and pierced the leaf cuticle

or the fruit surface by approx 1 mm. Leaves or fruit were either wounded and inocuiated with

a spore suspension, wounded and sham-inoculated with SDW, intact and inoculated with a

spore suspension, or intact and sham-inoculated with SDV/. These treatments are hereafter

referred to as wounded/inoculated, wounded./control, intactlinoculated or intact/control,

respectively, unless otherwise stated.

Following inoculation, plant material was incubated in the dark at 25oC unless otherwise

stated. At the completion of each experiment, mycelium from a representative sample of each

treatment category was cultured onto PDA and the morphological characters of the fungal

colony were examined, to confirm that the lesions were a result of inoculation by the

isolate(s) of C. acutatum or Colletotrichum sp. used in that particular experiment. This

procedure was carried out for each experiment unless otherwise stated.

Data for all experiments were subjected to analysis of variance (ANOVA) (Genstat@ for

Windows, 6th edn.) unless otherwise stated. A result was considered to be significant if

P<0.001, and treatment means rwere separated using LSD of 5% unless otherwise stated.
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6.2.2 Pathogenicity on detached leaves

6.2.2.1 Experiment L1 - preliminary

This experiment was intended to provide the basis for a protocol for inoculating detached

leaves with C. acutatum. Leaves of the cv.Fntz were collected from the V/aite Campus

orchard in March 2002 and surface sterilised as described in Section 3.1. Leaves were placed,

with adaxial surface upwards, on the surface of 0.5%o TWA (Oxoid, No. 3) in 90-mm

diameter Petri dishes. Spore suspension of C. acutatum, isolateDAR-72407, was placed at

six spots on the surface of each leaf, with three drops placed on either side of the midrib

approximately 1 cm apart and leaves were either wounded or remained intact. The treatments

were wounded/inoculated,intactlinoculated, wounded/control andintactlcontrol. Due to the

growth stage of the almond trees, the leaves were too large to fit into the Petri dishes, so the

leaf tip and base including the petiole were removed. The experiment was established in a

completely randomised design with five replicates of each treatment. The Petri dishes were

placed into a lray in a single layer, the tray sealed inside a clear plastic bag, and incubated on

the laboratorybench at room temperature (approximately 22'C) in natural light. After 7 days,

lesion diameter (Agostini et al., 1992) was measured at right angles to the midrib, and the

number of lesions and mean lesion diameter determined.

6.2.2.2 Experiment L2 - pathogenicity of C. acutatum from Australia and
lsrael

To compare the pathogenicity of isolates of C. acutatum representative of different almond

growing regions of Australia and of Colletotrichum sp. from almond in Israel, detached leaves

were inoculated with spore suspensions. Healthy leaves were collected from the cvs Price

and Nonpareil on 26 September 2002 (approximately 6 weeks post-petal fall) from an orchard

at Jubilee Almonds located at V/aikerie, South Australia.
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Spore suspensions were prepared for 13 isolates of C. acutatum and SDV/ was used for the

control. The isolates used were as follows: S43 and CSL-1690 from two orchards in Angle

vale, South Australia; csl-1687, cst-l689, 'w16, w77, v/l17 and wl53 from three

orchards in Willunga, South Australia; MPD1 and CSL-I691 from one orchard in Munno

Para Downs, South Australia; CSL-1688 from Nangiloc in Victoria; S44 from'Westem

Australia and ALM-KSH-IO from Israel.

Leaves that were at a similar growth stage and size were selected and were surface sterilised

as described in Section 3.1. Leaves with petioles attached were placed adaxial surfäce

upwards onto three sterile tootþicks, which were on the surface of O.5Yo TWA in 90-mm

Petri dishes. A droplet of spore suspension was placed onto the right side of the midrib of

each leaf and the leaves were wounded. Treatments were either wounded/inoculated or

wounded,/control. The Petri dishes were incubated for 7 days and lesion diameter was

measured as previously described. The experiment was a completely randomised design with

eight replicates of each treatment combination (isolate by cultivar).

6.2.2.3 Experiment L3 - pathogenicity ol C. acutatum lrom Australia, lsrael
and Galifornia

This experiment with detached leaves was intended to compare the pathogenicity of isolates

of C. acutatum representative of; different almond growing regions of Australia,

Colletotrichum sp. from almond in Israel, and the pink and grey subpopulations of C.

acutatum from almond in California. Healthy leaves were collected from the cvs Price and

Nonpareil on 20 October 2003 (approximately 10 weeks post-petal fall) from the orchard at

Jubilee Almonds. Spore suspensions were prepared for 13 isolates of C. acutatum and, SDW

was used for the control. The isolates that were used in experiment L2 (Section 6.2.2.2) were

used in this experiment, except that isolates Wl17 and CSL-1691 were replaced by two
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isolates from Califomia, US-1776 andus-1796. The leaves were prepared and inoculated as

described in Section 6.2.1 andlesion diameter measured after 7 days. The experiment was a

completely randomised design with eight replicates of each treatment combination (isolate by

cultivar).

6.2.2.4. Experiment L4 - susceptibility of Price and Nonpare¡l at different
temperatures

Detached leaves were inoculated with C. acutatum and incubated at different temperatures to

determine if a difference in susceptibility between Price and Nonpareil could be

distinguished. Healthy plant material from Price and Nonpareil was collected and spore

suspensions of isolates CSL-1687, CSL-1688 and'W16 were prepared as described in Section

6.2.1, and SDV/ was used for the control. Isolates were selected on the basis of previous

findings (Colmagro, unpublished) and the results of experiments L2 and L3 on detached

leaves as described above. The preparation of the leaves and inoculation were as described in

Section 6.2.1. Each cultivar/isolate combination was incubated at 15, 20 or 25oC in the dark

for 7 days and the lesion diameter measured. The experiment was a split-plot design with

eight replicates representing blocks, the temperatures were the whole-plots and

isolate/cultivar combinations were the sub -plots.

6.2.3 Pathogenicity on detached fruit

6.2.3.1 Experiment F1 - preliminary

This experiment was designed to develop a protocol for the inoculation of detached almond

fruit with C. acutatum. Almond fruit, cv. Fntz,were collected from the Waite Campus

orchard in March 2002. Following surface sterilisation as described in Section6.2.I, single

fruits were placed on individual wire mesh racks, which were placed in plastic trays. Trays
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v/ere lined with two layers of sterile Chux@ cloth above two layers of sterile paper towel,

which were moistened with 200 mL of SD'W per tray . Two 5 -¡lL droplets of spore suspension

of isolate DAR-72407 were applied approximately 1 cm apart on the surface of each fruit,

with SDV/ for the control. Fruit was either wounded or remained intact, so the treatment

categories rwere wounded/inocuiated, wounded/control, intact/inoculated and intact/control.

The trays were enclosed in plastic bags, incubated for 7 days in the dark at 25oC, and the

lesion diameter and number of lesions were measured. The experiment was a randomised

complete block design with five replicates.

6.2.3.2 ExperimentF2 - pathogenicity oÍ C. acutatum from Australia and
lsrael

Detached almond fruit were inoculated to compare the pathogenicity of isolates of C.

acutatum representative of different almond growins resions of Australia anrf of

Colletotrichum sp. from almond in Israel. Healthy almond fruit were collected from the cvs

Price and Nonpareil on26 September 2002 (approximately 6 weeks post-petal fall) from the

orchard at Jubilee Almonds. Fruit was surface sterilised and spore suspensions were prepared

for the same 13 isolates of C. acutahtm, as were used for experimcntL2 (Section 6.2.2.2).

Alnronri Íiuit wer-e piacetl onto wire mesh racks in piastic trays as <iescribe<i for experiment

F1 (Section 6.2.3.1). One 5-¡rL droplet of spore suspension was pipetted onto the upper

surface of each fruit and the fruit remained intact. The trays were enclosed in plastic bags and

incubated for 7 days in the dark at 25oC. There were no lesions on the fruit after 7 days, and

the fruit appeared dry despite the high humidity within the plastic bag, so a fine mist of SDV/

was sprayed over the fruit. Lesions subsequently developed on most of the fruit and lesion

diameter (mm) was measured, following a total of 14 days of incubation. The experiment

was a randomised complete block design with six replicates.
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6.2.3.3 Experiment F3 - pathogenicity of C. acutatum from Australia, lsrael
and Galifornia

The aim of this experiment was to compare the pathogenicity, to detached fruit, of isolates of

C. acutatumrepresentative of; different almond growing regions of Australia, Colletotrichum

sp. from almond in Israel, and the pink and grey subpopulations of C. acutatum from almond

in Califomia. Healthy almond fruit were collected from the cvs Price and Nonpareil on 20

October 2003 (approximately 10 weeks post-petal fall) from the orchard at Jubilee Almonds.

Spore suspensions v/ere prepared for the same isolates as were used in experiment L3

(Section 6.2.2.3).

This experiment was carried out as described in Section 6.2.3.2, with the foliowing changes;

the fruit were sprayed with a fine mist of SDV/ 3 days after inoculation, and there were eight

replicates per isolate/cultivar combination. After 7 days of incubation, very few fruit bore

lesions and several were infected with fungi other than C. acutatum, making it difficult to

measure anthracnose lesions. Therefore, this experiment was repeated using a similar
anÀ ¿¿ris uPpfoau\^ Ì^J4) '.rr.d 'fliere ql+er

protocol, but the fruit were wounded. The fruit were sprayed with a fine mist of SDW 3 days

after inoculation and lesion diameter (mm) measured after 7 days'

6.2.3.4 Experiments F4a and F4b - susceptibility of almond cult¡vars and
hybrids to C. acutatum

Two experiments, F4a and F4b, were conducted using detached fruit to assess the relative

susceptibility of several almond cultivars and hybrids to infection by C. acutatum.

Experiment F4a

Healthy almond fruit were collected on 30 September 2004 from an orchard belonging to

Andrew Lacey at Lindsay Point, Victoria. Fruit was collected from the following cultivars
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and hybrids; Nonpareil, Carmel, Price, Peerless, Lauranne, Carmel x Lauranne, Nonpareil x

Lauranne, Price x Nonpareil, Nonpareil x Carmel, Nonpareil x Keane and Nonpareil x

Peerless. These cultivars were selected following consultation with representatives of the

almond industry and the almond breeding program based at the University of Adelaide. A

spore suspension of 1 x 106 conidia/ml was prepared using equal parts of suspensions of the

following isolates S43, DAR-72407, CSL-1318 and CSL-1689, all of which were 1 x 106

conidia/ml. This mixture will subsequently be referred to as 'bulk inoculum'.

Using a ratrdomised complete block design with 10 replicates, each cultivar was wound-

inoculated with 5 ¡lL of either bulk inoculum or SDV/. Fruit was incubated in the dark at

25oC, sprayed with a fine mist of SDW after 3 days, and lesion diameter measured after 7

days.

Experiment F4b

Fruit from Nonpareil, Price and Lauranne were inoculated with either bulk inoculum, isolate

S43 or SDV/, as described in experimenlF4a" and fruit was either wounded or intact. The

experiment was a randomised complete block design with eight replicates. Fruit was

incubated for 7 days and lesion diameter measured as above. Inoculation of the almond fruit

which were intact produced very few lesions, therefore the data were analysed using the mean

lesion diameter from the wounded/inoculated treatment only.

6.2.3.5 Experiment F5 - pathogenicity to almond of C. acutatum from almond
and other hosts

This experiment was conducted to determine if isolates of Colletotrichum sp. obtained from

plants other than almond were pathogenic on almond fruit. Healthy almond fruit, cv. Price,
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was collected on 30 September 2004 from an orchard belonging to Andrew Lacey at Lindsay

Point, Victoria. Spore suspensions were prepared for the following isolates of C. acutatum;

CSL-1298 from avocado, S53 from strawberry, NS'W1 and Se37 from olive, P1 from

pistachio, S43, DAR-72407, CSL-1318 and CSL-1689 from almond in Australia, US-1813

and US-1796 from almond in California, ALM-KSH-1O from almond in Israel and an isolate

of C. gloeosporioides (S54) from orange in Australia. In addition, bulk inoculum was also

prepared. Fruit were wound-inoculated with either a spore suspension or SDV/ for the

control. Fruit were incubated for 7 days and lesion diameter measured. The experiment was

a randomised complete block design with 10 replicates.

6.2.4 Pathogenicity to almond shoots - prel¡m¡nary experiment

This experiment was conducted to develop a protocol for inoculating excised almond shoots

to compare pathogenicity of isolates of C. acutatun . Shoots, approximately 15 cm long, were

OÌÀe¡ a.nà\ cla,^+3eøt tea¿e:
cut from the cv. Fritz in the Waite Campus orchard, March 2002. A were removed from

each shoot until nine remained. There were four treatments, viz; 1,.leaves wounded and

sprayed with a spore suspension, 2. leaves wounded and sprayed with SDW, 3. leaves intact

and sprayed with a spore suspension attd 4.leaves intact and sprayed with SDV/. Leaves

v/ere wounded as described in Section 6.2.1, with three wounds approximately 1 cm apart on

each side of the midrib. Each shoot was placed into a single 250 mL conical flask containing

150 mL of SDV/. Shoots 'were sprayed until runoff with a conidial suspension of C. acutatum

isolate CSL-1317 (l x 106 conidia/mL0.2% Tween 80) or wíth}.2o/o Tween 80 in SDW for

the control. A clear plastic bag was placed over each shoot and sealed around the neck of the

flask using a rubber band. Plant material in flasks was placed on the laboratory bench at room

temperature and in diurnal light. The plastic bags were removed temporarily and a fine mist

of SDW rwas sprayed over the shoots several times per day for 3 days to maintain humidity.
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The plastic bags were removed after 3 days. The number of lesions and lesion diameter (mm)

at right angles to the midrib were measured. The experiment was a completely randomised

design with five replicates (shoots) per treatment. The data from the nine leaves per shoot

were pooled and the number of lesions and area(**') per lesion for each shoot were

measured.

