Recent Res. Devel. in Plant Pathology, 2 (1998)

1)

Integrated approach to controlling Diaporthe canker of
deciduous fruit in South Africa

W.A. Smit', B.D. Wingfield® and M.J. Wingfield’

'Department of Plant Biotechnology and Pathology, Infruitee Centee for Fruit Technology, ARC - Fruit, Vine and Wine Rescarch
Institute, Prvate Bag X5013, Stellenbosch 7399, Scuth Africa; “Forestry and Agricultura! Biotechnology Institute (FABI), Faculty
of Biclogical and Agricultural Scicnces, University of Pretoria, Pretoria 0002, South Africa

ABSTRACT

Diaporthe canker is a newly recognized fungal
disease affecting the longevity and productivity
of deciduous fruit orchards in the Cape
Province of South Africa. A challenge to the
South African fruit growing industry is to
establish an aliernative, non-chemical approach
to control stem canker fungi. Such an
assignment deals with Diaporthe ambigua as a
canker pathogen of pome and stone fruit trees
in South Africa. Special emphasis is given o
the possible development of a biological
control strategy. Endeavors included the search
for hypovirulence, a reduced virulence
associated with the presence of double-
stranded RNA (dsRNA).

The introductory section of this chapter
presents a comprehensive review of the
literature pertaining to those Diaporthe spp.
directly or indirectly implicated with canker of
pome, stone, and woody small fruit trees.
Special emphasis is given to the disease
situation in South Africa. Over-reliance on host
association has led to the description of a
plethora of Diaporthe spp. on a wide range of
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hosts. D. ambigua is regarded as one of several
small-spored species associated with Diaporthe
canker of pome, stone, and woody small fruit
trees, and their rootstocks worldwide.

Results presented in a subsequent section
attribute a newly recognized canker disease of
apple, pear, and plum rootstocks in South
Africa to a species of Diaporthe. Supported by
morphological data and random amplified
polymorphic DNA analysis of South African
and reference strains of Diaporthe, our
research has shown that D. ambigua is the most
appropriate name for the fungus. Nursery
rootstocks infected with D. ambigua are readily
killed by this fungus. This is in contrast to
mature rootstocks which are normally killed
over an extended period of time. All deciduous
fruit culiivars that we have tested were
susceptible to D. ambigua infection. A
significant strain x rootstock interaction was
found, indicating that strains of D. ambigua
react differently on various rootstocks,

The population of D. ambigua in apple, pear,
and plum orchards in South Africa represents a
farge number of vegetative compatibility
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groups {VCGs) that occur in close proximity to
one another. Results sugpest that ascospores
act as the primary propagules of infection.
Increasing numbers of VCGs in populations
lacking predominance of one VCG, as found in
D. ambigua, may reduce the effectiveness of
dsRNA transfer and thus the effectiveness of
biological control. However, ail dsRNA-
containing strains of D. ambigua originated
from ascospores representative of a spectrum
of VCGs, suggesting transfer of dsRNA to
sexual progeny. Based on its association with
ascospores, it is possible that the relatively
small dsRNA element in D. ambigua is
associated with mitochondria.

Interest in the viral dsRNA associated with
hypovirulence of D. ambigua stemmed
primarily from its potential as a biological
control agent. Strains of this fungus harboring
the single dsRNA segment, although able to
initiate an infection, generally cause only
limited invasion. Results presented in a
following section demonstrate the conversion
of vegetatively compatible virulent strains of
D, ambigua to the hypovirulence phenotype
following transmission of the hypoviruience-
associated ¢sRNA via anastomosis. In addition
to reduced viruience, the dsRNA-containing
strains (original and converted) were also
shown to display various hypovirulence-
associated traits, These traits included reduced
laccase activity, reduced gallic acid oxidation,
diminished  oxalate  accumulation, and
suppressed sporulation,

Hybridization among single dsRNA segments
from hypovirulent D. ambigua strains indicates
a high degree of homology. The presence of D.
ambigua in a localized area carrying a single
dsRINA segment of similar size and homology
suggesis that natural spread of dsRNA within

the D. ambigua population has occurred.
Hypovirulent strains of D. ambigua appear to
oceur naturally in the South African population
of the pathogen. These strains are less virulent
than  dsRNA-free  strains.  Furthermore,
hypovirulence can apparently be transferred
easily to dsRNA-free strains. An ideal
opportunity, therefore appears to exist for
biclogical control of D. ambigua using
hypovirulence. Moreover, it could provide
insight into our understanding of engineering
of hypovirulence in the future.

INTRODUCTION

Sporadic outbreaks of Digporthe canker on
fruit trees, attributed to a variety of species of
the fungus, have been reported worldwide
(12,19,20,36,48,113,127).  Typical lesions
generally appear only two years after infection
(36,90). This explains unsuccessfiul
inoculations attempts (48) and the 'absence' of
disease in current and biennial shoots (36). A
lack of knowledge with respect to
dissemination of the pathogen, infection
biology, and disease development has
contributed to an underestimation .of the
importance of Diaporthe canker in the past
(36).

Persistent research of Diaporthe canker in
Japan, where it is also known as European pear
canker, has led to acknowledgement as the
most serious disease of Pyrus L. (pear) trees.
Diaporthe canker on Malus Borkh. (apple) in
Japan is known as apple blight (59).

