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Received September 18, 1998; accepted March 9, 1999
c
c
a
l
t
h
d
h
c

i
a
i
(
r
r
p
1
r
c
p
a
d
p

t
g
s
s
c
a
n
l
t
p
t
1
e
i
d

Chronological events of the interaction between the
yphomycete Verticillium lecanii and the potato aphid
acrosiphum euphorbiae were investigated by light,

canning, and transmission electron microscopy. The
arasitism of M. euphorbiae by V. lecanii appears to

nvolve the following events: (i) adherence of conidia
o the host cuticle through a thin mucilagenous ma-
rix; (ii) germination of the conidia and production of
ycelium that colonizes the surface of the cuticle; (iii)

enetration of germ tubes into the aphid cuticle 24 h
fter application of the pathogen; (iv) extensive lateral
evelopment of hyphae accompanied by pronounced
egradation of the cuticular layers by 72 h. Labeling
ith the WGA/ovomucoid–gold complex showed that
enetration and colonization of the cuticle by the
ungus resulted from localized enzymatic hydrolysis,
ikely through the synergistic action of chitinases and

echanical pressure; (v) production of blastospores
nd massive invasion of aphid internal tissues; (vi)
ssimilation of nutrients and accumulation of lipids by
ungal cells; and (vii) production of conidiophores and
elease of the fungus from aphid cadavers. These
bservations bring further insights into the mecha-
isms by which V. lecanii parasitizes M. euphorbiae.
hey also provide a basis for comparing the modes of
ction of V. lecanii against hosts from fungal and
nimal origins. r 1999 Academic Press

Key Words: Aphididae; biological control; chitinase;
euteromycete; electron microscopy; entomopatho-
enic fungus; gold cytochemistry; histopathology; Ho-
optera.

INTRODUCTION

Entomopathogenic fungi vary considerably in their
odes of action, virulence, and degree of host specificity

Clarkson and Charnley, 1996; Federici and Maddox,
996). Successful infection is thought to depend primar-
ly on the fungal ability to adhere to and penetrate the
ost tegument (Fargues, 1981; Boucias and Pendland,

984, 1991; Charnley, 1989; St Leger, 1993). Fungi are

1

onstrained by the complex structure of the insect
uticle and, typically, a variety of extracellular enzymes
re involved in the degradation of proteins, chitin, and
ipids (Charnley, 1984; St Leger et al., 1988; Khacha-
ourians, 1991; St Leger, 1993). Furthermore, once the
ost hemocoel has been invaded, a number of other
eterminants such as the fungal capacity to fend off the
ost defence reactions and feed on the host tissues
ould also affect the efficacy of the pathogen (Vey, 1984).
The hyphomycete Verticillium lecanii (Zimm.) Viégas

s ubiquitous and has a wide host range. It has the
bility to develop successfully in several hosts belong-
ng to the Nematoda (Meyer et al., 1990), Arachnida
Jun et al., 1991), and Insecta (see Hall, 1981 and
eferences therein). V. lecanii is also a mycoparasite of
ust (Allen, 1982; Spencer and Atkey, 1981) and other
hytopathogenic fungi (Raghavendra-Rao and Pavgi,
977; Hall, 1980; Askary et al., 1997). Despite its
emarkable host spectrum and potential as a biological
ontrol agent of arthropods (Hall and Burges, 1979),
lant pathogens (Whipps, 1992; Verhaar et al., 1996),
nd plant-parasitic nematodes (Meyer and Meyer, 1996),
etailed information regarding the host specificity and
athogenicity of V. lecanii is still lacking.
As with other plant and arthropod pathogens, varia-

ions in pathogenicity of V. lecanii are related to various
rowth characteristics and enzymatic activities. Jack-
on et al. (1985) reported that high germination and
porulation rates as well as production of extracellular
hitinases correlated with virulence of V. lecanii to the
phid Macrosiphoniella sanborni. However, there was
o relationship between virulence and extracellular

ipase and protease activities, whereas amylase produc-
ion was associated with avirulent isolates. V. lecanii
athogenesis also involves production and diffusion of
oxins with insecticidal properties (Claydon and Grove,
982; Gindin et al., 1994). However, the precise role and
xtent to which these toxins influence the pathogenic-
ty and host range of V. lecanii remain ambiguous and
eserve to be investigated more fully.

