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SUMMARY

 

Pathogen:

 

 Powdery mildew fungus; Ascomycete although sexual
stage is yet to be found; an obligate biotroph.

 

Identification:

 

 Superficial mycelium with hyaline hyphae;
unbranched erect conidiophores; conidia, ellipsoid-ovoid or doliform,
22–46 

 

×

 

 10–20 

 

µ

 

m, lack fibrosin bodies; conidia formed singly,
rarely in short chains of 2–6 conidia; appressoria lobed to multi-
lobed, rarely nipple-shaped. 

 

Pseudoidium

 

 species.

 

Host range:

 

 Broad, reported to attack over 60 species in 13 plant
families, particularly members of the Solanaceae and Curcubitaceae.

 

Symptoms:

 

 Powdery white lesions on all aerial plant parts
except the fruit. In severe outbreaks the lesions coalesce and dis-
ease is debilitating.

 

Agronomic importance:

 

 Extremely common in glasshouse
tomatoes world wide but increasing in importance on field grown
tomato crops.

 

Control:

 

 Chemical control and breeding programmes for dis-

 

ease resistance.

 

DISEASE SYMPTOMS

 

Oidium neolycopersici

 

 is a highly polyphagous powdery mildew
fungus which infects tomatoes. It causes powdery white lesions on
the adaxial tomato leaf surface. The fungus can also infect abaxial
surfaces, petioles and the calyx but the fruit remains uninfected
(Fig. 1). Severe infections lead to leaf chlorosis, premature senes-
cence and a marked reduction in fruit size and quality (Whipps

 

et al.

 

, 1998). 

 

Oidium neolycopersici

 

 currently poses a significant
threat to glasshouse-grown tomatoes and is of increasing import-
ance on field-grown tomato crops.

 

THE PATHOGEN

 

A new powdery mildew disease on tomato plants was reported
in the UK in 1986 (Fletcher 

 

et al.

 

, 1988) but it has now spread

world-wide. However, its true identity was uncertain due to the
lack of a sexual stage and varying reports of its structure,
particularly whether conidia were formed singly or in chains. Con-
sequently, the new mildew pathogen on tomato plants was variously
termed 

 

O. lycopersicum, Erysiphe orontii

 

 or 

 

E. cichoracearum

 

(Bélanger and Jarvis, 1994; Boiteux, 1994; Koike and Saenz, 1999)
or was simply described as 

 

Erysiphe

 

 sp. (Arredondo 

 

et al.

 

, 1996;
Karasevicz and Zitter, 1996; Kiss, 1996; Neshev, 1993; Olalla
and Torés, 1998; Pernezny and Sonoda, 1998; Smith 

 

et al.

 

, 1997;

 

*
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Fig. 1 Powdery white lesions of O. neolycopersici on tomato (var. 
Moneymaker) leaves but the fruit is uninfected.
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Vakalounakis and Papadakis, 1992). The first appropriate descrip-
tion of the fungus, 

 

Oidium lycopersicum,

 

 appeared to come from
Australia (Cooke and Massee, 1888), and the name was re-
designated, in 1999, as 

 

Oidium lycopersici

 

, in accordance with
the International Code of Botanical Literature (Mieslerova and
Lebeda, 1999). However, confusion remained over classification
based on morphological characteristics. Consequently, we ana-
lysed the internal transcribed spacer regions of the nuclear rRNA
genes from the new tomato powdery mildew pathogen and were
able to differentiate 

 

Oidium (neo)lycopersici

 

 from 

 

E. orontii

 

 and

 

E. cichoracearum

 

 (Jones 

 

et al.

 

, 2000). Moreover, we found 

 

O.
(neo)lycopersici

 

 to be a sister taxon of 

 

E. aquilegia

 

 var. 

 

ranunculi

 

(Jones 

 

et al.

 

, 2000). This was confirmed by Kiss 

 

et al

 

. (2001) from
a study of tomato powdery mildew fungi from Europe, North
and South America, and Asia. Importantly, Kiss 

 

et al

 

. (2001)
recognized that all recent outbreaks of tomato powdery mildew
reported outside Australia were caused by a species that formed
conidia singly, or, in high relative humidity, in pseudo-chains of
2–6 conidia, and so created a new species, 

 

O. neolycopersici

 

, for
this pathogen. The Australian isolates, which always formed conidia
in chains, retained the name 

 

Oidium lycopersici

 

.