Symptoms of Diaporthe canker are often
confused with other well-known, serious
canker diseases such as fire blight caused by
Erwinia amylovora {Burr) Winslow ef al
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(134). Current apple and pear shoots are
particularly susceptible to infection (59). When
Diaporthe canker first appeared on Pyrus, there
was concern that fire blight had spread to
Japan. Subsequent studies on the etiology of
the disease, however, showed that fire blight
was not involved in that outbreak (112).

The severity of Diaporthe canker in South
Africa on hosts other than fruit trees became
evident with the destruction of entire
Aspalathus  linearis (Burm. £} R. Dahlg.
(rooibos tea) plantations in the Cape Province
{118). 4. linearis is an indigenous, perennial,
leguminous plant and used for the production
of a herbal tea. Nortier, the only 4. linearis
cultivar grown commercially, is highly
susceptible to Diaporthe canker.

In an attempt to identify the cause of the
disease of 4. linearis, Smit & Knox-Davies
(117) compared Diaporthe strains isolated
from A. linearis with Diaporthe phaseolorum
(Cke. & Ell) Sacc. f. sp. caunlivora Ath. &
Cald. strains originating from Glycine max (L.)
Merr. (soybean) in the southeastern United
States of America. Both 4. linearis and G. max
belong to the Fabaceae (Leguminosae) {102},
justifying this comparison. Anamorph and
teleomorph characters of the fungus causing
canker of 4. linearis were identical to those of
D. phaseolorum f{. sp. caulivora (117).
Moreover, the Diaporthe strains from A
finearis caused typical stem canker symptoms
when inoculated into soybean (W.A. Smit,
unpublished data). All the strains causing
canker of 4. linearis were thus considered to
belong to the single species, D. phaseolorum
(sensu lato). No formae speciales or varieties
were designated for these strains (117).

Diaporthe canker on pome fruit trees was first

detected in South Africa in 1989 when a
fungus tentatively identified as D. phaseolorum
was isolated from 3-year-old Pyrus rootstocks.
The first Digporthe-infected Malus rootstocks
were found in a nursery during 1990,
Diaporthe canker, apparently to a lesser extent,
also occurs on stone fruit rootstocks such as
Marianna (Prunus 1.} (118,119).

Morphological similarity between South
African strains of Diaporthe isolated from 4.
linearis, Malus, Pyrus and Prunus suggests
that they represent a single species. Differences
in their host range, however, has necessitated a
more thorough comparison (119). One aim of
this review is to provide background
information to the taxonomy of Diaporthe spp.
Special emphasis is also placed on the
intensively studied D. phaseolorum, known for
its complex nomenclatural history.

This chapter also discusses recent progress on
three major fronts. The first focuses on the
impact of a new and serious canker disease
caused by Diaporthe ambigua Nits. The clonal
nature of the majority of Pyprus rootstocks
cultivated in South Africa underlies the
particular importance of the disease. The
second deals with the determination of
vegetative compatibility among strains of D.
ambigua. The efficacy of a potential biological
control strategy against Digporthe canker Is
largely dependent on the phenomenon of
vegetative compatibility as shown in various
ascomycetous fungi. The implications of
vegetative compatibility are discussed with
reference to the sexuality of the fungus and the
transmission  of  double-stranded RNA
{dsRNA)-mediated hypovirulence. The third
involves advances in the development of
dsRNA (mycovirus) biology and the extended
experimental and practical utility provided by
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these advances.

TAXONOMY OF DIAPORTHE

Diaporthe Nits, is the type gemnus of the
Diaporthaceae. The genus constitutes the
largest group in the family, although many
species have been segregated from it to
establish related new genera. Genera have also
been transferred to Digporthe following critical
study (86,110,129,137,139).

Considerable difficulty has been experienced
by mycologists in identifying Diaporthe spp.,
because many different species have been
described on a wide range of different hosts
{42,61,65,131,135,137). Wehmeyer (137)
monographed Digporthe and related genera
and synonymised many species. Thus the total
number of the Diaporthe spp. was reduced to
seventy. In Wehmeyer's study, species with
small ascospores had a large number of
synonyms and a wide host range, whereas the
species concept for the large-spored species
was relatively narrow, with a limited host
range. Wehmeyer (137) as well as Munk (87)
suggested that the number of Diaporthe spp.
could decrease  further after  eritical
comparative studies, including the teleomorph
and anamorph states of the large-spored
species.

In his monograph, Wehmeyer (137) recognized
two sections for Diaporthe, based on
entrostromatic development without reference
to the host. Section Effusae was defined by
those species with dorsal blackened zones of
scattered or clustered perithecia, within an
entostromatic area that does not penetrate into
bark tissues. Section Pusiulatae accommodated
species with dorsal blackened zomes that dip

into the bark between perithecial groups. Munk
(87) and Gilman et al. (42), also followed the
lead of Wehmeyer (137) and grouped the
species of Diaporthe on the basis of stromatic
configuration. For primary separation of
groups of Diaporthe spp., Kobayashi (65) and
Barr (13) chose to emphasize differences in
ascospore morphology. This was due to the
fact that stromal type and presence of
blackened zones is not always obvious in
individual collections (13).