A recently identified strain of V. lecanii, DAOM

0022-2011/99 $30.00
Copyright r 1999 by Academic Press
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2 ASKARY, BENHAMOU, AND BRODEUR
98499, has the capacity to infect, develop, and repro-
uce on both arthropods and fungi. Experimental evi-
ence indicated that the potato aphid, Macrosiphum
uphorbiae Thomas and the fungus Sphaerotheca fuligi-
ea (Schlechtend: Fr.) Pollaci, the causal agent of
ucumber powdery mildew, were susceptible to infec-
ion by V. lecanii strain DAOM 198499 (Askary et al.,
998).
In a previous paper, we described the intercellular

nteractions between V. lecanii and cucumber powdery
ildew (Askary et al., 1997). Ultrastructural and cyto-

hemical techniques revealed that following attach-
ent of V. lecanii hyphae to powdery mildew struc-

ures, the antagonist exerted mechanical pressure and
roduced cell-wall degrading enzymes such as chitin-
ses to enter the pathogen. Penetration was followed by
saprophytic phase. At the end of the interaction, V.

ecanii was released from dead cells of S. fuliginea. The
resent study was undertaken to examine the mecha-
isms of pathogenesis of V. lecanii infecting the potato
phid. Ultrastructural and cytochemical approaches
ere used to describe the chronological events leading

o complete aphid invasion by the fungus. Of special
ignificance, we have adapted a cytochemical labeling
echnique, which is routinely used to study the distribu-
ion of chitin in plants and fungi (Benhamou, 1989), to
ollow the cellular changes associated with a chitino-
ytic activity in the aphid. This work provides a basis
or further understanding and comparing the modes of
ction of V. lecanii against hosts from fungal and
nimal origins.

MATERIALS AND METHODS

Fungal and insect cultures. V. lecanii, strain DAOM
98499, was originally isolated from codling moth
arvae, Cydia pomonella, collected in Québec, Canada
Askary et al., 1998). The fungus was grown in liquid
erobic cultures in yeast–malt–peptone–dextrose
YMPD, DIFCO; Fisher Scientific, Montreal, Canada)
n a rotary shaker at 1500 rpm and 24°C. Conidial
uspensions were obtained from 4-day-old cultures by
ltering the culture medium through sterile cheese-
loth for elimination of mycelia. Conidial concentration
as adjusted with sterile water to 1 3 107 spores/ml
sing a hemacytometer. This concentration is known to

nfect 100% of potato aphids treated (Askary et al.,
998). Triton X-100 (Rohm & Haas Co., Saint-Louis,
O) was added as a wetting agent at a concentration of

.04 (v/v) to the inoculum.
M. euphorbiae colonies, established from individuals

ollected near Québec City, were reared on potato
lants, Solanum tuberosum L., cv Norland, at 20 6
.5°C, 65 6 10% RH, and a photoperiod of 16:8 (L:D).
est aphids of a specific age class were obtained by

ransferring parthenogenetic aphid females to nonin- l
ested plants. After 24 h, females were removed and
eonate nymphs were reared as a synchronous cohort.

Aphid inoculation. Third instar aphids were placed
n groups of 15 on potato seedlings and sprayed to
etness with 5 ml of the conidial suspension of V.

ecanii. Controls consisted of aphids treated with 0.04%
riton X-100. Following treatment, aphids were air
ried and reared in a growth chamber at 21 6 0.5°C,
9 6 1% RH, and a photoperiod of 16:8 (L:D). A total of
1 replicates with 15 aphids/replicate were prepared
or sampling. Details of the methodology are given in
skary et al. (1998).