 

ORIGINS

 

The origins of 

 

Oidium neolycopersici

 

 are still unclear. Huang 

 

et al

 

.
(2000) proposed that 

 

O. neolycopersici

 

 may have ‘jumped’ hosts
by acquiring one or more pathogenicity factors but, as yet, there
is no direct evidence to substantiate this suggestion. However,
there are descriptions of resistance to 

 

Oidium neolycopersici

 

identified in wild 

 

Lycopersicon

 

 species, including 

 

L. hisutum, L.
pennelli

 

 and 

 

L. parviflorum

 

 (Ciccarese 

 

et al.

 

, 1998; Kozik, 1993;
Laterrot 

 

et al.

 

, 1995; Lindhout 

 

et al.

 

, 1994a,b; Mieslerova 

 

et al.

 

,
2000; van der Beek 

 

et al.

 

, 1994) which could indicate that the
appearance of 

 

O. neolycopersici

 

 is not a recent phenomenon,
but rather one that has just become more apparent. This is also
implied from the identification of 

 

O. neolycopersici

 

 from herbarium
specimens from Asia since 1947 (Kiss 

 

et al.

 

, 2001). Nevertheless,
this does not answer the question of why 

 

O. neolycopersici

 

 has
become such a problem recently and why it has spread so rapidly
around the world. The increased movement of plants though the
international horticulture trade could be responsible, but so too
could the aerial dispersal of conidia and their subsequent survival
on numerous alternative hosts.

 

PATHOGEN MORPHOLOGY AND 
DEVELOPMENT ON THE HOST

 

The ellipsoidal-shaped spores of 

 

O. neolycopersici

 

 are approxim-
ately 30 

 

µ

 

m 

 

×

 

 15 

 

µ

 

m (Jones 

 

et al.

 

, 2000). The conidial surface is
covered by irregular arrays of ribbon-like and rounded projections
(Fig. 2A) but, on germination, a smooth-surfaced germ tube emerges

from the body of the conidium (Fig. 2B). This tube elongates at
the tip and becomes lobed or ‘clover-leaf’ like in configuration.
This appressorial structure is commonly found at the junction of
three epidermal cells (Fig. 2C). Subsequently, a peg emerges from
the centre of the ‘palm’ of the lobed appressorium and penetrates
the host plant, leaving a penetration pore of approximately 0.2 

 

µ

 

m
diameter (Fig. 2D). Rapid colonization of the host plant follows as
secondary hyphae radiate from both the conidial body and the
primary appressorium. Secondary appressoria of 

 

O. neolycopersici

 

develop either singly or in pairs (Fig. 2E) from the hyphae which
ramified over the host surface. The asexual life-cycle is completed
by the formation of conidiophores which ‘stand’ perpendicular to
the host surface on a straight cylindrical foot cell, supporting a
meristematic zone of immature conidia and which carry a single
mature ellipsoidal conidium at the apex of the column (Fig. 2F).
During germling morphogenesis the three key developmental
changes are staged, with germination occurring 3–5 h after
inoculation (hai), appressorium differentiation 6–8 hai and
penetration at approximately 11 hai (Jones, 2001).

 

PATHOGENESIS

 

Host-derived signals

 

Since 

 

Oidium neolycopersici

 

 is an obligate biotroph, the develop-
ment of mature, sporulating colonies depends upon successful
initial penetration of the host and then continued haustorial
formation and functioning. But, does the conidium perceive host
signals to initiate germination and does the germling require
additional signals to differentiate functional appressoria? Fur-
thermore, does 

 

O. neolycopersici

 

 sense chemical and physical
features on the host surface which drive differentiation and cue
penetration? Much effort has been expended in attempts to
identify features inductive to fungal plant pathogen develop-
ment. These include leaf topography in 

 

Uromyces

 

 sp. (Hoch 

 

et al.

 

,
1987), hydrophobicity in 

 

Magnaporthe grisea

 

 (Howard 

 

et al.

 

,
1991) surface hardness, wax and ethylene in 

 

Colletotrichum
gloeosporioides

 

 (Flaishman and Kolattukudy, 1994; Flaishman

 

et al.

 

, 1995; Kim 

 

et al.

 

, 1998), cutin monomers in 

 

Blumeria graminis

 

(Francis 

 

et al.