In recent years, re-evaluation of the status of
the Diaporthe spp., and the basis of recognition
of strains at varietal level, has been conducted
(67,84,85), A number of characteristics
contribute to difficulties in designing a
satisfactory classification of Diaporthe spp.,
particularly at infraspecific level. Among the
more significant of these are the plurivorous
nature of D. phaseolorum and the fact that it is
highly variable both in morphology and in its
ability to cause disease (84,85). Recent
investigations also suggested that
pathogenicity may, at least in part, be affected
by cytoplasmic agents, possibly dsRNA.
Furthermore, the use of terms such as variety,
forma specialis, biotype and race has not
always been consistent. Difficulty in properly
defining such entities remains a serious
problem,

DIAPORTHE SPECIES ASSOCIATED
I EE

Several Diaporthe spp., directly or in
association with synonymous species, have
been implicated in canker and die-back
diseases of pome fruit (Malus; Pyrus), stone
fruit (Prunus), and woody small fruit (Aorus
L. [mulberry]) trees, and their rcotstocks
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Table 1. Host range of Diaporthe species implicated in canker and die-back diseases of pome,

stone, and woody small fruit trees, and their rootstocks

Diaporthe Hosta Reference
species
D. ambigua Ma 96
Py 45,111,131,137
D. crataegi C 31,131
D eres C 42,137
Ma 31,137
Pr 31,42,53,137
Py 31,42,137
5 31,137
D impulsa Py 30,136
5 135,136,137
D. medusaea Mo 65
Py 37
D melanocarpa A 42
Py 137
D. nomuwrai Mo 63,114
D. padi Ma 65
Pr 41,42,137
S 137
D. perniciosa Ma 17,29,89,65
Pr 17,20,26,31,48,49,70,95,108,128
Py 19,95
D. phaseclorum Ma 119
Pr 119
Py 1i9
D. pruni Pr 41,42,135
D. prunicola Pr 41,42,65
D. rudis C 31
D. tanakae Ma 36
By 66,88,90,91,113,127,130
D, tuberculosa A 30,42

2 A= Amelanchier spp.; C= Crataegus spp.; Ma= Malus spp.; Mo= Morus spp.; Pr= Prunus spp.;

Py= Pyrus spp.; 8= Sorbus spp.
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(Table 1). Prunus refers to one or more
cultivar(s} included in the sub-genera
Prunophora Focke (apricot; plum), Amygdalus
(L.} Focke (almond; peach), and Cerasus Pers.

(sweet and sour cherry) (50,103,138).
Rootstocks of importance are the genera
Sorbus L. (mountain ash), 4dmelanchier L.
(service berry) and Crataegus L. (hawthom)

Al: Ascospore with appendages
D. pruni
A2: Ascospore without appendages
B1: Ascospore less than 15 pm in length

C1: Ascospore less than 2.5 pm in diameter

D. prunicola

C2: Ascospore 2.5 pm or more in diameter

D. ambigua

D. arctii

D. conorum

D, eres

D. medusaea
D. nomurai

D. perniciosa
D. phaseclorum

B2: Ascospore 12-18 um (average about 15 um) in length

C1: Ascospore less than 4 pm in diameter

D. padi
D. rudis

C2: Ascospore 4 pm or more in diameter

D. impulsa
D. tanakae
D. tuberculosa
B3: Ascospore more than 15 pm in length

C1: Ascospore less than 5 pm in diameter

D, melanocarpa

C2: Ascospore 5 um or more in diameter

D. erataegi

Fig. 1. Combined key to the species of Diaporthe, directly or indirectly associated with pome
stone, and woody small fruit trees and their rootstocks, based on ascospore dimensions (references:

Table I).
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(138).

In the following section, we deal with
Difaporthe spp. associated with pome, stone,
and woody small fruit trees and their rootstocks
in alphabetical order. These are also treated in
two sections i.e. those with small ascospores
{average less than 15 pm in length), and those
species with intermediate to large ascospores
{average 15 pm or more in length). A key to
these species of Diaporthe, based on ascospore
dimensions, is also provided (Fig. 1).

Species with small ascospores
Of particular importance in this section is the

species D. ambigua. Arguments for and against’

synonymy with Digporthe eres Nits. are
provided.

D. ambigua {(Diaporthe  perniciosa
Marchal). Marchal (according to Cayley, 20)
described D. perniciosa in 1921 while working
on rots of stored fruits in Belgium. Cayley (20)
reported D. perniciosa to be responsibie for a
die-back disease of stone fruit trees in Britain.
Britton-Jones (19) confirmed her findings and
stated that the diseases known as 'bark canker'
and 'die-back’ in fruit trees, including Pyrus,
were caused by the same fungus, Le. D
pernicjosa. An unusual and serious outbreak of
die-back on Prunus in the United Kingdom in
the summer of 1983 (49) resembied the die-
back disease reported by Cayley, earlier this
Century (48).

After re-examining of the type species of D.
ambigua, Wehmeyer (137) included D.
ambigua on Pyrus (described 1867), together
with D. perniciosa (described in 1921), as
synonyms of D. eres (described in 1867). More
recent reports, however, acknowledge D.
perniciosa as the cause of canker and die-back

of Malus (17,89,95), Pyrus (95), and Prunus
(17,26,31,95,128).