Scanning electron microscopy. Germination and de-
elopment of V. lecanii on aphid cuticle were observed
4, 48, and 72 h after inoculation by scanning electron
icroscopy (SEM). Samples of infected aphids were

apor-fixed with 1% osmium tetroxide (w/v) in 0.1 M
hosphate buffer at pH 7.2 in a petri dish sealed for 24
at room temperature. They were then mounted on

luminium studs and sputter-coated with nickel to a
hickness of about 20 µm and examined with a scan-
ing electron microscope (JEOL, JSM 840A) operating
t 10 kV. Micrographs were taken on Polaroid Type 52
ositive film with UV-haze and 02 orange filters.

Tissue processing for light and transmission electron
icroscopy. V. lecanii-treated aphids were collected

2, 24, 36, 48, 72, 96, and 120 h after inoculation,
hereas control aphids were collected only once, i.e.,
20 h after treatment. For each observation period, ca.
5 aphids were sampled. They were immersed in 1.5%
v/v) glutaraldehyde in 0.1 M phosphate buffer at pH
.2 for 48 h at 4°C. They were then transferred for 3 h in
he same fixative, but at a concentration of 3% (v/v).
ollowing extensive washing with phosphate buffer,
phids were incubated for 3 h in 1% (v/v) osmium
etroxide in the same buffer at 4°C. They were then
ehydrated in a series of ethanol solutions graded in
0% steps and embedded in Epon 812. Semithin sec-
ions (1 µm) were mounted on glass slides and stained
ith 1% (w/v) aqueous toluidine blue. Ultrathin sec-

ions (0.1 µm) were mounted on Formvar-coated nickel
rids and either stained with aqueous uranyl acetate
nd alkaline lead citrate for 7 min or processed further
or cytochemical labeling.

Semithin samples were examined with a Zeiss Axio-
cope microscope (Thornwood, NY), whereas ultrathin
amples were examined with a JEOL 1200 EX Trans-
ission Electron Microscope (Tokyo, Japan) with an

ccelerating voltage of 80 kV. For each observation
eriod, 4–6 sections from 10 different aphids (a total of
0–50 sections/sampling period) were examined under
he microscopes.

Chitin labeling. A two-step procedure was used for

abeling chitin with wheat germ agglutinin (WGA;
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3INVASION OF THE POTATO APHID BY Verticillium lecanii
igma Chemical Co., St. Louis, MO), a lectin with
-acetylglucosamine-binding specificity (Benhamou,
989). Ovomucoid (Sigma Chemical Co.), a high-
olecular-weight glycoprotein from egg white, was

hosen (given its specific binding affinity for WGA) as a
econd-step reagent and was complexed to colloidal
old at pH 5.4. The colloidal gold suspension was
repared as described by Benhamou (1989).
For cytochemical labeling, sections were first incu-

ated on a drop of phosphate-buffered saline (PBS) at
H 7.2 for 5–10 min and then transferred to a drop of
GA (4 µg/ml) in PBS, pH 7.2, for 30 min at 23–24°C in
moist chamber. Following washing with PBS, sections
ere incubated on the gold-complexed ovomucoid (1:80

n PBS-polyethylene glycol [PEG]) for 30 min. Sections
ere washed with PBS, rinsed with distilled water, and

hen stained with uranyl acetate and lead citrate as
reviously described.
In order to assess the specificity of labeling, sections
ere first incubated on WGA which was previously
dsorbed with N-N8-N9-triacetylchitotriose (1 mg/ml in
BS, pH 7.2) and then transferred to the ovomucoid–
old complex.

RESULTS

canning Electron Microscopy

SEM observations indicated that hyphae of V. lecanii
apidly colonized the host cuticle (Fig. 1), with conidia
dhering to all aphid parts. A single germ tube emerged
rom each conidium and typically extended up to a
ertain distance before further branching or penetrat-
ng (Fig. 1A). A mucilagenous coat was also seen along
erm tubes (not shown). By 24 h after inoculation,
olonies of conidia, germination tubes, and well devel-
ped mycelium with septate hyphae were found to
bundantly colonize the entire cuticular surface of the
phid and to establish close contact with the host
tructures, such as seta (Fig. 1B).
Although potential host penetration sites could be

een (Fig. 1B, arrow), it was not possible to obtain clear
vidence for this process through SEM, mainly because
ites of entry in the host were masked by wax particles
overing the aphid cuticule.