 

, 1996), cellulose breakdown products in 

 

Erysiphe
pisi

 

 (Carver 

 

et al.

 

, 1996) and flavanoids in 

 

Nectria haematococca

 

(Bagga & Straney, 2000). Preliminary analysis of differentiation on
various artificial substrata revealed that hydrophobic surfaces and
cellulose, as well as host wax, induce germling morphogenesis
in 

 

O. neolycopersici

 

 (Jones, 2001). Furthermore, small peaks in

 

O. neolycopersici

 

 cutinase activity, monitored both 

 

in vivo

 

 (on
tomato leaf discs) and 

 

in vitro

 

 (in multiwell plate assays), ‘coin-
cided’ at 4 and 11 hai, notably at the peak time for germina-
tion and for host penetration, respectively. This data suggests
a role for cutinase activity in either the perception of host-
derived cutin breakdown products, found in a range of plant
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pathogenic fungi including other powdery mildews (Fan and
Koller, 1998; Francis 

 

et al.

 

, 1996; Fric and Wolf, 1994; Rumbolz

 

et al.

 

, 2000) or else in the use of enzymic means to breach the host
(Maiti and Kolattukudy, 1979; Podila 

 

et al.

 

, 1995; Rogers 

 

et al.

 

,
1994).

 

Adhesion

 

How does this pathogen adhere to the plant? Deposits of extra-
cellular matrix (ECM) material lie beneath the 

 

O. neolycopersici

 

germ tubes, hyphae, around the margins of the appressorium and
surrounding the O-ring at the site of host penetration, but not
beneath ungerminated spores (Jones 

 

et al.

 

, 2000). Such material
is assumed to be fungal in origin and is reminiscent of the pat-
terns of ECM seen in 

 

Blumeria graminis

 

 (Carver 

 

et al.

 

, 1995a,b).
Herein may lie a clue to its presence, as Carver proposes that the
ECM boosts the adhesion of 

 

B. graminis

 

 to its host and that the
ECM may provide a medium for the localization of enzymes
involved in penetration (Carver 

 

et al.

 

, 1995b). In binding assays
with 

 

O. neolycopersici

 

, the adhesion of ungerminated conidia to
the host surface was compared with that of differentiated

appressorial-stage tissue. Here, the presence of ECM seemed
pivotal for successful adhesion, as appressorial stage tissue
remained attached to the host, whilst ungerminated conidia did
not (Jones, 2001).

Recently, it has been suggested that dimeric 

 

trans

 

-membrane
proteins, termed integrins, may play a key role in cell adhesion,
recognition, organization of the cytoskeleton and intracellular
signalling in a range of animal and microbial systems (Bendel and
Hostetter, 1993; Hostetter, 2000; Schoenwaedler and Burridge,
1999). In 

 

Candida albicans

 

 the application of the tripeptide
arginine-glycine-aspartic acid (RGD) blocks both adhesion to,
and perception of, the host (Bendel and Hostetter, 1993). More-
over, in 

 

Uromyces appendiculatus,

 

 exogenous application of
RGD prevents fungal perception of the topographical features
of the host surface (Corrêa 

 

et al.

 

, 1996; Hoch 

 

et al.

 

, 1987). The
colocalization of integrins with stretch-activated Ca

 

2+

 

 channels
suggests an involvement of integrins in intracellular signalling
in 

 

Saprolegnia ferax

 

 (Levina 

 

et al.

 

, 1994). Therefore, integrins
have been proposed to be involved in specific interactions of
pathogenic fungi with their hosts and to initiate intracellular
signalling cascade(s) (Corrêa 

 

et al.

 

, 1996). Preliminary work with

Fig. 2 Low temperature scanning electron 
micrographs of cryofixed tissue. (A) Ellipsoidal 
conidium lying obliquely on the plant surface. 
(B) A single smooth-surface germ tube has emerged 
from the conidium, 5 hai. (C) A lobed and hooked 
appressorium has developed, 10 hai. A ‘craggy’ 
collar delimits the conidial body and germ tube from 
the primary appressorium. (D) Imprint left by 
peeling (with gelatin) the superficial hyphae and a 
single hyphal appressorium from the infection site 
to expose the fungal extracellular matrix both in 
hyphal tracks and the outline of the lobed 
appressorium and central ‘O’ring, which delimits 
the penetration pore. (E) Paired hyphal appressoria. 
(F) Two conidiophores bearing a single apical and 
near mature ellipsoidal conidium.
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O. neolycopersici

 

 demonstrated that the tetra-peptide, arginine-
glycine-aspartate-serine (RGDS), was a more potent inhibitor of
germination than RGD and led to aberrant appressorial differ-
entiation in 

 

O. neolycopersici

 

. Here, the swollen appressoria
plasmolysed more easily than controls when exposed to reduced
external osmotic pressure, suggesting that a putative integrin
may exist for the perception of the host surface, in accordance
with work carried out on 

 

U. appendiculatus

 

 (Corrêa 

 

et al.