Diaporthe eres. This species was treated by
Nitschke as the type species of the genus. D.
eres was retained by Wehmeyer (137) for the
large species complex of hosts forms which it
represents. Like Diaporthe arctii (Lasch) Nits,,
this species occurs on a large number of hosts
and is extremely variable.

Kobayashi (63) identified D. eres on the basis
of few perithecia constituting a2 loose group,
occurring in the bark of broad-leaved trees, an
enclosed black zone enveloping several
perithecial proups, loose hyphal elements
rather than compact stromatic tissue around the
perithecial necks and perithecia, as well as on
the basis of ascus and ascospore size.
According to Wehmeyer (137) and Kobayashi
(65), the perithecial necks of . eres usually do
not protrude from the woody bark surface, but
elongate slightly under moist conditions. They
also do not form clusters such as those found in
Diaporthe medusaea Nits.

D. aretii, which is similar to D. eres on woody
stems, is found on a large number of
herbaceous plants (137). D. arctii is barely
distinguishable from D. eres, due to the
presence of perithecia that occur singly and
scattered, and its somewhat larger asci.
Perithecial necks also do not protrude from the
bark surface. The Phomopsis state of D. arctii
cannot be distinguished from that of D. eres,
based on morphology (65).

Diaporthe conorum (Desm.) Niess] has a wide
host range on coniferous plants and is
morphologically very similar to D. eres.
Wehmeyer (137) treated D. comorum as a
synonym of D. eres. Kobayashi (64,65) has,
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however, .shown- differences in  the species.

pathogenicity, physiology, and morphology

between D. conorum and D. eres. Kobayashi Digporthe phaseolorum. This  well-known

(65) chose to maintain D. cororum as a distinct
species because he felt that insufficient
evidence exists to synonymise these taxa.

Diaporthe  medusaea. This  fungus  is
distinguished from D. eres by its long clustered
peritheciai necks protruding from the bark
surface and perithecia in groups. Dimensions
of the teleomorph and anamorph states in D.
medusaea seem to be quite similar to those of
D. eres (65,137). Wehmeyer (137) believed
that these two species should be synonymised
in the future. Consequently, Kobayashi (65},
identified Diaporthe strains from Morus
tentatively as D. medusaea. Fukutomi er al
(37), however, recognized D. medusaea as the
cause of Diaporthe canker on Pyrus in Japan.

Brayford (18) found that perithecial neck
length is controlled by environmental factors
especially humidity and light, and is therefore,
not a reliable taxonomic character. This casts
doubt on the distinction of 0. medusaea from
the similar D. eres (18).

Diaporthe nomurai Hara. The teleomorph of
D. nomurai, the cause of mulberry canker in
Japan and Korea, is similar to that of D.
medusaea and D. eres. Alpha conidia in the
Phomopsis state of D. nomurai are, however,
considerably larger than those of D. eres or D.
medusaea (47). Kobayashi (65) was unable to
examine material from fresh cankers with
either conidial or perithecial states. He,
therefore, choose to retain D. nomurai as a
distinct species, based on its large alpha
conidia. Matsuno & Nishina (80) described
conditions of conidial pgermination in D
noprai and supported the maintenance of this

pathogen of herbacious plants, has had a
complex nomenclatural history. Thus, a
number of binomials have been established for
what is currently considered to be a single
species. D. phaseolorum and Phomopsis
phaseali (Desm.) Sacc. are recognized,
respectively, as the valid binomials for the
teleomorph and anamorph of the species
complex. Smit & Knox-Davies (I16) identified
a canker pathogen on woody 4. linearis plants
as D. phaseolorum. Moreover, a fungus that
was tentatively identified as D. phaseclorum,
was isolated from Malus, Pyrus, and Prunus in
South Africa (119).

Kulik (67) addressed the question of the
advisability of distinguishing different varieties
of D phaseolorum. Since variation in
morphology within the varieties is at least
equal to the variation amongst them, it was
concluded that varieties should not be
recognized, Because of the apparent absence of
clearly distinct differences within the complex,
particularly morphologically, the adoption of
the special form [Yorma specialis"] for
infraspecific categorization was suggested
(83,85). Based on molecular data, Zhang et al.
(141) regarded D. phaseolorum {. sp. caulivora
as a variety of D phaseolorum.

Wehmeyer (137) noted that D. phaseclorum is
very similar to D. arctii. It, however, differs
from D. phaseolorum in having smaller
ascospores, asci, and perithecia. D. arctii
perithecia also have more filiform necks than
D. phaseolorum,

Diaporthe prunicola (Peck) Wehm. When
compared with other small-spored species in
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this section, D. prunicola is morphologically
distinct. This is due to a small ascospore
diameter ranging from 1.5-2 pm. The length of
its ascospores, however, correspond well with
those of D. eres and the other small-spored
species in this section (42).