ight Microscopy

Light microscope investigations of sections from colo-
ized aphids provided an overview of the chronologial
vents involved in the interaction between V. lecanii
nd the potato aphid. By 24 h after inoculation, conidia
erminated and hyphae started to develop at the
urface of the aphid host (Fig. 2A). V. lecanii was
requently found to form locally dense colonies of
yphal bodies at the surface of the cuticle (Fig. 2B).

lthough evidence of host penetration could not be a
etected by light microscopy, further observations
hrough TEM showed that the fungus had the capacity
o enter the host as early as 24 h after contact with the
phid (see below).
Two days following inoculation, host invasion by

irect penetration of the aphid cuticle was observed.
he aphid integument was markedly damaged and fat
odies were colonized (Fig. 2C). Concomitantly to the
olonization of the aphid tissues, V. lecanii multiplied
ctively on the cuticle, leading, in some cases, to
porulation of the fungus (not illustrated).
By 96 h after treatment, hyphae of V. lecanii totally

nvaded the host hemocoel and proliferated in a num-
er of other tissues and organs, including the hemo-
ymph, fat bodies, gut, and embryo (Fig. 2D). By 120 h
fter inoculation, the aphid integument and other
issues were almost entirely invaded by V. lecanii
yphae (Fig. 2E). This latest stage of fungal develop-
ent correlated with the sporulation phase, as evi-

enced by the emergence and proliferation of hyphal
odies over the entire surface of the dead host.

ransmission Electron Microscopy

Fine structure of V. lecanii. Conidia are ovoid (2.3–
.5 3 0.9–1.6 µm) and hyphae developing on the aphid
uticle measure approximately 1.8–2.6 µm in diameter.
hey have bilaminar walls composed of an electron-
ense outer layer, and a thicker electron-transparent
nner layer (Fig. 3A). The inner layer of both conidia
nd hypha walls, as well as the transverse septa of
yphae, were labeled by the WGA/ovomucoid–gold
omplex (Fig. 3A).

Spore adhesion and cuticular penetration. TEM
bservations confirmed that V. lecanii conidia and
yphae adhered to the host through a mucilaginous
atrix which extended to adjacent conidia and reached

he aphid cuticle at the interfacial region (Fig. 3A).
otably, no obvious alteration of the cuticle was de-

ected at this stage of the infection. Two principal
ayers can be observed: a peripheral, thin epicuticle
0.12 µm) and a wider underlying procuticle (1.5–4 µm)
Figs. 3A and 3D). Chitin is laid down helically, giving
ise to a laminated structure as seen in the procuticle
Figs. 3D and 3E). After incubation with the WGA/
vomucoid–gold complex, the procuticle was abun-
antly and regularly labeled by gold particles, whereas
he epicuticle was free of labeling (Fig. 3A). The muci-
agenous matrix also remained unlabeled (Fig. 3A).

Germ tubes and hyphae were observed over the
ntire aphid body, but penetration sites were hardly
een. Because fungal cells were detected in the cuticle
y 24 h after inoculation, it is reasonable to assume
hat penetration occurred by that time (Figs. 3B and
C). Penetration through the epicuticle took place

pparently in the absence of appressorial-like struc-
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FIG. 1. Scanning electron micrographs of the cuticle (Cu) of Macrosiphum euphorbiae, 48 h after inoculation with Verticillium lecanii (V).
A) Conidium (Sp) adhering to the aphid cuticle and germination tube (Gt). (B) Development of hypha on the aphid cuticle and around seta
Se). Note the possible site of penetration (P, arrow). (A) 32500; bar, 10 µm. (B) 34000; bar, 1 µm.
FIG. 2. Light micrographs of Macrosiphum euphorbiae infected by Verticillium lecanii (V). (A and B) Longitudinal section of the aphid
bdomen, 24 h after inoculation. Conidia, germination tubes and hyphae develop on the aphid cuticle and form locally dense mycelium. Fb, fat
ody; G, gut. (A) 3100. (B) 3400. (C and D) Longitudinal sections of the aphid abdomen, 48 and 96 h after inoculation, respectively. (C) Hyphae
enetrate the host integument and colonize the procuticle (arrows). Several hyphae have already reached the fat body. 3400. Int, integument;
, muscle. (D) Blastospores proliferate in the hemolymph and rapidly colonize the entire aphid abdomen. They are found within and at the