 

, 1996;
Jones, 2001).

 

Penetration

 

Does 

 

O. neolycopersici

 

 breach the host cuticle and epidermal cell
wall by enzymic activity, by mechanical force, or by a combina-
tion of both? The small peak in cutinase activity at the time of
penetration and the appearance of the smooth-edged penetration
hole (Fig. 2D) suggest that enzymes may play a role in penetration.
(Jones 

 

et al.

 

, 2000; Jones, 2001). Nevertheless, development of
increased turgor pressure in appressoria has been found to be the
key feature of penetration in a range of plant pathogenic fungi
including powdery mildews (de Jong 

 

et al.

 

, 1997; Howard 

 

et al.

 

,
1991; Money and Howard, 1996; Money 

 

et al.

 

, 1998; Money,
1995; Pryce-Jones 

 

et al.

 

, 1999). For 

 

O. neolycopersici

 

, we have
strong data supporting the use of mechanical force in penetra-
tion. Cell turgor measurements, determined by cytorrhysis and
plasmolysis experiments, revealed that mature 

 

O. neolycopersici

 

appressoria produce a maximum turgor pressure of approxim-
ately 3 MPa, coincident with host cell penetration from the
appressoria, at 11 hai. This turgor pressure is in near concordance
with the maximum pressure in 

 

Blumeria graminis

 

 appressoria
recorded at the time of host penetration (Pryce-Jones 

 

et al.

 

, 1999).
It is, however, significantly lower than the 8 MPa recorded in the
melanized appressoria of the rice blast fungus 

 

Magnaporthe
grisea

 

 (Howard 

 

et al.

 

, 1991). There is no evidence to support
the presence of melanin in the hyaline appressoria of either

 

O. neolycopersici

 

 or 

 

Blumeria graminis

 

 and so just how the
powdery mildew fungi withstand such osmotic pressure remains
a mystery.

 

HOST RANGE

 

Host range studies with 

 

Oidium lycopersici

 

 have held two main
objectives. Firstly, to assess the risk posed by 

 

O. neolycopersici

 

 to
a wide-range of horticultural crops and, secondly, to distinguish
it from other powdery mildew species known to infect tomatoes.
In 1988, Fletcher 

 

et al

 

. found that 

 

O. neolycopersici

 

 infected all
the tomato varieties tested, in addition to aubergine, potato and
tobacco. However, a more extensive host range study was carried
out by Whipps 

 

et al

 

. (1998), who tested economically important
plant species and also those purported to be hosts of 

 

E. orontii

 

.
Such work revealed that members of 13 families were alternative

hosts for 

 

O. neolycopersici

 

. Furthermore, this work and morpho-
logical characteristics led Whipps 

 

et al

 

. (1998) to propose that

 

O. neolycopersici

 

 was distinct from 

 

E. orontii

 

.
However, not all workers agree on the exact host range of

 

O. neolycopersici

 

 (Fletcher 

 

et al.

 

, 1988; Huang 

 

et al.

 

, 2000; Kiss,
1996; LaMondia, 1999; Mieslerova and Lebeda, 1999; Smith

 

et al.

 

, 1997; Whipps 

 

et al.

 

, 1998) perhaps suggesting that differ-
ent pathotypes exist, further complicating the situation (Huang

 

et al.

 

, 2000; Lebeda and Mieslerová, 1999). Such disparity serves
to highlight the limitations of identification of powdery mildews
by host range alone. It calls for a combination of host-range work,
molecular analyses and detailed morphological characterization
prior to naming a given pathogen.

 

CHEMICAL CONTROL

 

When 

 

O. neolycopersici

 

 appeared it spread rapidly around the
world. All commercial tomato cultivars tested were found to be
susceptible to 

 

O. neolycopersici

 

 (Lindhout 

 

et al.