Species  with
ascospores
Species included in this section are: Diaporthe
crataegi Nits., Diaporthe impuisa (Cke. & Pk.)
Sacc., Diaporthe  melanocarpa  Dearn,
Diaporthe padi Otth., Diaporthe pruni Ell. &
Ev., Diaporthe rudis (Fr.) Nits., Diaporthe
stictostoma {Ell) Sacc.,, Diaporthe tanakae
Kobayashi & Sakuma, and Diaporthe
tuberculosa (Eil.) Sacc. The only species with
appendages is D, prant, Of particular interest in
this section, however, is the species D.
tanakae.

intermediate to large

Diaporthe tanakae. Nakashima & Takimoto
{88) reported a new canker disease of Pywrus
from Korea and tentatively assigned the
pathogen to Phomopsis. The same disease was
also noted from Japan two years later (130). In
1920, European pear trees were severely
damaged in Japan by a canker caused by a
species of Diaporthe. Tanaka (127) attributed
this loss to the European pear canker pathogen,
D. ambigua. However, as noted by Kaobayashi
(65), the European pear canker pathogen had
been misidentified by Tanaka (127). D.
ambigua had already been treated as a
synonym of D. eres by Wehmeyer (137) after a
critical examination of the type specimen of D.
ambigua. However, the Diaporthe discussed by
Tanaka (127) is different from D. eres [=D.
ambigua) (66).

Sakuma & Miyagawa (113) reported a canker
and die-back disease of Pyrus prevalent

throughout Tohoku district in the northemn part
of Honshu, Japan. The Diaportie state, as well
as the Phomopsis state were found on both
cankered and dead twigs. The general
morphology of this European pear die-back
fungus was identical to that of "D. ambigua"
sensu Tanaka (113). There is no other species
morphologically similar to this fungus and a
new species, . tanakue was proposed for it
(66). Furthermore, Fujita er al. (36) identified
the apple blight fungus in the Tohoku district
of Japan as D. tanakae, which was the first
record of the fungus on Malus in Japan.

SE _AND TION
MISSIBLE HYPOVIRULENCE

F_TRANS-

Transmissible hypovirulence is a novel form of
biological control in which virulence of a
fungal pathogen s attenuated by an
endogenous RNA virus (21). In Cryphonectria
parasitica (Murr.) Barr, dsRNA-containing
hypovirulent strains have been shown to serve
as biocontrol agents by virtue of their ability to
convert compatible virulent, virus-free strains
to  hypovirulence following anastomosis
(4,77,93,132), Although mycoviruses and
related dsRNA genetic elements are commonly
associated with fungi (73,94), nothing was
known of hypovirulence in D. ambigua.

Lindberg (75) provided the first report of a
transmissible disease of a plant-pathogenic
fungus (Helminthosporium victorice Meehan
& Murphy) that resulted in reduced virulence
of the pathogen (76). Such conversions are
correlated with the transmission of viral
dsRNAs (6,39,40,133). Grente & Berthelay-
Sauret (44) subsequently coined the term
‘hypovirulence' to describe the strains of C
parasitica isolated from European chestnut
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trees in Italy, that had recovered from chestnut
blight.

Higley & Tachibana (54) suggested that
variation in disease response to D
phaseolorum may be due to genetic diversity
within cultivars. Kulik (68) demonstrated
variation in pathogenicity among single-
ascospore strains of D. phaseolorum. The
strains not only varied in their pathogenicity to
soybean seedlings, but a correlation was also
found between their pathogenicity and growth
rate in vitro. Kulik (68) thus speculated that the
mechanism involved in reduction or increase in
pathogenicity may be similar to that reported in
C. parasitica (33).

Lee et al. (72) found dsRNA segments in
strains of D. phaseolorum. However, no
association . was detected between their
presence and virulence, toxin production,
growth rate or the activity of pherol oxidase.
Although recent studies have dealt with
varieties of D. phaseclorum at the molecular
level (35,141), there is still much to learn about
variation in this fungus. A fully satisfactory
explanation of the peculiarities of D
phaseolorum  will clearly require further
investigations.

DNA-mediated transformation studies
employing full-length and partial cDNA clones
of the large viral dsRNA (L-dsRNA) isolated
from the hypovirulent C. parasitica strain
EP713, provided the first direct evidence that
viral RNA is responsible for the hypovirulence
phenotype (24,25). In addition, Chen ef al. {21)
demonstrated mitotic stability and puclear
inheritance of integrated viral cDNA in the
engineered hypovirulent strains of C
parasitica. Furthermore, Chen et al. (22)
successfully used synthetic  infectious

hypovirus transcripts corresponding to a full-
length C. parasitica hypovirus RNA coding
strand, to extend virus-mediated virulence-
attenuation to a new fungal taxonomic family.
It is, therefore, theoretically possible to
introduce and establish €. parasitica-
originated hypovirus infections into
spheroplasts of D. ambigua, or even fungal
species not previously reported to harbor
viruses.

Vegetative  incompatibility, the inherent
inability of fungal strains to fuse and exchange
nuclear material, has been used to study
population dynamies of fungi (43,74).
Identification of vegetative compatibility
groups (VCGs) has been useful in determining
the source of races, new to a particular
geographical area. Increasing numbers. of
VCGs are considered an indicator of genetic
diversity within a population (43,74).

The transmission of cytoplasmic hypovirulence
determinants by hyphal anastomosis s
determined to a large degree by the vegetative
compatibility of the donor and recipient strains
(3,4). Increasing numbers of VCGs in
populations lacking predominance of one
VCG, may reduce the effectiveness of dsRNA
transfer and thus biclogicai control in a
hypovirulent system (7). Although vegetative
incompatibility may be a significant barrier to
successful  interaction of virulent and
hypovirulent strains, some hypovirulent strains
successfully  transmit the agents of
hypovirulence to virulent strains from a variety
of VCGs (77).