eriphery of the gut (G), embryo (Em), or blood circulatory system. 3100. (E) Transverse section of the aphid thorax, 120 h after inoculation
ith V. lecanii (V). The pathogen has completely invaded the aphid tissues. At this stage of infection, V. lecanii reemerges from its host, forms

ycelium on the surface of the cuticle, and sporulates. 3100.
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7INVASION OF THE POTATO APHID BY Verticillium lecanii
ures. Germ tube ingress occurred through direct pen-
tration of the epicuticle (Fig. 3G), which appeared
arkedly damaged as judged by its loosened structure

Fig. 3G). Residues of the mucus layer from the germ
ube could occasionally be seen over the cuticle at
enetration sites (Fig. 3G).
After breaching the procuticle, hyphae expanded and

ormed large cells (Figs. 3D, 3F, and 3G). Subsequent
olonization of the aphid integument involved lateral
evelopment of the fungus between the helicoidal lay-
rs of the procuticle. Fungal growth was then governed
ot only by mechanical forces (Figs. 3C and 3E) but also
y enzymatic (chitinase) degradation of procuticle com-
onents (Figs. 3D and 4). Incubation with the WGA/
vomucoid–gold complex resulted in an irregular distri-
ution of gold particles around the tips of penetrating
yphae. Occasionally, the outer layer of the penetrant
yphae were more or less surrounded by dense materi-
ls probably associated with melanized areas (Fig. 3C).
By 48 h after treatment with V. lecanii, the procuticle
as markedly altered as shown by the disorganization
f the helicoidal features and the decrease of gold
abeling in the area of infection (Fig. 3D). Fungal
yphae developed so abundantly that they induced

oosening of the procuticle (Fig. 3E). By 72 h after
noculation, the host procuticle suffered from severe
amage (Figs. 3F and 3G). Structural degradation was
ronounced in many places and laminar features nearly
isappeared even at a distance from the fungus. In
ontrast, the epicuticle showed little disruption.
Hyphae of V. lecanii were also observed growing

aterally between new and old cuticle during aphid
oulting (Fig. 4A). By 120 h after inoculation, the

phid integument was almost entirely invaded and
igested by hyphae (Fig. 4B). Labeled fibrillar frag-
ents were the only indication of the preexisting

ntegument.

Colonization of internal host tissues. Concomitantly
o the colonization of the aphid integument, numerous
yphae of V. lecanii also invaded the host haemocoel
Fig. 5A). These hyphae, named blastospores, origi-
ated from the penetrant hyphae of the procuticle but
iffered in morphology. They were either spherical or
od shaped, larger (2.5–5 µm in diameter), and con-
ained a larger number of lipid globules than those

FIG. 3. Transmission electron micrographs of the interaction bet
fter inoculation. (A) The fungus adheres to the host cuticle (Cu) th
athogen are labeled by the WGA–gold ovomucoid complex. 310000;
he aphid cuticle. A penetrant hypha (Ph), which can be seen in the ho
Cu). (B) 32000; bar, 2 µm. (C) 310000; bar, 0.5 µm. (D and E) 48 h a
yphae. Labeling is locally disrupted near the hypha, as evidenced by
he aphid procuticle occurs through mechanical pressure. 38000; bar
tage of the infection, the aphid procuticle (Cu) is heavily colonized b
igested cuticle is seen (arrows). Note the residue of the mucus lay

GA/ovomucoid gold–complex shows a decrease in labeling over the alte
bserved in the earlier stages of infection (Figs. 5A and
A). They were first detected in the hemocoel 24–48 h
fter inoculation (Figs. 2C and 5C). Blastospores rap-
dly reproduced and dispersed throughout the aphid
issues, mainly in the hemolymph (Fig. 5A).