6.3 Results

6.3.1 Pathogenicity on detached leaves

6.3.1.1 Experiment L1 - preliminary

Lesions developed at the site of inoculation on all leaves that had been wounded and

inoculated and an example of lesions is shown in Fig 6.1. The mean lesion diameter was 6.6

mm. There were no lesions on any leaves that received any of the other treatments. As a

result of this finding, it was decided to use wound-inoculation for future experiments with

detached leaves.

6.3.1.2
lsrael

ExperimentL2 - pathogenicity of G. acutatum trom Australia and

There were no lesions on any of the control leaves. All isolates, when applied to leaves,

resulted in lesions on both Price and Nonpareil. There was significantvanation in the mean

lesion diameter among isolates (Fig6.2). Isolate'Wl6 caused the largest mean lesion

diameter, 8.2mm, and isolate V/l53 the smallest, 5.3 mm. The isolate from Israel (ALM-

KSH-10) caused smaller lesions than most of the Australian isolates. The mean lesion

diameter caused by ALM-KSH-10 was 5.6 mm. When data for all the isolates were
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combined, there was no significant difference in lesion diameter between Price and Nonpareil,

nor was there a significant isolate by cultivar interaction.

Fig 6.1 . An example of anthracnose lesions on a detached almond leaf (cv. Fritz) 7 days after

wounding and inoculation by an isolate (DAR-72407) of C. acutatum.

6.3.1.3 Experiment L3 - pathogenicity of C. acutatum from Australia, lsrael
and Galifornia

Sham inoculation with SDW did not result in lesions on any leaves. Inoculation by all

isolates resulted in lesions on both Price and Nonpareil and there was significant variation of

the mean lesion diameter among isolates (Fig 6.3). The lesion diameter for the isolates from

Australiarangedfrom 11.1 mmforS44 to6.7 mmforCSL-1690. Theisolatefromlsrael,

ALM-KSH-10, resulted in the smallest lesion diameter of 5.2 mm. The isolate representing

the pink subpopulation from California (US-1796) caused a mean lesion diameter of 10.1

mm, and the isolate representing the grey subpopulation (US-1776),9.1mm. Price and
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Nonpareil did not differ significantly in terms of mean lesion diameter, and there was not a

significant isolate by cultivar interaction.
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Fig 6.2. The mean lesion diam (mm) on detached almond leaves of cvs Price and Nonpareil
combined, 7 days after wounding and inoculation with isolates of C. acutatum from almond
obtarned in Australia and Israei. Error bar represents LSD of 0.6.
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Fig 6'3. The mean lesion diam (mm) on detached almond leaves of cvs Price and Nonpareil
combined, 7 days after wounding and inoculation with isolates of C. acutatum from almoncl
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6.3.1.4 Experiment L4 - susceptibility of Price and Nonpareil at different
temperatures

There were no lesions on the control leaves. There was a significant effect of temperature on

lesion diameter (Fig 6.4), with the smallest lesions for ali isolates combined and on both

cultivars at 15oC, and the largest at25oC. There was a significant difference among isolates,

in that isolate CSL-1687 produced the smallest lesions and CSL-I688 the largest (Fig 6.5).

However, for all isolates combined, there were no significant difference between Price and

Nonpareil at any temperature tested. In addition, there were no significant interactions

between any combination of temperature, isolate and cultivar.
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Fig 6.4. The mean lesion diam (mm) on detached almond leaves (cvs Price and Nonpareil

combined). Leaves were wounded and inoculated with isolates of C. acutatum from almond

obtained in Australia (CSL-1687, CSL-1688 and W16) and incubated at 15, 20 ot 25oC fot 7
days. Data represent the isolates combined and the error bar represents LSD of 1.6.
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obtained in Australia, and incubated at 15, 20 or 25oC for 7 days. Data repres all
temper es combined and the error bar represents LSD of L4.

6.3.2 Pathogenicity on detached fruit

6.3.2.1 Experiment F1 - preliminary

No lesions were observed on the fruit treated with SDW. Lesions were obseled on both the

wounded/inoculated and intact/inoculated fruit, and C. acutatum was re-isolated from

representative lesions. On the basis of these results, it was decided that fruit would remain

intact for subsequent pathogenicity experiments on detached fruit, as this is likely to resemble

field conditions most closely.

I
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6.3.2.2
lsrael

ExperimentF2 - pathogenicity of C. acutatum from Australia and

There rwere no lesions observed on the control fruit, however, all isolates of C. acutatum

produced lesions on fruit of Price and Nonpareil. There was a significant interaction between

isolate and cultivar. Inoculation with isolate CSL-1689 resulted in the smallest mean lesion

diameter on Nonpareil and the largest on Price (Fig 6.6). Several isolates produced lesions

that were of a similar size on both Price and Nonpareil, for example, CSL-1687, CSL-1690,

V/l6 and ALM-KSH-l0. There was a general trend for lesions to be larger on Price than on

Nonpareil, but this difference was not statistically significant.
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Fig 6.6. The mean lesion diam (mm) on detached almond fruit (intact) of cvs Price and

Nonpareil, 14 days after inoculation with isolates of C. acutatum from almond obtained in
Australia and Israel (Experiment F2). Error bar represents LSD of 4.0.
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6.3.2.3 Experiment F3 - pathogenicity oÍ C. acutatum Írom Australia, lsrael
and Galifornia

Sham inoculation by SDV/ did not result in lesions on any fruit. There was a significant

difference in the mean lesion diameter between isolates (Fig 6.7) and between cultivars (Fig

6.8), however, there was no significant interaction between isolate and cultivar. The range of

lesion diameter for Australian isolates was 5.8 mm (CSL- 1687) to 12.7 mm (S43) (Fig 6.7).

The mean lesion diameter for the Israeli isolate, ALM-KSH-10, and the isolate from the

Califomian grey subpopulation, Us-l776,was below this range. ALM-KSH-IO caused the

srnallest lesions, 0.9 mm <liameter, followed by US-1776 with 2.4 mm. US 1796 caused the

largest lesion diameter, 12.8 mm, of all the isolates tested, but this isolate was within the

range of several of the Australian isolates (LSD :3.2). Lesions were smaller on Nonpareil,

5.7 mm, than on Price, 9.5 mm (Fig 6.8). Figure 6.9 shows representative lesions on detached

fruit of Price and Nonpareil following inoculation by isolates of C. acutatum.
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Fig6.7. The mean lesion diam (mm) on detached almond fruit (cvs Price and Nonpareil
combined) 7 days after wounding and inoculation with isolates of C. acutatum from almond
in Australia, California and Israel (Experiment F3). or bar represents LSD of 3.2.
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Fig 6.8. The mean lesion diam (mm) on detached almond fruit7 days after wounding and

inoculation with isolates of C. acutatum from almond in Australia, California and Israel
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Fig 6.9. Representative anthracnose lesions on almond fruit 7 days after wounding and

inoculation by spore suspensions of isolates of C. acutatum from almond from Australia,
Israel and California, Nov 2003. Top row: fruit from cv. Price; bottom row: fruit from cv.

Nonpareil. The isolates used to inoculate the fruit were (from left to right); SDW-C, ALM-
KSH-10, rJS-r776, CSL-1687, S44, CSL-1689, W16, CSL-1690, W153, CSL-1688, W77,
MPD1, S43 and US-1796.
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6.3.2.4 Experiments F4a and F4b - susceptibility of almond cultivars and
hybrids to G. acutatum

Experiment F4a

There were no lesions on the fruit treated with SDW. Inoculation resulted in lesions on all of

the cultivars and hybrids, with significant variation among plant material (Fig 6.10). In

general, lesions on Lauranne, Nonpareil x Keane, Nonpareil x Peerless, Carmel x Lauranne,

Nonpareil x Lauranne and Nonpareil x Carmel were smaller than those on Carmel, Peerless,

Price, Nonpareil and Price x Nonpareil. The smallest lesion diameter, 2.9 mm, was on the

fruit of Lauranne, and largest lesion diameter was on Price x Nonpareil, L4.7 mm. There was

no significant difference between Price and Nonpareil. Fig 6.11 shows representative lesions

on the cultivars and hybrids tested.

Experiment F4b

There were no lesions on the control fruit. Lesions developed on wounded fruit following

inoculation with isolate S43 and with bulk inoculum of C. acutatum from Australia. The

mean lesion diameter on wounded ftuit was significantly smaller for Lauranne than for either

Price or Nonpareil, which were not significantly different from one another (Fig 6.12). The

mean lesion diameters following inoculation by isolate S43 and the bulk inoculum were not

significantly different from one another (data not shown). These data were consistent with

those obtained in experiment F4a, as described above.
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Fig 6.10. The mean lesion diam (mm) on detached fruit from five almond cultivars and six

hybrids 7 days after wounding and inoculation with bulk inoculum of isolates (S43, DAR-

72407, CSL-1318 and CSL-1689) of C. acutatum from almond in Australia (Experiment

F4a). Enor bar represents LSD of 3.2.

6.3.2.5 Experiment F5 - pathogenicity of C. acutatum from almond and other
host plants on almond

Sham inoculation with SDW did not result in lesions on any fruit. Inoculation by all isolates

of C. acutatum from almond and other hosts, and the isolate of C. gloeosporioides from

orange resulted in lesions on the fruit of Price. There was significant variation in the mean

lesion diameter among all of the isolates and among the Australian isolates (Fig 6.13). The

mean lesion diameter for the Australian isolates ranged from 10.4 mm for CSL-1318 to 13.6

mm for CSL-1689. The isolate from California, US-1796, was close to tha|range, with a

mean lesion diameter of 13.7 mm. ALM-KSH-10 and US-1813 produced significantly

smaller lesions than did the Australian isolates from almond and US-1796, with mean lesion

diameter of 6.8 mm and 8.5 mm, respectively. Isolates of C. acutatum from other host plants

produced lesions of a diameter within the range of that for Australian isolates of C. acutatum

Nonpare¡l x Nonpare¡l x
Lauranne Carrel

Carmel Pr¡cs Peerless Nonpare¡l Price x
Nonpare¡l
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Fig 6.1 1. Anthracnose lesions on detached it from several cultivars and hybrids of almond
7 days after wounding and inoculation with a mixed spore suspension of C. acutatum
comprising the following isolates; S43, DAR-72407, CSL-I318 and CSL-i689, from almond
in Australia (Experiment F4a).

from almond. Inoculation by C. gloeosporioides (S54) resulted in the largest lesion diameter,

Figure 6.14 shows representative lesions on detached almond fruit after inoculation.

6.3.3 Pathogenicity to almond shoots - preliminary experiment

No lesions developed on leaves that received the intact/control treatment. Lesions were

evident on the wounded/control leaves, however, C. acutatum was not re-isolated from any of

these lesions. Lesions occ ed on all of the wound sites on every leaf as well as on areas

t34



c!

e)

cÉo
¿

t8

r6

l4

t2

10

8

6

4

,,

0

L auranne P rice N onp ar eil

Cultivar
Fig 6.12. Mean lesion diam (mm) on detached almond fruit7 days after wounding and

inoculation with isolates of C. acutatum (bulk inoculum made of S43, DAR-72407, CSL-

1318 and CSL-1689, and S43 alone) from almond in Australia (Experiment F4b). Error bar

represents LSD of 1.8.
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Fig 6.13. Mean lesion diam (mm) on detached almond fruit (cv. Price) 7 days after wounding

and inoculation with isolates of C. acutatum from almond and other hosts, and an isolate of C.

gloeosporioides (Experiment F5). Error bar represents LSD of 1.6.