 

, 1994a, 1994b;
van der Beek 

 

et al.

 

, 1994), and initially, good control of the dis-
ease was only achieved by the use of fungicides. Effective active
ingredients include benomyl, bitertanol, bupirimate, carbendazim,
fenarimol, pyrazophos, thiabendazol, triforine and various sulphur
preparations, although relative efficacy appears to vary (Mieslerova
and Lebeda, 1999). Currently, in the UK, ‘off-label’ approval has
been granted for the use of bupirimate (Nimrod, from Zeneca),
fenarimol (Rubigan, from DowAgrosciences) and sulphur (Thiovit,
from Novartis) (Whitehead, 2001). In addition, we found the qui-
noline fungicide Quinoxyfen (Fortress, from DowAgrosciences),
which is known to prevent infection by other powdery mildews
(Wheeler et al., 2000), showed high efficacy in the inhibition of
both germination and differentiation of O. neolycopersici (Jones,
2001) but we have not undertaken extensive glasshouse tests of
this compound.

PROSPECTS

Resistant cultivars

Over the last decade, much research effort has focused on testing
wild tomato species for their resistance to Oidium neolycopersici
infection. Resistance at various levels has been found in Lycopersicon
cheesmanii, L. chilense, L. chmielski L. hisutum, L. minutum, L.
parviflorum, L. pennelli and L. peruvianum (Huang et al., 1998;
Laterrot et al., 1995; Lindhout et al., 1994a; Mieslerova et al.,
2000). These wild species are grouped into the ‘peruvianum’
and ‘esculentum’ complexes, according to whether they can
be crossed easily with the commercial tomato, L. esculentum
(Rick and Chetelat, 1995). The ‘esculentum’ complex comprises
L. esculentum, L. cheesmanii, L. hirsutum, L. pimpinellifolium,
L. parviflorum and L. pennelli, and these species form the main
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focus of disease resistance screening against O. neolycopersici,
due to the relative ease with which they can be crossed with com-
mercially grown tomato cultivars (Lebeda and Mieslerová, 1999;
Mieslerova et al., 2000).

Particular attention has been paid to resistance in L. hirsutum
(Laterrot et al., 1995; Lindhout et al., 1994a) and the high degree
of disease resistance of a pure line of L. hirsutum was attributed
to the incompletely dominant Ol -1 gene, found to co-segregate
with two other resistance genes (Lindhout et al., 1994b; van der
Beek et al., 1994). Whilst breeding for monogenic resistance
has met with some success, the commercial tomato hybrid DRW
4061 (L. hirsutum × L. esculentum) exhibits variable resistance
to O. neolycopersici (Mieslerova et al., 2000). In addition, resist-
ance to infection by O. neolycopersici has also been found in
L. esculentum var. cerasiforme and appeared to be due to a single
recessive Ol -2 gene (Ciccarese et al., 1998). Clearly, more hybrids
with more durable disease resistance are needed.

Although the ‘esculentum’ complex forms the current focus for
breeding programmes, work on introgressing resistance from the
‘peruvianum’ complex into L. lycopersicon is continuing (Mieslerova
et al., 2000). Lindhout et al. (1994a) propose that the two com-
plexes may carry different mechanisms of disease resistance to
Oidium neolycopersici infection, due to their differing geograph-
ical locations which may have prevented the co-segregation
of resistance genes. Clearly, the basis for the mechanisms of
resistance to O. neolycopersici in these groups deserves further
study.

Biological control

A final area that may develop in the next few years is the use of
biological or integrated control for O. neolycopersici. A number
of mycoparasites with activity against powdery mildews are
known, including Ampelomyces quisqualis, Sporothrix flocculosa,
Stephanoascus rugulosus, Tilletiopsis species and Verticillium
lecanii (Falk et al., 1995; Hajlaoui et al., 1992; Hijwegen, 1992;
Verhaar et al., 1997) and there is the potential to combine these
with foliar sprays of phosphate and potassium salts, acting both
through direct effects on the pathogen and induced resistance in
the plant (Reuveni et al., 1994, 1996). Preliminary experiments
have shown that foliar sprays of Sporothrix flocculosa reduce the
development of O. neolycopersici on tomato in the glasshouse
(J.M. Whipps, unpublished data) and this could be a useful
approach for sustainable control of this pathogen.
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