Ninety-six hours after inoculation, V. lecanii occu-
ied nearly all host cavities and colonized most internal
issues. Fat body and epidermal cells were rapidly
olonized and depleted from their cytoplasmic content
Figs. 5A and 5B). Hyphae also parasitized muscles,
hich exhibited a higher electron density at the sites of

ontact with the pathogen (Figs. 5A and 5D). The
racheoles (Fig. 5C) and gut (Fig. 2D) began to be
nvaded only after hemocoel colonization and following

significant increase in blastospore concentration.
imilarly, the fungus invaded the embryos (Fig. 5E),
robably through mechanical pressure and enzymatic
uticle degradation (Fig. 5F). Although not primarily
esigned to examine host defense reactions to fungal
nvasion, our study did not provide any strong evidence
f either melanization or encapsulation by aphids.

Sporulation on the host. All aphids were dead by 5
ays after inoculation. Most aphid tissues were disinte-
rated and the hemocoel was filled with blastospores.
xcept at sites of entry and release of penetrant hyphae
nd conidiophores, the epicuticle was the only recogniz-
ble structure (Fig. 6A). As previously shown by light
icroscopy, the aphid integument was almost entirely

nvaded by hyphae by 120 h after inoculation (Fig. 6A).
Blastospores located beneath the aphid tegument

roduced conidiophores that were directly released
hrough the cuticle, via the formation of a narrow peg
0.6–0.7 µm in diameter) (Fig. 6B). Channels of release
ere narrower than the hyphal diameter (Fig. 6C).
onidiophores were formed directly on the surface of

he cuticle (Fig. 6D) and emerged from all parts of the
phid.

DISCUSSION

The present study describes the infection process of
he potato aphid, M. euphorbiae by the hyphomycete V.
ecanii, strain DAOM 198499. In most respects, these
bservations are consistent with the commonly de-
cribed sequence of events that characterizes other

en Macrosiphum euphorbiae and Verticillium lecanii (V). (A–C) 24 h
gh a mucilagenous matrix (Fm). Cell wall (Cw) and septa (S) of the
, 0.5 µm. (B and C) Hyphae develop abundantly and form colonies on
tegument (arrow) (B), has damaged the integrity of the insect cuticle
inoculation. (D) Procuticular layers are disorganized (arrow) by the
er densities of gold particles. 310000; bar, 0.5 µm. (E) Disruption of

µm. M, muscle. (F and G) 72 h after inoculation. At a more advanced
phae. A penetration site, characterized by the locally depressed and
ver the cuticle at the penetration site (Fig. 4G). Labeling with the
we
rou
bar
st in
fter
low

, 1
y hy
er o
red procuticle. (F) 34000; bar, 2 µm. (G) 310000; bar, 0.5 µm.
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8 ASKARY, BENHAMOU, AND BRODEUR
ntomopathogenic fungal infections (Charnley, 1989).
hey complement the microscopical study of Schreiter
t al. (1994) who examined at the ultrastructural level
he interaction between V. lecanii and the western
ower thrips, Frankliniella occidentalis (Thysanop-
era: Thripidae). However, our findings are novel and

FIG. 4. Transmission electron micrographs of the interaction betw
noculation. During aphid moulting, V. lecanii grows and invades late

agnification 35000; bar, 1 µm. (B) 120 h after inoculation. At this
ntirely invaded by V. lecanii hyphae. The laminar structure of the int
he breakdown of the procuticle, as evidenced by the release of gold pa

FIG. 5. Transmission electron micrographs of the invasion of M
erticillium lecanii (V). (A) Host tissues such as fat body (Fb) and m
agnification 32000; bar, 2 µm. (B) A disorganized fat cell is depl

racheoles (Tr) from the respiratory system are colonized by blastosp
y the presence of large and abundant lipid droplets in blastospores. O
hrough fibrillar sections of the aphid muscles (M). Muscle tissues a
8000; bar, 1 µm. (E and F) The fungus breaches the ovariole sheath (

riginal magnification 32500; bar, 2 µm. (F) Original magnification 365
riginal in various respects. Of significance, they pro-
ide the first indirect evidence for the action of cuticle-
egrading chitinase in vivo. Furthermore, they bring
ew insights into the question of V. lecanii host range
hrough a possible comparison of the mechanisms
nderlying V. lecanii pathogenesis in insect (this study)

n Macrosiphum euphorbiae and Verticillium lecanii (V). (A) 96 h after
ly the area between the old (Cu1) and the new cuticle (Cu2). Original
e the aphid is moribund or dead and the aphid procuticle is almost
ment has nearly disappeared. Labeling is locally disrupted following

cles (arrow). Original magnification 315000; bar, 0.5 µm.