Isolates: CSL- 1 3 1 8, D AI.-7 2407, 543, CSL- 1 689 and bulk inoculum (mixture of CSL- 1 3 1 8,

DSR-72407,543 and CSL-1689) from almond in Australia; P1 from pistachio; S53 from

strawberry; NSV/I from olive; Se37 from olive; CSL-1298 from avocado; S54 is C.

gloeosporioides ftomorange; ALM-KSH-10 is Colletotrichum sp. from Israel; US-1813 and

US-1796 are C. acutatum from California.
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Fig ó'i4. Anthracnose iesions on cietachecl almond fiurt (cv. Pnce) 7 days after inoculation
with spore suspensions of isolates of Colletotrichum spp (Experiment F5). The isolates are as
follows (left to right): Top row-us-1776, s54, NSwl, s53; Middle row-uS-l776,5e37,
CSL-1298, P1; Bottom row-DAR-72407, CSL-1318, ALM-KSH-10 and bulk inocul (S43,
D AR-72407, CSL- 1 3 1 8 and CSL-1 689).

that were not artificially wounded, for the wounded/inoculated treatment. The mean nu er

of lesions for the wounded/inoculated treatment was 7.2 per leaf. The mean number of

lesions per leaf for the intact/inoculated treatment was 4.8. Lesions on leaves that had been

wounded were distinct, whereas the lesions on the intact/inoculated treatment coalesced and

often were an irregular shape, making it diffrcult to measure lesion area. The shoots and

leaves wilted and began to senesce quickly after thc plastic bag was r oved, also

contributing to the difficulty in measurement of lesions. Therefore, datafor lesion area are

not presented. This experiment demonstrated that intact and wounded leaves on excised

shoots could develop hracnose lesions following spray inoculation with C. acutatum.
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6.4 Discussion

Pathogenicity experiments revealed pathogenic variation among Australian isolates of C.

acutatum obtained from almond when tested on detached leaves and fruit of the cultivars

Price and Nonpareil. However, no single isolate or group of isolates was consistently more

pathogenic than any other. There was no evidence that isolates from certain almond growing

areas were more pathogenic than others. In contrast, pathogenic variation has been reported

among isolates of C. acutatum from strawberry in Europe (Denoyes and Baudry,1995;

Denoyes-Rolhan et a1.,2003),between the two subpopulations of C. acutatum from almond

in California (Förster and Adaskaveg,7999) and among isolates of C. gloeosporioides from

avocado in Israel (Freeman et al.,1996). The present study confirmed, however, that all of

the isolates tested were capable of infecting wounded almond leaves and young fruit of Price

and Nonpareil, resulting in anthracnose lesions. However, pathogenicity of araîge of isolates

to other cultivars has not been demonstrated and it is possible that isolates may exhibit

variability in pathogenicity on different cultivars, as was found by Denoyes and Baudry

(1995), who reported that isolates of C. acutatum from strawberry differed in pathogenicity

on several strawberry varieties. However, the variation amongst isolates may have little

biological meaníngper se, as minor differences in lesion diameter among individual isolates

may have little significance in the orchard.

The experiments described in this chapter showed that the representative isolates from

California and Israel were pathogenic on detached leaves and detached fruit of the cultivars

Price and Nonpareil. Inoculation with these isolates resulted in lesions tlpical of anthracnose

and the lesions were similar to those caused by Australian isolates. The lesions resulting from

inoculation by the isolate from Israel were smaller than those caused by Australian isolates on

detached fruit in experiments F3 and F5. However, the lesion size was within the range of
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that caused by the Australian isolates on detached fruit in experimentE2 and on detached

leaves, although the lesion size was consistently at the lower end of the range. Although, the

Israeli isolate was pathogenic, it appeared to be generally less aggressive than the Australian

isolates tested. The results of the detached fruit experiments were consistent with those of

Förster and Adaskaveg (1999), who found that arepresentative isolate from the Califomian

pink subpopulation was significantly more aggressive than the isolate from the grey

subpopulation, but they found that disease synptoms did not vary between the two isolates.

In the current study, inoculation by the isolate from the pink subpopulation resulted in lesions

that were within the range of the Australian isolates, but were consistently at the larger end of

the range. However, the isolate from the grey subpopulation was less aggressive and

produced smaller lesions on detached fruit than did isolates from Australia. This was not the

case on detached leaves, where the lesion size for the grey isolate from California was well

within the range of that caused by Australian isolates. It could be inferred from these

pathogenicity tests that, if introduced, isolates from Israel and California from almond have

the potential to cause anthracnose on almond in Australia.

Results from experiment F5 on cletached fmit suggested that C. acutatum obtained from

plants cther than almond, and C. gloeospoi"ioides, have the poterrtial to infeci almon<i. Of

possible concem to the almond industry is that pistachio, avocado, olive and citrus orchards

commonly occur close to almond orchards, particularly in the Riverland and Sunraysia

regions of Australia. These results support the fin<lings of others, that Colletotrichum isolates,

including C. acutatum from host plants other than almond, were pathogenic to almond in

detached fruit assays, e.E., Colletotrichum isolates from citrus andpapaya(Adaskaveg and

Hartin, 1997), C. acutatum from peach and strawbeny (Adaskaveg and Hartin, 1997;Förster

and Adaskaveg, 1999), and C. gloeosporioides from avocado (Freeman et al., 1996).
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Cross-infectivity from almond to other crops was not assessed in this study, but other

researchers have found that Colletotrichum isolates from almond were pathogenic to detached

fruit from other crops, e.g., peach (Adaskaveg and Hartin, 1997) and avocado (Freeman et al.,

1996). Future studies could assess the potential for C. acutatum from almond to infect other

crops, and elucidate the host specificity of almond isolates of C. acutatum, This information

would contribute to determining if anthracnose from almond has the potential to spread to

other fruit tree crops in the temperate fruit growing regions of Australia and to understanding

the relationship among C. acutatum taxa on different hosts. This was beyond the scope of the

present study.

Overall, the results of these experiments suggested that there is no significant difference

between Price and Nonpareil in susceptibility to anthracnose. A significant difference in

susceptibility between these two cultivars was found only for experiment F3 on detached

fruit. Evidence from field observations (Adaskaveg and Förster, 2000; McMichael, 2000) and

from one study following inoculation of blossom and leaves of Nonpareil and Carmel in vitro

(Diéguez-Uribeondo et a\.,2002), suggested Nonpareil is less susceptible than other cultivars,

in particular Price and Carmel, however, overall, results obtained in the current study did not

support these observations. There were differences in susceptibility among the almond

cultivars and the hybrids tested, however, all were susceptible. The cultivars Carmel, Price,

Peerless and Nonpareil were more susceptible than the hybrids and Lauranne, and Lauranne

was the least susceptible cultivar. The concept of 'hybrid vigour' refers to the 'superiority of

a hybrid over either inbred parent with respect to one or more traits' (Hartl, 1994). This may

explain why four of the five hybrids were considerably less susceptible to infection than their

parents. An exception was the hybrid of Price x Nonpareil, which was highly susceptible.

This hybrid differed from the others in that Nonpareil was the pollen donor, whereas
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Nonpareil was the female parent in the other hybrids. However, the influence of this factor is

not known.

Although incubation at 75,20 and 25oC did not assist in differentiating between Price and

Nonpareil in terms of susceptibility in this study, Denoyes-Rothan et al. (2003) found that an

incubation temperature of 18oC allowed better discrimination among strawberry varieties than

25oC, in detached fruit assays. Future experiments could test fruit of a range of almond

cultivars at different temperatures, using bulk inoculum, to develop a screening test for

anthracnose susceptibility.

The results of both the detached leaf and detached fruit experiments confirmed that isolates of

C. acutatum from almond from Australia and other countries were pathogenic. However,

there was inconsistency with respect to mean lesion diameter and the ranking of the isolates

based on lesron diameter between the detached leaf and detaohed fruit experiments, and

among the experiments carried out in different years. In addition, the results for differences

in susceptibility between Price and Nonpareil were inconsistent among the detached fruit

experiments. Several factors could account for these inconsistencies, e.g., the age of the trees

from which the fruit was collected, the growth stage of the fruit may have been different each

year and fruit was collected from an orchard in2004 which was different from thatin2002

and2003. Striem et al. (1989) found that the susceptibility of detached almond fruit to

infection by C. acutatum declined with increasing fruit age. This may be important for

interpreting the results of this current study on almond in Australia, as fruit age (days since

anthesis) was not known, and would have varied among cultivars and from year to year.

Another reason for inconsistency could be that management strategies varied between the two

orchards from which fruit was collected and among the different years. Although the trees

from which the fruit was collected had reportedly not been sprayed with fungicides in the 6
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weeks prior to collection, this was difficult to confirm. Anecdotal evidence suggests that

young fruit (<6-8 weeks post-petal fall) are most susceptible to infection, however, there was

not a noticeable effect of age with respect to lesion development here. In order to investigate

this, future experiments could involve the inoculation of fruit at different growth stages to

determine if susceptibility changes over time.

Factors relating to the experimental protocol could also have contributed to the variability

observed among the results. A critical factor for infection appeared to be a requirement for a

moisture film on the fruit surface. However, in order to maintain the spore suspension droplet

over the wound, the fruit must initiallybe dry, then lightly misted with water. Stnem et al.

(1939) found that almond fruit must initiallybe dry, but misting with water after inoculation

was not necessary, and high humidity was sufficient for infection to occur. In this study on

almond in Australia, high humidity was insufficient for consistent infection. Several

amendments that could be evaluated with a view to improving consistency, e.g., using alarger

droplet of spore suspension, making alarger and deeper wound, or making several wounds.

Striem et at. (1989) found that such factors influenced the lesion size after inoculation of

detached fruit. The effect of inoculation method on infection was also demonstrated by

Adaskaveg and Hartin (I997),who found that disease incidence on detached fruit and fruit

attached to trees in the field was more with the 'wounded drop' than the 'nonwounded spray'

method.

In this study, pathogenicity was assessed on detached plant material in controlled conditions.

In addition, for infection to occur reliably and repeatedly, it was necessary to wound the plant

material at the time of inoculation. Although pathogenicity was demonstrated, as was

variation amongst isolates and cultivars, these results may not necessarily reflect what might

occur in the field. Ideally, it would be valuable to assess pathogenicity on fraít in planta,
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however, this was not possible during the course of this study. In addition, the use of isolates

of C. acutatum from other counties in planta would require strict quarantine conditions not

available for this study. The advantage of using detached leaves over detached fruit is that

leaves are avallable throughout most of the growing season, and not limited to a small

window of 'susceptibility', as is the case with young almond fruit. Experiments in controlled

conditions are not subject to the vagaries of the environment, and are more likely to yield

consistent and repeatable results. For example, Biggs and Miller (2001) assessed the relative

susceptibility of apple cultivars to infection by C. acutatum, and found that the results for

field experiments were not repeatable, whereas the results obtained by inoculation of intact

fruit were more repeatable. In addition, inoculation of plant material either in the glasshouse

or in the field is not always possible, and risks dissemination of inoculum into commercial

orchards.

It was hoped that a reliable and quick method suitable for assessing pathogenicity could be

developed and, hence, provide a tool for assessing susceptibility to anthracnose. Following

the preliminary experiment, in which pathogenicity was assessed on detached shoots (Section

6.2.4), the pathogenicity of three isolates of C. acutatum was assessed on potted plants of the

^"1+;"^-- D;^^ f\^*^1 ^-l NI^-^^-^:l ,'\- ^^^L +-^^ c^--,- l^--^,-^r--- ---1- :r! : r ¡ lwu¡urv4rù, r Irvv, \,4lltlvr curLr rlvllÞrdtrçll. \-ru ç¿treu. Llç9, IUUI utauçllçS, g¡tçII wltrì gtgfll lgavgs,

were inoculated with a spore suspension of a different isolate. A plastic bag was placed over

each branch, sealed around the base, and the trees were placed in a shadehouse. Several

problems were encountered with the protocol;

there was variation of the quality of the leaves among cultivars, and it was difficult to

obtain healthy and undamaged leaves for all cultivars, in particular, Nonpareil,

o
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the weight of the plastic bags, as well as high humidity inside the bag, led to the bags

becoming heavy and the branch drooped, increasing the problem of leaves touching

each other and the inside of the bags and

some leaves fell off and rested in the moisture which had collected at the base of the

bag, or stuck to the sides of the bags.

Such problems made it difficult to assess disease incidence and severity in a meaningful way.

Therefore, results from this experiment are not presented. For future experiments, it is

recom.mended that entire potted almond trees be inoculated, with one isolate used to inoculate

each tree. Trees could be incubated in growth rooms, with misters to maintain high humidity

to maximise the potential for infection. In addition, it is recommended that fruit be inoculated

in planta, if bearing trees were available.

Further work is required to determine if susceptibility of almond fruit changes over time, as

this factor may influence the results of a screening assay for cultivar susceptibility. Although

the results of this study did not reveal a difference in susceptibility between Price and

Nonpareil in terms of detached leaves, it is considered that the use of detached leaves in a

screening assay warrants fuither investigation, using several hybrids and cultivars, as leaves

are available throughout the growing season.

In summary, pathogenicity experiments on detached leaves and fruit demonstrated that there

was variation of pathogenicity among isolates of C. acutatum from almond from Australia

and other countries, however, all isolates were pathogenic. Isolates from California and Israel

caused lesions that were generally of a similar size to that caused by Australian isolates.

Isolates of Colletotrichum sp. from plants other than almond were pathogenic to detached

almond fruit, cv. Price, using wound inoculation. The results of these experiments did not
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reveal a consistent difference in susceptibility between Price and Nonpareil, however there

were differences in susceptibility among several hybrids and other cultivars tested. The

protocols used in this study show promise in the development of a rapid and reliable

screening method to assess cultivar susceptibility.
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Ghapter 7 Epidemiology of anthracnose on almond

7.1 lntroduction

The development of anthracnose on fruit tree crops is favoured by warm, wet conditions

(Davis et al.,1987; Waller, 1992; Adaskaveg and Förster,2000; Timmer and Brown, 2000).

In Israel, epidemics of anthracnose on almond developed following spring rains (Shabi and

Katan,1983) and in California epidemics followed extended rainfall and warm (20-25 "C)

weather (Adaskave gandFörster, 2000). Anecdotal evidence suggests that such conditions

also are the most conducive for anthracnose on almond in Australia, however, McMichael

(2000) found that the response of the anthracnose pathogen to fungicides in Australian

almond orchards differed from that in Califomia. It could be hypothesised that the response

of the pathogen to environmental conditions in Australia may also differ from that in

California, but the environmental conditions for maximum development of anthracnose on

almonds in Australia have yet to be investigated and defined.