The proliferation of VCGs is the probable
factor limiting establishment of biological
control of . parasitica in North America
(4,7,8,77). This is in contrast to Europe where
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biological control through hypovirulence is
successful and where there is also little
diversity in the pathogen (7,52,82). Ploetz &
Shokes (97,98) reported the predominance of
one VCG among several vegetative
incompatibility groups in D. phaseolorum.

SPECIES IDENTIFICATION

The causal agent of the canker disease of apple,
pear, and plum rootstocks in South Africa is a
species of Diaporthe (118,122). Several
researchers have reported D. perniciosa in
association with die-back diseases of apple,
pear, plum and peach elsewhere (20,48,92).
Random amplified polymorphic DNA (RAPD}
analysis of Diaporthe isolates, using different
primers of arbitrary sequence, is supportive of
Wehmeyer's grouping of D. ambigua, D.
perniciosa, and D. eres (118,122). The
taxonomy of the Diaporthe spp. on pome and
stone fruit trees in South Africa needs further
investigation, but this must await a thorough
treatment of the genus Diaporthe. Over-
reliance on host association has led to the
establishment of a plethora of Diaporthe spp.
(104). We foresee that sequencing studies will
synonymise many of the Diaporthe spp.
described on different hosts worldwide. We
believe that the most appropriate name to use
for the fungus on apple, pear, and plum in
South Africa is D. ambigua. The identity of the
fungus is supported by morphological
characteristics of South African isolates of
Diaporthe (118,122).

LT Y AND SYMPT

Nursery rootstocks infected by D. ambigua are
readily killed (118,122). This is in contrast to

mature rootstocks which are normally killed
over an extended period. Although they did not
monitor nursery infections, Nakatani e al. (90}
and Fujita et al. (36) reported similar results for
mature apple and pear trees inoculated with D.
tanakae in Japan. Their results indicated that
typical lesions generally appeared only 2 years
after infection, explaining the absence of
symptoms on current and biennial shoots in the
field.

Characteristic symptoms of D. ambigua
infections ipclude sunken, pointed lesions with
marginal longitudinal cracks (118,122). Similar
symptom expression was reported for apple

‘and pear cultivars infected by D. tanakae in

Japan (36,66,91,112,127), and plum cultivars
infected by D. perniciosa in Britain (20,48).

A significant (P<0.001) isolate x rootstock
interaction has been found, indicating that
isolates of D. ambigua react differently on
various rootstocks (118,122). However, all
deciduous  fruit cultivars tested  were
susceptible to D. ambigua infection (118,122).
This is in contrast to results of Fujita et al. (36)
where D. tanakae isolates from apple infected
cuttings of both apple and European pear
cultivars through wounds, whereas their
isolates from pear cultivars infected oaly
Furopean pear shoots. Furthermore, their
inoculations of unwounded shoots in the field
indicated that D. tanakae isolates from apple
infect apple cultivars, and those from European
pear, infected pear cultivars.

The canker pathogen on rooibos tea, previously
identified as D. phaseolorum (116), is
morphologically identical to the Diaporthe sp.
isolated from pome and stone fruit rootstocks
{118). Furthermore, all isolates including those
from rooibos tea clustered together in RAPD
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analyses. The Diaporthe sp. from rootbos tea
was also pathogenic to all apple, pear, and
plum cuitivars tested {118,122). Rooibos tea is
indigenous to South Africa, and geographically
separated from pome and stone fruit
cuitivation. We consider the Diaporthe sp. on
rooibos tea to be D, ambigua. We also believe
the D. ambigua that infects fruit trees in South
Africa is native in the country and that it
probably originated from native woody plants
such as rooibos tea. Population studies,
particularly at the molecuiar level, are required
to clarify this hypothesis.

EXPLOITING BYPOVIRULENCE

The population of D. ambigua in apple, pear
and plum orchards in South Africa contains
strains belonging to a large number of VCGs
{124,125). Given the ubiquitous presence of
perithecia throughout the area of disease
occurrence, this is perhaps not surprising.
Strains from adjacent trees usually differed in
VCG (124,125). One interpretaiion for the
large number of VCGs in close proximity to
one another, suggests that ascospores are
effective primary propagules. In general, a
sexually reproducing population would be
expected to have a high level of VCG diversity
{(74). It is possible, however, that nursery
seedlings possess latent infections caused by
many VCGs of D. ambigua, which then serve
as foci of conidial infection. Similar
conclusions were made in a study of Cytospora
canker of peach caused by Lewcostoma
persoonii (Nits.) Héhn (1).

Analysis of VCGs in  populations of
filamentous Ascomycetes has been used to
assess whether a pathogen has been recently
introduced into an area or whether it has been

present for an extended period of time (43). In
the case of D. ambigua, it would be difficult to
draw such conclusions without knowledge
regarding the regulation of the sexual cycle.
The formation of the sexual state of D.
ambigua by individual single ascospores in
culture, is indicative of homothallism
(124,125). Furthermore, fertile perithecia occur
abundantly on sampled rootstocks (124,125).
The presence of more than one VCG in
progeny from individual perithecia collected
from various M793 and Granny Smith apple
rootstocks, however, is indicative of
outcrossing. Apparently D ambigua is a
homothallic fungus that has the capacity to
outeross. This is similar to the situation with C
parasitica (2). The basis of sexuality in D
ambigua clearly needs further study.