rosiphum euphorbiae internal tissues 96 h after inoculation with
cles (M) are heavily colonized by blastospores and hyphae. Original
d of cytoplasm (Cy). Original magnification 38000; bar, 1 µm. (C)
s. Accumulation of nutrients taken from the host tissues is evidenced
inal magnification 35000; bar, 1 µm. (D) The fungus grows laterally

electron-dense at the sites of fungal contact. Original magnification
and penetrates the aphid embryo (Em) through the integument (Cu).
ee
ral
stag
egu
rti
ac
us
ete
ore

rig
re
Ov)
00; bar, 1 µm.
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FIG. 6. Transmission electron micrographs of the interaction bet
ungal inoculation. (A) The aphid hemocoel (H) is completely invaded
ittle disruption. Original magnification 32000; bar, 2 µm. Co, conidio
Cu). Original magnification 312000; bar, 0.5 µm. (C) An emerging co
ween Macrosiphum euphorbiae and Verticillium lecanii (V) 120 h after
by blastospores, and most host tissues are altered. The epicuticle shows
sphore. (B) A hypha forms a peg (arrow) which grows through the cuticle
nstricted hypha (arrow) grows through the host integument, disrupting

he cuticle (Cu). Original magnification 312000; bar, 0.5 µm. (D) Following release, the fungus forms a conidiophore (Co) at the surface of the

phid cadaver. Original magnification 34000; bar, 2 µm.
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11INVASION OF THE POTATO APHID BY Verticillium lecanii
nd fungal (Askary et al., 1997) hosts. Although such a
omparative approach is not the primary task of the
resent report, we will briefly discuss some of the
ifferences observed between hosts.

Course of infective events. The process of M. euphor-
iae infection by V. lecanii followed a sequence of events
anging from the exposure of the host to conidia to the
elease of conidiophores from aphid cadavers. Based on
he current microscopical observations, these events
nclude (i) adherence of conidia to the host cuticle, (ii)
ermination of the conidia and production of either
erm tubes or branched hyphae that colonize the
urface of the cuticle, (iii) penetration of germ tubes
nvolving mechanical pressure and production of cuticle-
egrading enzymes, such as chitinases, (iv), extensive

lateral’ colonization of the procuticle, (v) production of
lastospores and massive invasion of the aphid hemo-
ymph and other internal tissues, (vi) direct assimila-
ion of nutrients and accumulation of lipids, and (vii)
roduction of conidiophores through the host integu-
ent and release of the fungus from aphid cadavers.
One typical feature of the developmental process of V.

ecanii is the overlap of certain stages of infection. For
xample, under favorable environmental conditions,
he fungus may proliferate simultaneously both on the
urface of the aphid cuticle and within the aphid body.
s a consequence, sporulation may originate from
onidiophores emerging from the host integument or
rom those produced by hyphae developing on the
uticle.

Exploitation of the cuticle surface. In agreement
ith earlier observations by Schreiter et al. (1994), but
typical of other entomophagous hyphomycete fungi
Charnley, 1989), V. lecanii hyphae extensively colo-
ized the insect cuticle prior to and concomitant with
ost penetration and infection. At this stage of parasit-

sm, the fungus developed as a saprophyte by produc-
ng branched and septate hyphae that ramified at the
ost surface and sporulated. The degree of fungal
yphal development on the surface of the host may
epend on abiotic factors (ambient relative humidity)
nd nutrient availability (waxes, exuviae). It might be
nergetically more difficult for V. lecanii to penetrate
he cuticule than to exploit the easy nutrients first.
uch a strategy may allow the fungus to take advan-
age of a wide range of structural components of the
uter layer of the epicuticle, such as amino acids, fatty
cids, and hydrocarbons (Charnley, 1989). This phenom-
nom is likely to play a significant role in the develop-
ent of epizootics. The early and continuous produc-

ion of a large number of readily released spores at the
urface of the infected host likely facilitates spread of
he fungus in insect populations or phytopathogen
olonies when environmental conditions are favorable