In California, syrnptoms of anthracnose occur on blossoms, fruit, leaves and woody tissue of

almond at all stages of development (Adaskaveg and Förster, 2000), whereas blossom blight

has not been observed in Australia (McMichael, 2000) nor in Israel (Shabi and Katan, 1983).

McMichael (2000) and Adaskaveg and Förster (2000) reported that aimond fi:uit are

susceptible to infection by C. acutatum from early development until hull split, however,

Shabi and Katan (1983) reported that infection occuffed on fruit early in the growing season,

from spring to early summer in Israel. A thorough investigation of the progression of both

syrnptoms and epidemics of anthracnose on almond in Australia would assist growers to

identify anthracnose and facilitate decisions about the timing of fungicide sprays.
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Based on general observations in the field, there is some evidence which suggests that cv.

Nonpareil is less susceptible to infection by C. acutatum thancv. Price (Adaskaveg and

Förster, 2000; McMichael,2000; Diéguez-Uribeondo et a1.,2002). Intensive monitoring of

disease de'relopment on these cultivars could provide a deeper insight into the disease

progress and the possible differences in relative susceptibility of these two cultivars.

C. acutatum has been recovered from mummified almond fruit (Shabi and Katan,1983;

Förster and Adaskaveg,I9gg; McMichael, 2000), symptomatic blossom (Förster and

Adaskaveg, 1999), as¡rmptomatic blossom (McMichael, 2000), leaves, peduncles and woody

tissue showing signs of die back (Shabi and Katan, 1983; Förster and Adaskaveg,1999;

McMichael, 2000). It is generally considered that mummified fi:uit are the main source of

inoculum for anthracnose, however, this has not been thoroughly investigated in Australia,

and it is not known whether other plant tissues could also be sources of primary inoculum.

Shabi and Katan (1983) suggested that pruning out twigs and branches bearing mummified

fruit and infected peduncles may decrease the amount of primary inoculum. However,

removal of such inoculum sources is a labour intensive and time consuming process. A
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evidence to show that disease and crop loss can be significantly decreased.

The aims of the research described in this chapter were to;

determine the environmental conditions that are most conducive for the development

of anthracnose in a commercial almond orchard in south Australia,

1

2 monitor and document the progression of slnnptoms and disease on two cultivars, one

reportedly susceptible and the other less susceptible to anthracnose, over several
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J determine which plant tissues are potential sources of primary inoculum of C.

acutatum, and on which plant tissues the fungus survives throughout the year.

7.2 Materials and methods

7.2.1 Disease development ¡n the field

7.2.'1.1 Field site

The almond orchard used in this project belongs to Sue and Leath Hunt, and is located at

Almond Grove Rd, Willunga, South Australia. Willunga is 110 km south of Adelaide and has

a Mediterranean climate. The site was selected on the basis of several factors; proximity to

the University of Adelaide, grower cooperation and a recent history of anthracnose

(McMichael, 2000). The almond orchard v/as approximately 0.4hain size and the layout is

shown in Fig 7.1. Rows of trees were orientated north-south, and consisted of the cultivar

Nonpareil (odd rows) alternating with a polliniser variety, e.g., Carmel, Price, Fitz, Ne Plus,

in the even rows. Trees were all grafted on Nemaguard@ rootstocks and were approximately

12-15 years old. Many trees within rows and some trees in adjacent rows had overlapping

canopies and, as the trees were not pruned extensively, significant amounts of dead wood

remained on the trees throughout each season. There were established vineyards immediately

east, a house and creek to the south beyond which was a vineyard, a road and housing to the

north and an old, non-commercial almond orchard to the west. In July 2003, one half of the

almond orchard (a section not used in this project) was removed and replaced by vines.
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Road

Fo
ÞÈ

Row 7

Row 5
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Row I

SF Established vineyard

Fig 7.1. The layout of the almond orchard at V/illurga, South Australia. Trees were
numbered consecutively from the southem edge of the orchard.

7.2.1.2 Monitoring anthracnose disease

Trees numbered 5,7,9, 11,20,22,24 and26inboth 4, cv.Price, androw 5, cv.

Nonpareil (Fig 7.1), were selected for monitoring anthracnose throughout the seasons 2002,

2003 and2004. Approximately six branches per tree were selected for monitoring. Branches

were selected on the basis of ease of reach, had a minimum of 50 fruit per branch, and

X Tree monitored for disease development

I Automated weather station

Nonpareil

1¡eõTã-l-F- Peerless --------------{olliniser cv.
NonPareil -----+t-+l-¡--r-

----JÇ-x--+x- Polliniser cv.-

Nonpareil

A

Polliniser cy. 

-

Peerless

price

Nonpareil
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represented northerly, southerly, easterly, westerly aspects and the centre of the tree as far as

possible. Branches were tagged with flagging tape and, at regular intervals during the almond

growing season, the number of asyrnptomatic fruit and the number of fruit affected by

anthracnose were counted on each branch. A fruit was deemed to be infected if one or more

anthracnose lesions were visible. The fruit, leaves and woody tissue were observed for the

development of disease synptoms as described in Section2.6.2 over the course of each

season. Disease incidence for each cultivar was calculated by dividing the total number of

fruit for all eight trees combined by the number of diseased fruit and multiplying by 100,

giving the disease incidence as a percentage.

In addition to monitoring and counting asymptomatic and diseased fruit, the following

parameters were measured

o Total count of mummified fruit on each tree (counted in June)

o Number of mummified fruit on each branch (counted in July)

o Number of mummified fruit within a 1 m radius of each tagged branch (counted in

JulY)

For the season 2002, due to unforseen circumstances, it was not possible to obtain disease

incidence data between 7 October and 20 October, and after 5 November.

There was l0-fold decrease in the amount of blossom in season 2003 compared to 2002,

therefore it was not possible to select six branches each with a minimum of 50 fruit per

branch. Up to l2branches per tree were selected and as many fruit as possible, up to 300 per

tree, were monitored and counted through the season.
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Representatives samples of fruit and leaves with anthracnose symptoms were removed at

regular intervals from trees adjacent to those used for monitoring. These samples were

retumed to the laboratory, incubated, and C. acutatum isolated and identified, as previously

described (Section 3.1), to confirm the presence of anthracnose.

7.2.1.3 Weather data collection

Weather data were collected using an automated weather station (Measurement Engineering

Australia Pty Ltd), which was located adjacent to tree 7 in row a (Fig 7.1). The following

data were collected; air temperature at 30 cm above the ground, rainfall below the tree canopy

and leaf wetness on a branch 120 cm from the ground. Measurements were recorded every 15

minutes, stored in the data logger of the weather station and downloaded using Magtrlie for

wind¡r¡'s@ soft.¡'are ontc a laptcp conputer. Data.,-/ers transfcrrcC tc Ì,{icroscft Exccl@ for

manipulation and further analysis.

7.2.1.4 Data analysis

Data were analysed separately for each growing season using repeated measures ANOVA

(Genstat@ for.Windows, 6th edn.), which takes into account that each time period is not an

independent treatment factor, to determine if there were statistically significant differences

between the cultivars with respect to disease incidence over time.

Disease incidence data from the logistic portion of the disease progress curve were logit-

transformed using the formula,Lr=(yl(I-y), then simple linear regression was performed on

the transformed data using Microsoft Excel@. From the linear regression model, the apparent

infection rate of the epidemic for each cultivar for each season was d,etermined (Van der

Plank, 1963).
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The area under the disease progress curve (AUDPC) was calculated using the formula

AUDPC : I l$i+ y¡n ùl2l (t * t - tù

where !i: the disease incidence at the ith observation, t¡: time (days) at the zth observation,

andn: the total number of observations (Shaner and Finney, 1977). The AUDPC was

standardised, by dividing the AIIDPC value by the total duration of the epidemic in days (Fry,

lg78), giving the relative area under the disease progress curve (RAUDPC) for each cultivar.

For this analysis, the total duration of the epidemic was defined as from the first day that

synrptoms were evident until the day of maximum disease incidence. The use of AUDPC

takes into account many important biological factors relating to each epidemic, e.g., disease

onset, rate of increase, duration and final disease incidence (Campbell and Madden, 1990),

and calculating the RAUDPC is useful when the epidemics vary in duration. RAUDPC is

useful to compare and describe epidemics using one value. The RAUDPC is a proportion,

between 0 and 1, with 1 being equivalent to l00o/o disease. For this study, RAUDPC was

multiplied by 100 and is therefore expressed as percent (D. Shtienberg, pers. corrun., 2004).

The relationship between the number of mummified fruit per tree and maximum disease

incidence for Price and Nonpareil combined for each season was analysed by simple linear

regression. In addition, the relationship between the maximum disease incidence and number

of mummified fruit for Price and Nonpareil combined and for each season combined was

analysed by simple linear regression (Genstat@ for Windows, 6th edn.). The relationships

between the environmental factors of rainfall, temperature and leaf wetness, and the apparent

infection rate were analysed using simple linear and polynomial regression (Genstat@ for

Windows,6th edn.).
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7.2.2 lsolation oÍ C. acutatum from plant material

Plant material was collected from almond trees located in the Willunga orchard. The

following samples were collected, atrandom, from Price and Nonpareil trees in the first week

of every month from September 2003 to August 2004 inclusive:

Thirty mummified fruit (remaining on the tree from the previous season);

Thirty peduncles, many of which had mummified fruit attached;

Thirty bark samples, each comprising four pieces of bark approximat ely 2 mmx 5 mm

(each). These were removed from the area within 10 mm of the base of a peduncle or

spur. several of the peduncles or spurs had mummified fruit attached.

The samples were surface sterilised as described in Section3.l,placed onto LApDA and

incubated in the dark at 25oC for up to 21 days. All of the peduncles sampled were

desiccated, as was most of the bark.

In addition, the following plant tissues were collected from Price and Nonpareil at various

times throughout the year:

Thirty as¡rmptomatic leaves were collected at monthly intervals from Septemb er 2003

to July 2004;

a

a

a

a Thirty as¡rmptomatic fruit were collected at monthly intervals from September 2003 to

February 2004;
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Fruit, leaves, buds and blossom were surface sterilised and incubated in moist conditions as

described in Section 3.1 for up to 14 days. Leaves were placed with the adaxial surface

uppermost, and blossoms with the receptacle uppermost.

C. acutatum was identified using morphological characteristics in culture and microscopic

features. Representative isolates of C. acutatumwere subcultured onto PDA and

identification ìwas confirmed using PCR with C. acutatum-specific primers as described in

Section 3.3.2.I.

7.3 Results

7.3.1 Disease development ¡n the field

7.3.1.1 Season 2002

Diseasesyrnptomsonfruitwerefirstobserved on25 AugustonPrice and2 Octoberon

Nonpareil. Sunken, orange lesions developed on fruit (Fig7.2A,7.2C), and colonisation

usually progressed until the fruits were misshapened, shrivelled and subsequently died (see

Fig2.3, Section 2.6.2). Fruit was generally < 20 mm long during this time and the majority of

these fruits remained attached to the tree. Fruit that was first observed to be infected during

late October and early November developed sunken, orange lesions, but did not necessarily

shrivel and die (Fig7.2D). Fruit was approximately 15-25 mm long at this time of the year

and, in these cases, the fruit often continued to grow, but the lesions would not increase in

size. Commonly, a tan-coloured gum would exude from the lesion (Fig7.2D). Fruit larger

than ca 30 mm did not develop anthracnose syrnptoms. Leaf symptoms were first evident on

25 September on both Price and Nonpareil. Tl.pically, water-soaked lesions developed along

the leaf margins, the lesions became pale orange, then became necrotic (Fi97.28,7.2C). The

153



leaves wilted, shrivelled and died. Syrnptoms of blossom blight were not observed and

blossom remained healthy throughout.

There was a significant interaction (P< 0.001) between cultivar and time with respect to

disease incidence (%) on fruit. Following the first appearance of sSrmptoms on price on 25

August, disease incidence increased throughout September and October to reach 2l.6yo on 5

November when assessment ceased. Disease incidence in Nonpareil, first observed on 2

October, increased during October to reach 8.7Yo on5 November (Fig 7.3A). The period

during which increase in disease incidence was observed was 68 days for Price, whereas it

was 34 days for Nonpareil. Disease incidence for this time was used to calculate the

RAIIDPC, which was twice as much for Price, 6.lo/o, as for Nonpareil, 3.2% (Tab\e 7 .l).

A linear regression model using logit-transformed disease incidence data describes the

relationship between disease incidence and time for Price (P< 0.001, R':O.IO; and Nonpareil

(P<0.05,R2:0.98)withtheequationsy:0.0615x-5.3777forpriceandy:0.0917x -g.524I

for Nonpareil (Fig 7.38). The apparent rate of infection was faster for Nonpareil, 0.09, than

Price, 0.06 (Table 7.1), however using 95% confidence intervals, there was no significant

difference between these.

In terms of variation among trees of each cultivar, the incidence of disease on fruit increased

for all Price and Nonpareil trees, with the exception of Nonpareil tree 22, for which disease

appeared to decrease from2l October until 5 November. However, this was due to a cluster

of infected fruit falling from the tree. Price tree 5 showed a lower disease incidence at the end

of the monitoring period than did the other trees of this cultivar. Price tree 11 showed a

higher disease incidence, as did Nonpareil ftee 24, than did the other trees. This could reflect
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differences in susceptibility between individual trees of a cultivar, or differences ln

environmental or growing conditions within the orchard.