Strains of D. ambigua from different orchards
in the Cape Province of South Africa generally
are from different VCGs (124,125). In this
study, samples originated mainly from newly
established nursery orchards, each with a
different source (and sometimes mixed
sources) of seedling and budding material.
Most studies of VCGs in other Ascomycetes
have been conducted in well established
orchards (1,101). In such orchards, a strain of a
specific VCG could have spread the disease to
eventually produce an aggregation of trees with
cankers representative of a common VCG.
However, a clustered pattern of VCGs within a
well established orchard could have originated
from nursery seedlings possessing latent
infections caused by many VCGs.

Predominance of one or a few VCGs among D.
ambigua strains was not observed in a study of
vegetative compatibility (124,125). This is in
contrast to D phaseolorum where one VCG
dominates in strains collected from small areas
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(97). Our data are consistent with the
hypothesis that VCG and fitness are not
correlated.

if no VCG dominates the population, then as
the number of VCGs increases the efficacy of
dsRNA transfer and thus the success of
biological control appears to be reduced. Thus
the high number of VCGs probably limits the
use of dsRNAs as a biological control of C.
parasitica in North America (4,7,8,77). This
proliferation is in contrast to the situation in
Europe, where biclogical control through
hypovirulence is successful, and where there is
less diversity in the pathogen population
(7,52}, Interaction  between  vegetative
incompatibility genes affects horizontal
(intermycelial) dsRNA transmission in C.
parasitica (58). However, dsRNA in C
parasitica stops reassortment of vegetative
compatibility genes by suppressing mating-
type-specific gene expression {140).

All sampied dsRNA-containing strains of D.
ambigua from apple orchards in South Africa
originated from sexual spores (124,125).
Polashock & Hillman {99,100) reported a small
dsRNA  element associated with the
mitochondria of a C. parasitica strain. This
small mitochondrially-associated element can
be transmitted into compatible strains by
hyphal anastomosis such as in the case of the
more common larger size dsRNA viruses of C.
parasitica  which are members of the
Hypoviridae. Transmission of virus-like
elements to ascospore progeny appears to be
blocked in the Hypoviridae (3,4). In contrast to
the Hypoviridae, however, the small
mitochondrially associated element can be
transferred o sexual progeny (99). Since it is
present in ascospores, it is possible that the
relatively small dsSRNA element in D. ambigua

{120,123) is mitochondrially associated. All
dsRNA-containing strains of D ambigua need
to be analyzed in the future to determine
whether transfer of dsRNA by anastomosis is
accompanied by mitochondrial recombination,
in a recipient strain.

VIR i - TATED
TRAITS

Smit er al (120,123} demonstrated the
occurrence of hypovirulence for the first time
in D. ambigua. This was associated with the
presence of a single dsRNA segment. In
addition to reduced virulence, dsRNA-
containing strains of D. ambigua also exhibited
a number of hypovirulence-associated traits
including reduced phenol oxidase activity,
reduced gallic acid oxidation, diminished

oxalate  accumulation, and  suppressed
sporulation. These distinguishing
characteristics are consistent with data

previously published for the related C
parasitica (4,5,32,34,51,55,105). The presence
of dsRNA in fungi is not, however, always
associated with reduced virulence and
hypovirulence-associated traits (94).

DsRNA-containing hypovirulent strains of D.
ambigua were able to convert compatible
virulent, virus-free strains of the same VCG to
hypovirulence after anastomosis (120,123).
Moreover, dsRNA-free strains of D. ambigua
converted to hypovirulence, exhibited the same
composition of hypovirulence-associated traits
as displayed by the original dsRNA-containing
hypovirulent strains. These results provide
clear evidence that the dsRNA confers
hypovirulence on strains of D. ambigua in
South Africa. Furthermors, the characteristics
of this hypovirulence are also similar to those
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found in C. parasitica (4,6,77,93,132,133).
DsRNA associated with the hypovirulence
phenotype have also been reported for a
number of other plant pathogenic fungi such as
L. persoonii (46), Ophiostoma wlmi (Buisman)
Nannf. (94), and Sclerotinia sclerotiorum
(Lib.} de Bary (16). Conversion of dsRNA-free
strains to the hypovirulence phenotype is
coincident with transmission of dsSRNAs during
anastomosis with compatible hypovirulent
strains, providing the basis for biological
disease control in D. ambigua.

Using the Bavendamm's tests for phenol
oxidase reaction and gallic acid oxidation, Smit
et al. (120,123) found clear differences in
oxidation between dsRNA-containing strains
and dsRNA-free strains of D. ambigua.
Bavendamm (14,15) pointed out differences
between fungi with respect to their oxidative
enzymes. According to Davidson et al (27),
most fungi that oxidize tannic acid also oxidize
gallic acid. Although Bavendamm's tests have
mainly been applied in Basidiomycete fungi
(60), they were recently used to determine
phenol oxidation in dsRNA-free and dsRNA-
containing strains of C. parasitica (105) and
are evidently also applicable in the case of D
ambigua.