There was no relationship between the number of mummified fruit per tree and disease

incidence per tree for either Price (,Þ0.1) or Nonpareil (Þ0.05). The mean number of

mummified fruit and the range for Price were 759 and373-1112, respectively, whereas those

for Nonpareil were 78 and 35-131, respectively (Appendix B). There was no apparent

relationship between the number of mummified fruit on an individual branch, or within 1 m of

each tagged branch, and disease incidence on that branch.

7.3.1.2 Season 2003

S¡rmptoms on young fruit were first observed on 10 September and on leaves on I7

September for Price, and on 17 September for fruit and leaves of Nonpareil. Symptoms on

fruit and leaves were as described in Section 7.3.1.I. Mummified fruit generally remained

attached to the trees for the entire season. Leaves with anthracnose also remained attached to

the tree on both Price and Nonpareil for longer than leaves which were either senescent or

showed synptoms of other diseases. Blossom blight was not observed.

In terms of disease incidence (%) on fruit, there was a significant interaction (P<0.001)

between cultivar and time. Disease incidence for Price increased steadily throughout

September to 80% on 8 October, from which time there was no further increase for the rest of

the season (Fig 7.aA). Disease incidence for Nonpareil also increased during September and,

in contrast to Price, disease incidence continued to increase slightly throughout October, until

a maximum of 25o/o was reached on 5 November. The period during which increase in
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a

Fig7.2. Symptoms of C. acutatum infeclion on almond. A. Lesions on young fruit, cv.
Price. B. Lesions on leaves, cv. Price. C. Lesions on leaves and fruit (righÐ and an

Nonpareil (left) and cv. Price (right).
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P<0.05
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Table 7'1. The variables describing the anthracnose 'epidemic' on the almond cultivars price
and Nonpareil at'Willunga, South Australia, to Novemb er 2002.

Cultivar RAIIDPC
(%)u

Price 6.1

3.2

u Apparent rates of infection were obtained by regressing logit-transformed disease incidence
percentages against time.
oThe final date of monitoringwas 05.11.02
'Duration of epidemic was calculated from day 1 until the day that the maximum level of
disease was reached
d Relative area under the disease progïess curve (RAUDPC) was obtained by dividing the
AUDPC by the duration (days) of the epidemic and multiplying by 100.

disease incidence was observed was 36 days for Price, compared to 50 days for Nonpareil.

The RAUDPC was approximately three times greater for Price, 45.7yo, than for Nonpareil.

16.4% (Table7.2).

A linear regression model using the logit of disease incidence describes the relationship

between disease incidence and time for Price (P<0.05, R2:O.ll; and Nonpareil (p<0.05, R2

:0.99) with the equations y:0.2235x - 3.9947 for price and y :0.2I99x - 6.3952 fot

Nonpareil (Fig7 .aB). The apparent rate of infection was 0.23 for Price and.0.22 for

Nonpareil (Table 7.2). Usingg5% confidence intervals, there is no significant difference

between the apparent infection rate for the two cultivars.

In terms of individual trees, there was minimal apparent variation with respect to disease

incidence (%) of fiuit thloughout the season, with the exception of Price trees 22 and24,

which were less diseased than the others. Fifty-six percent and,620/o of fruit showed

anthracnose s¡nnptoms on Price trees 22 and24 respectively, whereas 80 to 90% of fruit

showed sSrmptoms of anthraonose on the other Price trees. There was slightly more

348.10.090.402.10.02
6821.60.060.325.08.02

Overall
duration of
epidemrc
(days) b"

Maximum
amount of
disease (%)b

Apparent
infection
rateu

Initial
amount of
disease
(%)

Time of
disease
onset
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variability among Nonpareil trees than Price, with the range of disease incidence (%) of fruit

between l4o/o for l,ree 24 and 33Yo for tree 1 I

There was no relationship between the number of mummified fruit per tree and disease

incidence per tree for either Price (P >0.1) or Nonpareil (P >0.05). The mean number of

mummified fruit and the range for Price were 106 and76-16I, respectively, whereas those for

Nonpareil were 13 and 6-18, respectively (Appendix B). There was no apparent relationship

between the number of mummified fruit on an individual branch, or within 1 m of each

tagged branch, and disease incidence on that branch.

7.3.1.3 Season 2004

Symptoms on fruit were first evident on 6 September for Price and 13 September for

Nonpareil. Leaf symptoms on both cultivars were first evident on 13 September and

syrnptoms were seen from early September to mid-October. The symptoms observed were as

reported in Section 7.3.I.I. However, only one tree of Nonpareil, tree 7, showed signs of

disease, bearing one diseased ftiit for the entire season and showing some leaf symptoms.

There was an increase in disease in early November for both Price and Nonpareil (data not

shown), and this was due to infection of fruit that was unpollinated and had aborted. This

fruit had not been counted in previous monitoring, therefore, was excluded from further

analysis.
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Table 7.2. The variables describing the anthracnose 'epidemic' on almond fruit of the

cultivars Price and Nonpareil at Willunga, South Australia, 2003.

Cultivar RAUDPC
(%)"

Price 45.7

Nonpareil 16.4

uApparent rates of infection were obtained by regressing logit-transformed disease incidence
percentages against time
b Duration of epidemic was calculated from day 1 until the day that the maximum disease

incidence was reached

' Relative area under the disease progress curve (RAUDPC) was obtained by dividing the

AUDPC by the duration (days) of the epidemic and multiplying by 100.

There \Mas a significant interaction (P<0.001) between cultivar and time on disease incidence

(%) of fruit (Fig 7.54). Disease incidence increased steadily from mid-September to reach

25.2% on 9 November for Price, whereas disease incidence for Nonpareil was below 0.1%

until 11 October, and it remained at 0.Io/o for the rest of the season. The small but apparent

increase in disease incidence for Nonpareil prior to 11 October was due to the number of

healtþ fruit decreasing (falling from the tree) and not an increase in fruit with anthracnose

symptoms. The period during which increase in disease incidence was observed was 50 days

for Price, compared to 35 days for the apparent increase in disease incidence for Nonpareil.

The RAUDPC was 12.7% for Price compared to 0.05% for Nonpareil (Table 7.3).

A regression model using the logit of disease incidence describes the relationship between

disease incidence and time for Price (P<0.05, R2:0.89) and Nonpareil (P<0.05, R3:0.94) with

the equations y : 0.048x - 3.2437 for Price and y: 0.0197x - 7.8345 for Nonpareil (Fig

7.58). The apparent rate of infection was 0.05 for Price and 0.02 for Nonpareil (Table 7.3)

and, using 95Yo confidence intervals, there is no significant difference between the apparent

infection rate of the two cultivars.
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With respect to variation among trees, disease incidence (%) on fruit of Price increased over

the season. However, trees 5, 17, 22 and 26 showed lower disease incidence, between 13 and

16 o/o, than the other trees, which were between 30 and39 %o atthe end of the monitoring

period. As disease was evident only on Nonpareil tree 7 for the entire monitoring period, it is

not possible to assess apparent variation among trees for Nonpareil.

There \Mas no relationship between the number of mummified fruit per tree and disease

incidence per tree for either Price (Þ0.1) or Nonpareil (Þ0.1). The mean number of

mummified fruit and the range for Price were 65 and 45-100, respectively, whereas those for

Nonpareil were 19 and2-56, respectively (Appendix B). There was no apparent relationship

between the number of mummified fruit on an individual branch, or within one metre of each

tagged branch, and disease incidence on that branch.

7.3.1.4 Mummified fruit and disease incidence for ail seasons

The maximum disease incidence was significantly greater for Price than for Nonpareil for

seasons 2002,2003 and2004 and, overall, there was considerably more mummified fruit on

the trees of Price than Nonpareil for each season. 'When 
the data for maximum disease

incidence and the mean number of mummified fruit for all trees of each cultivar and each

season were combined and analysed by linear regression, there was no significant linear

relationship (Þ0.1) between maximum disease incidence and the total number of mummified

tuit.
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Table 7.3. The variables describing the anthracnose 'epidemic' on almond fruit of the
cultivars Price and Nonpareil at Willunga, South Australia, 2004.

Cultivar RAUDPC

Price 12.'Ì
Nonpareil 0.05

uApparent rates of infection were obtained by regressing logit-transformed disease incidence
percentages against time
b Duration of epidemie was calculated from da¡r 1 until the day that the maximum disease
incidence was reached
'Relative area under the disease progress curve (RAUDPC) was obtained by dividing the
AUDPC by the duration (days) of the epidemic and multiplying by 100.

7 .3.1.5 Environmental var¡ables and disease development

The average claily rainfall (--), temnerahlre anrl leaf wefnesq rx¡err- defer.-rnincÁ fnr rhp

duration of the logistic portion of the disease progress curve for each cultivar and compared to

the apparent rates of infection (Table 7.4). Overall, the apparent infection rates were highest

in2003 for both Price and Nonpareil, likewise, rainfall and leaf wetness for the duration of

the logistic part of discasc progress curves were higher in 2003 thatt2002 anJ,2004,whereas

the temperature was generaily iower.

The relationsiiip betweeti the apparcni rates of iniection ior the two cultivars and the

measurements of the environmental parameters taken for the duration of the logistic portion

of the disease progress curve for each cultivar was explored by simple linear regression.

There was a positive linear relationship (P<0.001) between the apparent rates of infection for

Price and for Nonpareil and the average daily rainfall (mm) for each season (Table 7 .4)

(%)"

350.10.020.0513.09.04
5025.20.050.05t6.09.04

Overall
dwation of
epidemic
(days) b

Maximum
disease
incidence (%)

Apparent
infection
tateu
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Date of
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Table 7 .4. The apparent rate of infection of anthracnose on the cultivars Price and Nonpareil
compared to the average daily rainfall, leaf wetness and temperature for the years 2002,2003
and2004.

Year fültivar Apparent rate of
infectionu

Average
daily rainfall
(mm)b

Average daily Average daily
tempeianre ("C¡b leaf wetness (%)b

2002

2003

2004

Price
Nonpareil
Price
Nonpareil
Price

0.06
0.09
0.23
0.22
0.05
0.02

t.2
0.9
2.7
2.6
0.4
0.5

13.4
t4.2
tt.7
11.8
14.7
14.7

J.J
3.6
4.2
4.1
0.3
0.3

" Apparent rates of infection were obtained by regressing logit-transformed disease incidence
percentages (for the logistic por ion of the disease progress curve) against time
b Raitrfall, temperature and leaf wetness v/ere measured for the duration of the logistic portion
ofthe disease progress curve for each cultivar

which is described by the equation y:0.0843x - 0.0065 (R2 : 0.93) (Fig 7.6). This finding

suggests that there was more disease when there was more rain. There was no significant

relationship (Þ 0.05) between apparentinfection rate and mean leaf wetness for Price and

Nonpareil. There was a significant linear relationship (P<0.05) between mean daily

temperature and apparent infection rate, described by the equation y: -0.0660x + 0.989 (R2 :

0.8S) (Fig 7.7). This result suggests that there was less disease when mean daily temperature

was around 12oC then when it was I3-l4oC.

Rainfall was considered as discrete events, which were measured as either >0.05 mm, )1 mm

or >2 mm. The relationship between apparent infection rates and the number of rain events,

either >0.05 mm, >1 Ítm or >2 mm, was explored by simple linear regression. There rù/as no

significant relationship (Þ0.05) between apparent infection rate and the number of rain

events of either >0.05 mm, )1 m.m or >2 mm.
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7.3.2 lsolation of C. acutatum from plant material

C. acutatum was recovered from each ty,pe of the plant tissues sampled 1n2003104, most

commonly from mummifred fruit, peduncles, bark and healthy fruit, and rarely from healthy

buds, blossom and leaves.

C. acutatumwas recovered from mummified fruit from Price and Nonpareil every month of

the sampling period (Fig 7.S). However, there does not appear to be any obvious relationship

between the recovery of C. acutatum from mummified fruit and any particular time period.

Recovery of C. acutatum frommummified fruit of Price ranged ftom73o/o in April and May

to 23Yo in September. Recovery of C. acutatum from mummified fruit of Nonpareil ranged

from 80% in October to l7o/o in November. When the results for the 12-month sampling

period were combined,47o/o and 44o/o of mummified fruit of Price and Nonpareil yielded C.

acutatum,respectively. Other fungi that were frequently recovered included Fusarium,

B otrysphaeria, P enicillium and As p er gillus spp.

C. acutatum was recovered from peduncles (Fig 7.9) and bark (Fig 7.10) from Price and

Nonpareil every month of the sampling period. As for mummified fruit, there did not appear

to be any obvious relationship between the recovery of C. acutatum frompeduncles and the

month, for either cultivar, throughout the l2-month sampling period. However, with the

exception of the recovery from peduncles from Price in February, there appeared to be a slight

trend towards a decrease in recovery from both peduncles and bark in late summer and early

autumn, February and March, respectively. Recovery from peduncles of Price rwas greatest in

April, 83o/o, and,least in March, l0%. C. acutatum was recovered most frequently from

peduncles from Nonpareil in September, T0o/o, and least in the winter months of June and

JuIy,6Yo.
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'When 
the results for the 12-month sampling period were combined,,53o/o and.29yo of

peduncles of Price and Nonpareil yielded C. acutatum, respectively. Recovery of C.

acutatum from bark of Price ranged from 670/o in Septemb er to 60/o in March, and for

Nonpareil, the range was 40Yo in June to 3%o in February. The m€an recovery from bark of

Price over the l2-month sampling period was 43%o,which was almost twice that for

Nonpareil, 23olo.

C. acutatum was first observed on mummified fruit, peduncles and bark as pink mycelium

growing on the plant tissue and onto the culture medium. Frequently, in particular for bark

samples and, to a lesser degree for peduncles, other fungi predominated, often making it

difficult to establish pure cultures of C. acutatum and growth of C. acutatum was slow.

However, for mummified fruit and with peduncles to which mummified fruit were previously

attached, pure cultures could be easily established because C. acutatum was the predominant

fungus.

C. acutatum was recovered rarely from asymptomatic leaves (Fig 7.11). The fungus was

isolated from 1 6%o of leaves from Price in September,60/o inMarch and,3o/o in each of

December, January and June. C. acutatum was recovered ftom 3o/o of leaves from Nonpareil

in December only. Orange slimy spore masses (sporodochia) were the predominant sign of

infection on the detached leaves during incubation. Sporodochia occurred frequently along

the petioles, leaf margins and main vein and less frequently on the leaf blade. Very sparse,

whitish mycelium was occasionally visible to the naked eye after 2-3 weeks of incubation.
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C. acutatum was recovered from asymptomatic fruit of Price and Nonpareil each month of the

sampling period (September to February) (Fig 7.12). Recovery of C. acutatum fromfruit of

Price was greatest in November, December and February, 90Yo, and least in September,2TYo.

Recovery of C. acutatum from Nonpareil ranged from 77o/o in September to 53o/o in October.

On average , 7 5o/o of asymptomatic fruit from Price yield ed C. acutatum, compared, to 37o/o of

mycelium, which covered the fruit and, once the mesocarp had split, the mycelium covered.

the interior and exterior of the mesocarp and the endocarp. Generally, mycelium was first

observed on the proximal end of the fruit, especially around the point of attachment to the

peduncle. Sporodochia developed on the fruit surface after moist incubation for 7-10 days

onwards. Other micro-organisms were isolated infrequently from as¡rmptomatic fruit.
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C. acutatum was recovered from as¡rmptomatic buds and blossom of both Price and Nonpareil

for the two sampling dates of 19 July and 30 July 2004. Seventeen percent of buds of price

yielded C. acutatum on 19 July, as did 57% of blossom on 30 July. Only 3.5%o of buds and

blossom of Nonpareil yielded C. acutatum on both sampling dates. Typically, signs of

infection were sporodochia on the calyx of the buds and blossoms. There was no evidence of

infection by C. acutatum onthe petals of either cultivar. Botrytis cinerea was frequently

isolated from blossom, and sometimes made it difficult to establish a pure culture of C.

acutatum.

C. gloeosporioides was not isolated from any plant samples collected during this study

Occasionally, mycelium of C. acutatum appeared grey/greyish-pink, especially on the

asyrnptomatic fruit. However, once isolated onto LAPDA or PDA. the colour of such

mycelium changed to pink and remained pink.

Perithecia were not observed on any plant tissue, nor on the fungal colonies in culture.

7.4 Discussion

7.4.1 Disease development ¡n the field

The anthracnose symptoms observed on fruit and leaves in each year of this study were

generally consistent with those reported in the literature. However, blossom blight was not

observed on the trees examined in this study, which is consistent with the observations of

McMichael (2000) and Shabi and Katan (1983), although C. acutatumwas recovered from

as¡rmptomatic blossom here.
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The main damage observed was to the young, developing fruit. Young fruit, <20 mm long,

appeared to be the most susceptible to infection and the majority of fruit that was infected at

this size shrivelled, died and generally remained attached to the tree as mummies. On young

infected fruit, sometimes more than one lesion was observed. Fruit, ca20-30 mm long and

still less than about 8-10 weeks old could still be infected, but this was much less common

than infection of younger, smaller fruit. Infection on fruit of ca 20-30 mm long resulted in

distortion of shape and the lesions produced a tan-coloured gum. Frequently, such fruit that

was infected progressed to maturity and harvest. No new infections were observed on fruit ca

>30 mm long or on fruit greater than about 12 weeks old (early November). Shabi and Katan

(19S3) observed lesions only on young fruit and early in the growing season, whereas

Adaskaveg and Förster (2000) and McMichael (2000) reported that fruit are susceptible to

infection throughout the growing season. Leaf symptoms were observed on Price and

Nonpareil early in the growing season, but symptoms on leaves were less common than

syrnptoms on fruit. Anthracnose lesions on leaves have been observed in Califomia

(Adaskaveg and Förster, 2000) but not in Israel (S. Freeman, pers. comm., 2004), although

Shabi and Katan (19S3) reported wilting of leaves in association with anthracnose, but they

were unable to isolate Colletotrichum sp. from such leaves. Die back of twigs and spurs,

often with mummified fruit attached, was common and is consistent with signs of anthracnose

reported in Califomia (Förster and Adaskaveg,1999).

In season 2002,the initial incidence of infection was very similar for Price and Nonpareil, as

was the apparent rate of infection, however, the final incidence of disease was significantly

different. This can be explained by the factthatthe duration of the epidemic for Price was

almost twice that for Nonpareil, and this is reflected in the RAUDPC, which for Price was
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double that of Nonpareil. The delay of onset of disease on Nonpareil in this season led to an

'epidemic' significantly less severe than that for price.

The initial incidence of infection and apparent infection rate were similar for price and

Nonpareil in season 2003. However, the RAUDPC was almost two and a half times greater

for Price than for Nonpareil and the final incidence of disease was over three times more. In

contrast to the results for 2002, the 'epidemic' was shorter for Price than for Nonpareil.

Infection of Price increased rapidly very early in the season when fi:uit was small and this is

reflected by the factthat 80% of fruit on Price was infected 6 weeks post-petal fall.

In season 2004, the initial incidence of infeetion was similar for Price and Nonpareil, yet the

final amount of disease was significantly different. S¡.rnptoms were first observed one week

earlier on Price than Nonpareil and, statistically, disease progressed at an aþþarent rate that

was similar for both cultivars. However, disease on Nonpareil was almost non-existent, so

the apparent rate of infection and RATIDPC had little biological and practical meaning for

Nonpareil in this season.

As discussed in Chapters 2 and 5. Nonpareil has been perceived as less sr-rsceptible to

anthracnose than Price (Adaskaveg and Förster,2000; McMichael, 2000). In this study, the

onset of disease for Price rvas consistently earlier than for Nonpareil. Price generally i-eached

full bloom about one week before Nonpareil, so this factor could account for the difference in

the date of disease onset between the two cultivars. The maximal disease incidence was

significantly greater for Price than for Nonpareil for each season, which may suggest that

Price was more susceptible to anthracnose than Nonpareil. Maximum disease incidence was

reached for Price and Nonpareil on similar dates for each season, but due to the delay of onset

of disease on Nonpareil, the duration of the epidemic was generally shorter and the RAUDpC
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less on Nonpareil than Price. This could be interpreted as meaning that Nonpareil was less

susceptible than Price, but the delay of onset of disease may be the reason that the duration

was shorter and the RAUDPC less on Nonpareil than Price, rather than differences in genetic

susceptibility.

The apparent rate of infection was not significantly different for the two cultivars for each

season, which suggests that Price and Nonpareil were equally susceptible, as, once disease

coÍtmenced, it progressed at the same rate for both cultivars. Calculation of apparent rate of

infection only takes into account the logistic portion of the disease progress curve, whereas

the disease incidence over time takes into account the progress of the epidemic from the first

day thal s¡rmptoms are observed until disease reaches a maximum incidence. A limitation in

using the apparent rate of infection alone to compare susceptibility between cultivars is

highlighted by examining the rates of infection for Price and Nonpareil for 2004. Disease was

practically non-existent on Nonpareil in 2004, but the apparent rate of infection suggests that

disease increased on Nonpareil at a statistically similar rate to Price, whereas biologically, this

was not the case. However, the disease progress curves showed significant differences

between Price and Nonpareil for each season, which suggests that Nonpareil was less affected

by anthracnose than Price. Overall, these results do not provide a clear answer about the

differences in the susceptibility between Price and Nonpareil. More study is required to

investigate the differences in cultivar susceptibility. In this study, only two cultivars were

examined, and only one area of one orchard was used. If possible, several cultivars, including

Nonpareil, should be examined in more than one area of an orchard and, preferably, studies

should include several orchards representing different climatic zones, e.g., Northem Adelaide

Plains, Lindsay Point, Sunraysia.
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'With regard to variation among trees, there did not appear to be a pattern for particular trees

from either cultivar oÍ an area of the orchard to be more or less diseased than others over the

three seasons.

Mummified fruit are generally considered to be the main source of primary inoculum. In this

study, there was no correlation between the number of mummified fruit per tree and the

incidence of disease on each tree, nor between maximum disease ineidence and total

mummified fruit for each cultivar and each season combined. In addition, there was no

apparent correlation between the number of mummified fruit per branch or within close

proximity to each branch and the amount of disease observed on that branch. Across all trees,

there were seven times more muÍrmified fruit on the trees in 2002 thanin the 2003 season,

yet the disease incidence in2002 was less than in 2003. These resuits suggested that

mummified fruit may not be the only significant source of primary inoculum, as epidemics of

anthracnose occurred irrespective of the number of mummified fruit on the trees. However, it

may be that even a small number of mummified fi:uit is sufficient to provide enough inoculum

for an anthracnose epidemic when environmental conditions are suitable.

Rainfall ætd temperature appeared to be significant factors in the development of anthracnose

on almond at this field site, with the former apparently more significantJeveral factors must

be taken into account when interpreting these results. The equations describing the

relationships between apparent infection rate and rain, and apparent infection rate and

temperature, need to be interpreted in a biological context. It does not necessarily follow that

increased rainfall will increase apparent infection rate. For example, rainfall beyond a certain

amount could wash the inoculum off the plant tissue such that infection may not occur, and

intensity of rain affects splash dispersal of the inoculum. There is likely to be a threshold for
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environmental factors beyond which disease development will be affected, and the interaction

among various environmental factors will also affect disease development. Other

environmental factors, such as sunlight, wind and relative humidity may also influence

disease development. Such investigations were beyond the scope of this project, however,

data collection over more seasons, and studies of thresholds and interactions of environmental

factors and disease development are required to produce a more definitive model to predict

disease development. The effect of rainfall, temperature, dew, leaf wetness and relative

humidity, and the interactions among some of these factors have been investigated by others

('Wastie, 1972b;Wilson et a1.,1990; Dodd et al.,l99I; Timmer andZítko,1993; Timmer and

Zitko,1996). 'Wilson 
et al. (1990) found that different combinations of temperature and

wetness periods significantly affected infection of strawberry by C. acutatum. Wastie

(1972b) studied secondary leaf fallof rubber, caused by C. gloeosporioides, and found that

the presence of free water, from rainfall or dew, resulting in periods of 100% relative

humidity or leaf wetness, vr'as required for lesion formation in planta and temperature affected

lesion development in vitro. However, Wastie (1972b) concluded that it was not possible to

develop a system of forecasting disease outbreaks in sufficient time for control measures to be

applied, primarily because of the close link in time between atmospheric humidity and disease

development. Timmer andZitko (1993) found that total rainfall was the most important

environmental factor in determining post-bloom fruit drop of citrus caused by C. acutatum,

and average temperature and relative humidity were not major factors in disease development.

The results of this current study on anthracnose on almond suggest that rainfall was the most

important of the environmental factors investigated.

The iimitation of using mean daily temperature is that it does not describe the temperature

course during an epidemic. Different temperature courses can lead to identical means, and
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mean temperature is not the most frequent temperature of the day (Friesland and Schröedter,

1988). The limitation of measuring leaf wetness is that the sensors do not have the same

physical properties as a leaf and even less the surface of an almond fruit, so they do not

adequately describe the wetting and drying of the plant tissue. This may explain the iack of a

significant relationship between leaf wetness and disease development in this study. General

observations in the field and in the laboratory suggest that almond fruit appeared to retain

moisture for longer than leaves, possibly because the furry exocarp of the fi:uit retains

moisture, whereas moisture is not retained as easily on the waxy cuticle of a leaf. A ieaf

wetness sensor does not replicate these physical properties. Furthennore, as only one sensor

was used in this project, it could not represent the variation that can occur in the canopy of an

almond tree.

The results of this study suggested that almond fruit were not susceptible to infection from ca

12 weeks post-petal fall, whioh contrasts with the findings of Adaskaveg and Förster (2000)

and McMichael (2000). Biggs and Northover (1988) found that peaches, a climacteric fruit,

are susceptible to infection by Moniliniafructicola early in their development, then become

resistant until later in the season v¿hen the fruit start to ripen. Although almorrds are :not a

climacteric fruit, it would be useful to know if the fruit become resistant to infection at a

certain size or growth stage, as this may reduce unnecessary fungicide sprays. Further

investigations are needed to determine if there is variation in the susceptibility of almond fruit

to infection, and if this relates to fruit size, growth stage or other factors.