The enzyme responsible for the color reaction
in Bavendamm's test for phenol oxidase in the
study of Smit ef al. {120,123} was identified as
pheno! oxidase of the laccase type. In fungi,
laccase activity has been suggested to be
involved in degradation of lignin (9,63),
pathogenesis {(38,78,81), and sporulatien (71).
It was, therefore, not surprising that we found a
reduction of laccase activity in hypovirulent
dsRNA-containing strains of D. ambigua.
Similar results have been found were found in

the related
(23,55,105,106).

fungus, C.  parasitica

The laccase activity in dsRNA-free strains of
D. ambigua was found at the advancing edges
of colonies (120,123). That is an important
requirement for an enzyme suggested to play a
role in the infection process (105). In C
parasitica, however, laccase activity is
extracellular as well as intraceliular (107).
According to these authors, the extracellular
laccase activity in C. parasitica temporally
precedes the intracellular laccase, and is
encoded by different genes. They also observed
both laccases to be down-regulated by the
dsRNA in a hypovirulent strain of that fungus,
suggesting common regulatory factors for the
separate laccase genes (106,107). Moreover, a
third type of laccase has been discovered in C.
parasitica (62). In D. ambigua, however, there
is still much to learn concerning the basis of
dsRNA-mediated regulation of laccase gene(s).

Smit et al (120,123) found a reduction of
oxalate accumulation in dsRNA-containing
strains of D. ambigua, when compared to
dsRNA-free strains of this fungus. Oxalate
accumulation,  potentiaily involved in
pathogenesis, has been reported .to be
suppressed in hypovirulent strains of C
parasitica  (51,55,105).  Variations  in
pathogenicity have also been associated with
oxalate in other fungi (79).

The combined resuits obtained from dsRNA-
containing strains of D. ambigua are suggestive
of a specific viral coding domain, controlling
several hypovirulence-associated traits. This
would be the same as that found in C
parasitica. To understand the mechanism by
which dsRNA perturbs fungal gene expression,
knowledge of the host genes that are affected
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and their roles in fungal development and
virulence is important. In addition, information
concerning the molecular structure and coding
potential of the dsRNA itself is required.

LLATEDNE Fd

A number of different 1. ambigua strains from
South Africa were found to contain
hypovirulence-associated dsRNA (120,123). In
all cases a single dsRNA segment,
approximately 4.3 kb was observed in these
strains (120,123}, Single dsRNA segments
associated with hypovirulence have aiso been
found in fungi such as C. parasitica {56,105)
and S sclerotiorum (16). This is in contrast to
most fungal strains, including well-studied
strains of C. parasitica, where a complexity of
dsRNA banding patterns have been observed
(6,28,34,46,57,69,109). In C. parasitica strain
EP713, combined results suggest that all
genetic information of the hypovirulence-
associated virus resides within the single
largest dsRNA (115). Furthermore, Shapira et
al. (115) demonstrated that most of the
complexity observed for dsRNAs present in
hypovirulent C. parasitica strains is a result of
the generation and maintenance of internally
deleted defective forms of the single largest
dsRNA.

Hybridization amongst the different single
dsRNA segments from D. ambigua strains
showed a high degree of homology (121,126},
The presence of 1) ambigua in a localized area
carrying & single dsRNA segment of similar
size and homology suggests that natural spread
of dsRNA within the D. ambigua population
has occurred. These results also indicate
establishment of a single size dsRNA
population in the region, excluding cross-

hybridization with other potential dsRNA
populations (121,126).

OUTLOOK

Interest in the viral dsRNA associated with
hypovirulence of D. ambigua stemmed
primarily from its potential as a biological
control agent. The presence of D. ambigua in a
localized geographic area, carrying a single
dsRNA segment of similar size and homology,
suggests that natural spread of dsRNA within
the D. ambigua population has occurred.
Hypovirulent strains of D. ambigua appear to
occur paturatly in the South African popuiation
of the pathogen. These strains are less virulent
than dsRNA-free strains.  Furthermore,
hypovirulence can apparently be transferred
easily to dsRNA-free strains. An ideal
opporiunity, therefore, appears to exist for
biological control of D ambigna using
hypovirulence. Moreover, results of these
studies could provide insight into our
understanding of engineering of hypovirulence
in the future.

Several studies designed to identify the
underlying basis for host susceptibility versus
resistance and hypeovirus-mediated
hypovirulence have focused on the role of
fungus-encoded plant cell wall-degrading
enzymes. Meaningful progress has also been
made with development of transgenic apple
and pear plants expressing marker and
indicator genes (10). This advancement paves
the way for introducing a beneficial gene {e.g.
genes that encode enhanced resistance against
Diaporthe and other stem canker fungi} into
existing superior commercial varieties. A
potent antifungal PGIP gene was cloned and is
now to be inserted into existing fruit varieties



38

W.A. Smit es al.

(10). When inserted, the transtormed cuitivars
will secrete the polygalacturonase inhibiting

protein.

Furthermore, improved disease

management practices and research on the
identification of molecular markers for disease
resistance (11) hold promise for controlling
Diaporthe canker in South Africa.
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