7.4.2 lsolation of C. acutatum from plant mater¡al

Overall, more than 40o/o of mummified fruit, peduncles and bark from Price, and over 20yo of

these plant tissues from Nonpareil, yielded C. acutatum, and it was possible to recover C.
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acutatum from these tissues every month of the year. All of these tissues have the potential to

provide a source of primary and secondary inoculum. It is generally considered that

mummified fruit are the main source of primary inoculum, yet these findings showed that

dead woody tissue is also likely to be a source of primary inoculum. Thus C. acutatum was

able to survive over summer months in mummified fruit and woody tissue. The thicker tissue

of mummified fruit and peduncles to which mummified fruit were attached may protect the

mycelium or spores from heat and desiccation, as recovery was less from bark over suÍìmer

than from mummified fruit or peduncles. In contrast, Förster and Adaskaveg (1999) found

the rate of recovery of C. acutatum fromwoody tissue to be low, even when the woody tissue

was associated with diseased ftrit. In this study, peduncles and bark were frequently

associated with mummified fruit, however, samples were selected at random and mummified

fruit frequently became detached during surface sterilisation, so the proximity of mummified

fruit to the woody tissue was generally not known. However, it was noted that if mummified

fruit was closely associated with woody tissue, then it was likely that C. acutatum would be

recovered. Also, considering that the growth of C. acutatum frombark was often obscured by

other fungi in culture, the incidence of C. acutatum surviving in woody tissue may be higher

than was found in this study. The results of this study also showed that C. acutatum was able

to survive in leaves and apparently healthy bark. The difference in findings between this study

and those of Förster and Adaskaveg(L999) maybe that the inoculum load was greater in the

orchard used in this study than was found in California, however, there are no datato support

this idea.

Mummified fruit of sweet cherry and fruit spurs that had been inoculated withMonilinia laxa

were able to produce conidia for the entire growing season, and that mummified fruit

produced more conidia than fruit spurs (Stensvand et a\.,2001). Kable (1965) and Sutton and
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Clayton (1972) showed that peduncles were an important source of viable inoculum of

Monilinia fructicola on peach, in particular early in the growing season, and Kable (1965)

recommended that tissue with peduncles be pruned out before the growing season to reduce

:-^^,,1,,* cL^L: ^^,áv^+^- /1ôoa\---^-^^ -f-1-1-: 1 ) ^ t' , , , 
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almond and, although the rate of recovery was not quantified, they reconìmended the removal

of overwintering mummified fruit and associated peduncles to reduce inoculum. Based on the

findings of the current study, removal of mummified fruit, associated peduncles and woody

tissue has the potentiai to decrease primary inoculum and subsequent disease in South

Australia.

C. acutatum was isolated most frequently from healthy leaves in September, coinciding with

the time that anthracnose s¡rmptoms on leaves were most common. This may suggest that

young leaves are moÍe susceptible to infection lty C. acutaîum thanolder leaves, which are

likely to have a l"hicker cuticle that may impede penetration. Overall, in the fielcl, anthracnose

was observed more commonly on the leaves of Price than Nonpareil, and this was reflected by

greater recovery of C. ucutatum from leaves from Price than Nonpareil. It appears that leaves
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infected leaves observed in this study would have minimal effect on the potential area

availabie for photosynthesis, therefore, have iittie direct effect on yieid or fruit quality.

However, infected leaves could provide secondary inoculum for other tissues, in particular,

young fruits early in the season. The results of this study are consistent with those of Förster

and Adaskav eg (1999), who recovered C. acutatum from 13 .60/o of leaves, however, they

sampled leaves that had foliar symptoms of anthracnose, including chlorosis, whereas

asynrptomatic leaves were sampled here. However, Förster and Adaskaveg (1999) noted that

chlorosis of leaves may have been due to toxic secondary metabolite produetion by the
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fungus, not directly to infection of the tissue. Damaged or unhealtþ leaves were not

incubated and assessed for inoculum in this study, so the proportion of leaves on which C.

acutatum was surviving is likely to be greater than reported here. Also, it is likely that

recovery would be more frequent if leaves showing signs of anthracnose infection had been

sampled.

Although healthy fruit frequently yielded C. acutqtum,there was no evidence of new lesions

on fruit from early November onwards (Section 6.3). The furry exocarp of almond fruit may

provide a physical environment that protects the conidia or mycelium of C. acutatum, and

enables them to survive over summer. Thus, although C. acutatum was not able to cause

infection on healthy almond fruit after a certain age or size, iI was able to survive on the

surface. Damage to processed, unblanched almonds due to anthracnose has been reported in

Califomia (Adaskave g et al. 1998), however, but not in Australia. Förster and Adaskaveg

(1999) demonstrated that kernel infection is likely to occur pre-harvest, but also post-harvest

infection of kernels can occur if post-harvest moisture levels were greater than 13.1%. This

study found that C. acutatum was able to survive on a high proportion of mature fruit, and one

could speculate that if environmental conditions were suitable, post-harvest infection may

occur in Australia.

C. acutatum was recovered from a high proportion of apparently healthy buds and blossom, in

particular from Price, yet no symptoms of petal blight or anthracnose lesions were evident.

Two weeks after bud and blossom samples were collected, s¡rmptoms on young fruit in the

field were evident. Leandro et al. (200I) found bhat C. acutatum survived and produced

abundant secondary conidia on symptomless strawberry leaves, without evidence of either

host penetration or latent infection. They concluded that the production of secondary conidia

may increase the amount of inoculum in the absence of suitable host tissue, and that spraying
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with fungicides to reduce initial inoculum could reduce the amount of subsequent disease. It

may be that buds and blossom are not infected by C. acutatum,butproduce secondary conidia

which could be spread by rain splash onto the surface of suitable host tissue, e.g., developing

fruit. Thus, spraying almond trees with fungicides may be warranted, even in the absence of

s¡rmptoms on buds or blossom, to reduce primary inoculum.

Although cultural methods for anthracnose control were not investigated in this stud¡

removal of mummified fruit and woody tissue may decrease the inoculum potential. The

extensive amount of dead wood that remained on the trees at Willungamay have contributed

to an increase in inoculum potential compared to other orchards, which appear to use a

rigorous pruning strategy. Pruning of mummified fruit and woody tissue as a strategy for

anthracnose control is an area for future research. Such research would require considerable

grower cooperation and either the availability of orchards infected with anthracnose or

growers who would allow trees to be inoculated with C. acutatum.

The investigations described in this chapter were carried out at one field site, and it is

recoÍÌmended that similar research be carried out at other almond growing regions of

Australia, in particular, those v/ith different climate profiles, e.g., the Riverland, the Sunraysia

reglon.

7.5 Summary

Rainfall early in the growing season (August until early November) appeared to be important

in the development of anthracnose, and infection of almond tissues occurred from when fruit

ìù/as young and small until they reached about 30 mm and/or early November. Assessing buds

and blossom for blight symptoms is probabiy not necessary or useful for monitoring for
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anthracnose in Australia, because such symptoms have not been observed by McMichael

(2000) or here. Although blossom blight has not been observed, C. acutatum was recovered

from asymptomatic buds and blossom, and infection can commence at the time of first fruit

set. Therefore, the recoÍtmendation of McMichael (2000) that fungicide sprays coÍlmence

early in the season, at pink bud, is endorsed. However, McMichael (2000) recoÍlmended that

fungicide sprays continue throughout the season, whereas results from the current study

indicated that sprays may not be needed after earlylmid November, as there was no increase

in disease incidence beyond this time. Young fruit and leaves should be monitored for signs

of disease from fruit set until early November, to assess the efficacy of fungicide sprays.

With regard to cultivar susceptibility, these results did not answer conclusively the question of

relative susceptibility of Price and Nonpareil. Further studies, to investigate the relative

susceptibility of the main cultivars and those in the almond breeding program of the

University of Adelaide, are recommended. If possible, field studies should be carried out in

the different almond growing regions of Australia.

Although it is generally considered that mummified fruit are the main source of primary

inoculum, other plant tissues, such as peduncles and woody tissue, are potentially significant

sources of primary inoculum. These findings support the suggestion that removal of

mummified fruit as well as associated peduncles and woody tissue may reduce inoculum

potential and, therefore, subsequent disease. Further studies to compare pruning strategies

and the impact on inoculum production and disease are recoÍlmended.
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Ghapter I General Discussion

This study has characterised a collection of isolates of C. acutatum from almond in Australia

with respect to morphological and cultural characteristics, mycelial growth rate at a range of

temperatures, genetic variation and pathogenicity to detached plant tissue. Information about

disease progression in the field and the plant tissues that have the potential to be sources of

primary inoculum will conkibute toward understanding optimal conditions for disease

development and improved management strategies for anthracnose on almond.

Considerable variation of morphological and cultural characteristics was found among

isolates of C. acutatum from almond in Australia, however, three main morphotypes were

evident, namely pink, orange and cream. Representative isolates also varied with respect to

mycelial growth rate at a range of temperatures and pathogenicity to detached almond leaves

and fruit. However, overall, there was no trend for isolatcs representative of the morphotypes

to be more or less pathogenic than one another on either detached leaves or fruit, suggesting

that morphology is not a good indicator of pathogenicity, as was found by Sanders and

Korsten (2003). In contrast, two morphologically distinct populations of C. gloeosporioides

from yam were found to differ significantly in virulence (Abang et a1.,2005). One isolate,

CSL:1318, that belonged to the orange morphotype group, consistently grew faster than other

isolates of C. acutatum from almond in Australi a at all of the temperatures tested and was

genetically different from all the other isolates of C. acutatum from almond in Australia.

In general, based on morphological and cultural characteristics and the results of

pathogenicity experiments, the separation of isolates of C. acutatum from almond in Australia

into distinct groups cannot be supported by more than colony colour alone. This differs from
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the findings of Förster and Adaskaveg (1999), who reported that the two subpopulations of C.

acutatum from almond in California can be differentiated on the basis of colony colour,

conidial morphology, virulence in laboratory inoculation experiments, and mycelial growth

rates at 10 and 32oC. However, there were several differences between this study and that of

Förster and Adask aveg (1999), in that the mean of seven isolates from each subpopulation

was used by Förster and Adaskaveg(1999) to determine mycelial growth rate in culture,

conidial morphology was differentiated by general observation only and conidia were

harvested from colonies grown on wheat straw agar. Here, single isolates were used for

myceiial growth rate experiments andvanatíon determined among isolates, and conidia,

harvested from colonies grown on PDA, were measured quantitatively. As such, it is difficult

to draw definitive conclusions as to differences in the populations between Califomia and

Australia. Although differences were observed among isolates with respect to conidial size

and shape, there was considerable overlap amongst characters, making it difficult to

differentiate distinct groups ¿tmong isolates from Australía and California based on conidial

morphology alone.

In contrast to the variation observed for morphological characteristics, all isolates of C.

acutatum from almond in Australia, except for CSL-1318, were the same using ISSR-primed

PCR. The DNA fingerprints generated from isolate CSL-1318 by ISSR-primed PCR were

simiiar to those of CSL-1298, an isolate from avocado, obtained from an unknown region of

South Australia. After all experimental work and analysis was completed, DNA sequence

data for the ITS2 region of selected isolates of C. acutatum from almond in Australia was

provided by S. Freeman, the Volcani Center, Bet Dagan, Israel. Freeman and collegues (pers.

coÍrn., 2005) showed that the sequence of the ITS2 region of CSL-1318 to be different from

that of other isolates of C. acutatum from almond in Australia, which supported the results of
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mycelial growth rate experiments and of the ISSR-primed PCR reported here. Although it

would be advisable to assess genetic variation using other DNA-based approaches (see

Chapter 5), based on the results to date, it is hypothesised that the population of C. acutatum

ç-^*^l*^-J:- 
^"^+*^1.i^:^^1^-^1 

'FL:^^----^r^.1^^ l^---1--1r - : : )7 , ^iiu¡ii itil¡iui¡u ltÌ ¿\uslraiia Ìs ciûnai. i nis SUppOnS ïne iorrg-ileiC OplniOn fhai L. acuillUm

reproduces asexually, as there has been no evidence that sexual reproduction occurs in nature.

Förster and Adaskaveg(I999),likewise, inferred that the pink and grey subpopulations from

almond in California were each clonal, based on results of lSSR-primed PCR and RAPD-

PCR, and they also concluded that isolates of Colletotrichum sp. from almond in Israel were

genetically homogeneous.

The findings that groupings based on morphology and pathogenicity were not supported by

ISSR-primed PCR agrees with those of Ansari et al. (2004) and Sanders and Korsten (2003),

who reported a lack of agreement between morphological and cultural characteristics,

patlrogenicity and getretic variation results, for isolates of C. tindemuthianum from bean and

C. gloeosporioides from mango and avocado, respectively. In contrast, Abang et at. (2005)

found that two morphotypes of C. gloeosporioides from yam were distinguishable based on
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ffom ISSR-primed PCR and denaturing gradient gel electrophoresis. However, each of these

siudies used riifferent moiecular approaches and experimentai techniques, which makes tiirect

comparison difficult.

A few isolates from pistachio and olive in Australia were genetically identical to isolates of C.

acutatum from almond in Australia using ISSR-primed PCR, which may suggest that the

population of C. acutatum is not specific to almond. Denoyes-Rothan et al. (2003) found that

a clonal population of isolates of C. acutatum from strawbeny was more virulent on
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strawberry than a genetically variable population from this host, leading to the hlpothesis that

the clonal population was more specialised on strawberry. Further study of cross-infectivity

of almond isolates on other hosts and C. acutatum from other hosts on almond should be

conducted to investigate host-specifi city.

An isolate of C. gloeosporioides from orange in Australia caused lesions on detached almond

frút in vitro,which suggested that C. gloeosporioides has the potential to infect almond in the

field. The optimal temperature for mycelial growth of C. gloeosporioides was 30oC and

mycelial growth continued at 35oC, suggesting that C. gloeosporioides may gtow and survive

in hot climates. Orange and almond are cultivated in close proximity in the Riverland and

Sunraysia regions of Australia which are warmer than the Southem Vales and Northem

Adelaide Plains regions of South Australia. If anthracnose caused by C. gloeosporioides was

to occur on orange in these hotter regions and spread to almond orchards nearby, C.

gloeosporioides may pose a threat to the almond industry.

Field studies showed that anthracnose has the potential to cause severe crop loss in Australia,

which concurs with the findings of McMichael (2000). Considerable disease was observed on

both cvs Price and Nonpareil, with consistently greater incidence on Price than Nonpareil.

Although there is some evidence to suggest that Nonpareil is less susceptible to anthracnose

than Price and other cultivars, the results of this study do not fully support such an

observation. Nonpareil is perceived as less susceptible than other cultivars because disease is

less common in the field, but analysis of field monitoring data, isolation of C. acutatum from

plant tissue and in viiro pathogenicity assays suggested that there is little difference in the

susceptibility of Price and Nonpareil. Biggs and Miller (2001) suggested that ranking of

susceptibility of fruit tree cultivars be based on results of systematic field and laboratory

studies rather than observations in the field alone. If there were differences in resistance to
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anthracnose among the cultivars commonly grown in Australia at present, then it is

hypothesised that variation in pathogenicity among isolates be expected, as the pathogen and

host co-evolve (Chakraborty et a1.,2002). Although this study found variation among
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isolates to be more or less pathogenic than one another, inferring that differences in cultivar

susceptibility were too small to drive the selection of more or less pathogenic strains of C.

acutatum in Australia. Furthermore, low genetic diversity may also indicate a lack of

pathogenic diversity and cultivar specificity, as was shown by Freeman et at. (1996) who

reported that pathogenic diversity was 'coupled with' genetic diversity among isolates of C.

gloeosporioides from avocado in Israel. Further work is rreeded to substantiate the apparent

lack of difference in susceptibility between Price and Nonpareil, and it is highly

recommenderl fhaf in titrn en¡1 iø plq4tq ?SSA)¡S be Carded Out Cn p!.g?rri, fiCn thc Almcnd

breeding program at the University of Adelaide, in conjunction with detailed field monitoring

of a range of cultivars including Price and Nonpareil.

Data from field rnonitoring and environmental variables shor,ved that there were significant
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equations resulting from the linear regression analysis form the basis for the development of a

modei to preciict an inerease in disease when particuiar environmentai parameters are met.

These relationships need to be validated on data from other cultivars and almond growing

regions over several growing seasons. Results from field monitoring suggested that other

factors, such as amount of potential inoculum and blossom time, appeared to influence

disease incidence, so these factors would need to be taken into account for the development of

a predictive model, A simple method for the estimation of inoculum potential is considered

important in the development of 'grower füendly' disease risk and predictive moclels (Doclel
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et al.,l99l;Luo and Michailides, 2001). Estimation of the number of mummified fruit on

representative almond trees, as used in this project, may be the simplest method for a gtower

to use, compared to spore traps, as are used in other experimental models (Dodd et aL.,1991).

Using the linear regression equation for apparent infection rale versus rainfall as a simple

model, i.e., increased rainfall in spring is positively correlated with a potential increase in

anthracnose, then it is advised that a protectant fungicide be sprayed just prior to rain, or an

eradicant or antisporuiant fungicide be sprayed immediately after rainfall, however, both

scenarios are not always possible due to weather and other factors which may restrict access

to the orchard.

At this time, Captan is the only fungicide registered for control of anthracnose on almonds in

Australia, but other fungicides can be and are used for control of other fungal diseases at the

same time, of which some, e.g., Bravo@ (chlorothalonil), have been reported to show efficacy

against anthracnose (McMichael, 2000). Current recommendations are to spray with either

Bravo@ or Captan at intervals not exceeding 12 days from pink bud throughout the entire

growing season (McMichael, 2000). However, it appears that control has not been consistent

across locations, season-long protection has not been achieved and, in general, 'product

effrcacy trials have produced highly variable results' (McMichael, 2000). In general, good

control of anthracnose has been achieved in California (Adaskaveg,1999), but eradication has

not been possible (Adaskaveg and Förster, 2000). The population of C. acutatum ftom

almond in Australia was shown to be genetically distinct from both the pink and grey

subpopulations of C. acutatum from almond in California, which may infer that these

populations are biologically distinct, thus could respond differently to fungicides. Although

this hypothesis may be plausible, there were no significant differences in pathogencity in vitro

between the representative pink isolate from Califomia and the Australian isolates of C.
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acutatum, yet the representative grey isolate from Califomia was less pathogenic than the

Australian isolates. This result suggested that the isolates of C. acutatum fromAustralia may

be biologically distinct from the Caiifomian grey subpopulation, which could help explain, in

part, the different fungicide responses. However, Förster and Adaskaveg (1999) reported that

the pink subpopulation was generally more abundant than the grey subpopulation, but that this

varied between orchards and counties that had different climate profiles. It is not known if
isolates from the grey and pink subpopulations of C. acutatum fromalmond in Califomia

show similar responses to fungicides. To begin to understand fungicide responses, it is

recoÍrmended that representative isolates of C. acutatum fromalmond in Australia, Israel and

Califomia be assessed in vitro and in planta for response to a range of fungicides that are used

for anthracnose control, e.g.,Bravo@, Capfan, and others which have been effective in

California (Adaskaveg and Förster, 2000).

Sprays at or around biossom time may not be warranted as no symptoms of antluacnose werc

seen on these plant tissues. Rather, fungicide application should coÍìmence from about 4

weeks post-petal fall. Fungicide efficacy trials suggested that fruit can be infected, until hull

split (McMichael, 2000), however, there was no evidence of new infection on fruit after early

November in the present study, which suggests that fungicide application after this time may

not be warranted. Thus the criticai period for fungicide application appears to be the first 3

months of the growing season. These findings are consistent 'ù/ith those of Shabi and Katan

(1983) and Shabi (1997) who reported that anthracnose affects only young fruit during spring.

There would seem little value in applying fungicides if there are no signs of disease and if
there is minimai rainfall in spring, but if symptoms of anthracnose are evident and rain occurs

in spring then regular fungicide sprays seem waranted. If growers can be persuaded to spray

only following confirmation of anthracnose in their orchard and in response to rain in spring,
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then this may result in cost savings. Given the acknowledged limitations of McMichael's,

(2000) study, it seems reasonable to recommend that systematic fungicide efficacy trials be

conducted.

Orchard hygiene has been recoÍtmended as an important tool for disease management for

almond in Israel by Shabi and Katan (1933) and for other crops (Kable, 1970). Mummified

fruit and associated woody tissue, including peduncles and small branches, provided

considerable potential inoculum sources, so it is suggested that woody tissue with attached

mummified fruit be removed at the end of each gtowing season. Also, pruning dead and

diseased wood may open the canopy, thus improve air circulation and decrease humidity

within the canopy (Jeffries et a\.,1990) leading to decrease in disease.

During the 'survey' of almond growing regions in 2001 (Section 3.1), typical anthracnose

syrnptoms were observed only on trees in the Willunga and Northern Adelaide Plains,

whereas synptoms atypical of anthracnose rwere observed in the other regions. During the

survey and thoughout this study, many growers reported that they had fruit affected by

anthracnose, yet observations and failed attempts to isolate C. acutatum from this plant

material suggested strongly that these growers had confused anthracnose symptoms with

other, unidentified diseases, disorders or naturally aborted fruit. Thus, there is a need to

educate growers to identify anthracnose. The trees at Willunga were lightly pruned compared

to the majority of trees at other locations which may result in increased humidity within the

canopy. Also, Willunga receives more rainfall than the Riverland and Sunraysia regions.

Both of these factors may provide conditions more conducive for the development of

anthracnose in Willun galhanin other regions. Anthracnose has been confirmed in all of the

major growing regions (McMichael, 2000), however, C. acutatum was not recovered from

plant samples collected during this study from these regions, thus, it is possible that
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environmental conditions have not been suitable for the development of anthracnose over the

last few years.

For future research, it is suggested that several other methods be explored to characterise

isolates af C. ctcutatum from almond and other plants in more detail. It is recommended that

additional DNA-based methods be used, e.g., AFLP analysis, sequencing of ITS regions and

conserved genes, as such approaches may detect variation in the population. To investigate

population genetics and aspects of anthracnose on almond, it is recommended that molecular

markers be used, because phenotypic markers, e.g., morphological traits, are subject to

variability, as gene expression governing morphological characteristics is subject to

environmental conditions (Rodriguez and.Redman, l9g2). Molecular markers could be used

to investigate aspects of the disease cycle, such as following the spread of an isoiate in the

field. In addition to DNA-based approaches, VCG analysis should be performed to determine

if isolates of C- acutatum fromalmond have thc potential to mate with o¡e another, and if the

possibility exists for genetic exchange among C. acutatum isolates from almond and other

plants. This would have implications for genetic diversity and for the breedin g arñselection

oIalmond cultivars with durable resista.nce to inf,ection by all -¿eriants of the pathogen

(Bentley et al., 1995). It appeared as though there was one genotype of C. acutatum from

qlrnnnrl in Ârrcfralio o-á tL,,. 1.*^^l:-^ ^'^l ^^t^^.:^ -- ^î ' 1,-- 1 1,.4r¡ur Lr¡uù, urvvLrrrrÉ (¡llu ù('l\ruLlUtr UL ittIIlOIlU CUlLlVafS ln AUStfalla IOf

resistance to C. acutatum shotldbe based on this one genotype.

This study has contributed to knowledge of C. acutatum fromalmond in Australia and the

relationship to isolates of Colletotrichum from almond in California and Israel, as well as

from other plants' Australian isolates appear to be genetically unique, yet they fit ,ù/ithin the

morphological descriptors for fungi of the C. acutatum species complex. The data obtained
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from pathogenicity assays, monitoring anthracnose in the field and isolating C. acutatum ftom

various plant tissues have enhanced our understanding of the disease, which will contribute to

the development of improved management strategies.
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Appendix A (media and reagents)

Lactic acid acidifïed PDA (LAPDA) (per titre)
PDA (Difco) 39 g
RO water 1000 mL

Sterilised by autoclaving, then the following was added:
Lactic acid 1 mL

Lysis buffer (Rodriguez znd Yoder l99l; Freeman et at.200l)
EDTA 50 mM
Tris-HCL 50 mM pH 8.0
N-Lauroyl sarkosine I %

Sterilised by autoclaving. On the day of use, the following rwas added
Pronase E 500 pglml

Mycelial extraction buffer (Hamelin et ø1,2000)
Tris-HCl 0.5 M pH 9.0
Triton@ x-100 l%

Sterilised by autoclaving.

PEG/NaCI (Rodriguez and, Yoder 1991)
PEG6000 20%
NaCl 2.5 M
Sterilised by autoclaving.

Potato dextrose agar (PDA) (per litre)
PDA (Difco) 39 e
RO water 1000 mL

Sterilised by autoclaving.
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Potato dextrose broth (PDB) (per litre)
PDB (Difco) 24 g
RO water 1000 mL

Sterilised by autoclaving.

Tap water agar (TWA) þer titre)
Agar (Oxoid, No. 3) 7.5 e
RO water 1000 mL

Sterilised by autoclaving.

Tris-Acetate-EDTA (TAE) buffer
Tris-HCl 40 mM
Sodium acetate 20 mM
EDTA 1 mM

Prepared as a 50 x solution, pH adjusted to 7.8 with glacial acetic acid, sterilised by
autoclaving.

Tris-borate-EDTA (TBE) buffer
Tris-borate 45 mM
EDTA lmM

Prepared as a 5 x solution, sterilised by autoclaving.

Tris-EDTA (TE) buffer
Tris-HCl 10 mM
EDTA lmM

Sterilised by autoclaving.
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Appendix B

Table 1. The number of mummified almond fruit and disease incidence (%) on
individual Price and Nonpareil trees. A. 2002,8.2003 and c. 2004.

A.
Tiee number Disease

0.7
20

11

B.
TÞee number Disease

c N
TFee number I)isease

N

5

7

9

11

20
22
24
26

4
5

11

8

incidence

6

incidence

7
26
30

t6
JJ

28

20

l4
18

5

9

11

20
22
24
26

5

7

9

11

20
22

24
26

incidence

0

8

0

0.

0

0

0

0

0

352358s
10925910
9223373
8220740
5232531
5420710
13123tt12
70101110

Number of
mummified fruit

I)isease
incidence (7o)

Number of
mummified fruit

Price

156290
1882t20
165672
T786161
tl83118
119010s
108176
690106

Number of
mummified fruit

Disease
incidence (%o)

Number of
mummified fruit

Price

1016.190
230.452
t215.545
t431.770
5612.554
I239.t50
3235.257
t2t4.t100

Number of
mummified fruit

Disease
incidence (%o)

Number of
mummified fruit

Price
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