Heale, 1988). Furthermore, development of a dense t
ycelium at the surface of the cuticle also increases
ungal inoculum, thereby enhancing the probability of
nding suitable sites for host penetration.
Germination of conidia and development of hyphae

n the host tegument is regulated by physicochemical
nd nutritional parameters (Boucias and Pendland,
991). The extent to which extensive and saprophytic
xploitation of the host surface influences the host
ange of V. lecanii strain DAOM 198499 is unknown.
resumably, the saprophytic phase promotes the evolu-

ion and persistence of polyphagy of pathogenic fungi.

Penetration and emergence behavior. Schreiter et
l. (1994) reported that thrips cuticle was breached by a
arrow peg during the V. lecanii penetration phase.
uch a penetration structure could not be seen in the
ase of V. lecanii, strain DAOM 198499, invading the
otato aphid. One might argue that such a difference is
elated to the relative physical fragility of the host
arrier. Penetrant hyphae do not need to develop
pecific structures when invading integument of soft-
odied aphids (this study) or cell wall of fungal patho-
ens (Askary et al., 1997), as opposed to the penetrant
egs observed when entering the well-sclerified cuticle
f thrips. However, why are well-developed pegs pro-
uced at sites of conidiophore release in infected aphids?
oettel et al. (1989) showed that, while colonization of

he insect procuticle by Metarhizium anisopliae in-
olved both enzymatic and mechanical activities, pen-
tration of the epicuticle was primarily achieved by
nzymatic degradation. We found no evidence of mucus
roduction by blastospores and, consequently, reemerg-
ng fungi cannot rely on functional mucilaginous ma-
rix to ensure the diffusion of epicuticle-degrading
nzymes. The fungus would therefore be more depen-
ent on mechanical forces to breach the epicuticle, as
uggested by the production of emerging pegs. At this
oint, we do not have experimental evidence to support
his hypothesis. This could be achieved only through a
etailed study of the enzymatic and mechanical forces
nvolved in fungus reemergence from host cadavers.
he absence of a mucilaginous matrix does not imply

hat extracellular enzymes are not involved in emer-
ence behavior of V. lecanii.

Chitinolytic activity. Goldcytochemistry is of particu-
ar relevance and commonly used to explore extracellu-
ar enzymatic activities of plant pathogens (Benhamou,
989). This method was first applied in vitro for entomo-
athogenic fungi by Goettel et al. (1989), who examined
he production and role of a cuticle-degrading protease
ecreted by M. anisopliae infecting the tobacco horn-
orm, Manduca sexta (see St Leger, 1993 for review).
xploiting the same experimental system, St Leger et
l. (1996) used immunogold labeling to investigate in
itro the distribution and diversity of chitinases from

hree entomopathogenic fungi during cuticle invasion.
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12 ASKARY, BENHAMOU, AND BRODEUR
o our knowledge, labeling chitin with the WGA/
vomucoid–gold complex provides the first experimen-
al evidence of chitinase activity in insects infected by a
ungus.

Although preliminary, our cytochemical observations
evealed that chitinase activity was apparently intense
uring fungal invasion of the procuticle. The distribu-
ion and decreased concentration of gold particles in
he areas surrounding the penetrant hyphae clearly
ndicated an extracellular diffusion of chitinases. These
bservations complement those of St Leger et al. (1986,
987, 1996), who further suggested that chitinases and
roteases acted synergistically to degrade the insect
ntegument. The authors hypothesized that chitin was

ade available only after degradation of encasing
uticle proteins by various proteases. In contrast, chiti-
ase activity was required at the initial stage of
ucumber powdery mildew infection by V. lecanii
Askary et al., 1997). Pathogen cell invasion by V.
ecanii results from mechanical pressure and produc-
ion of cell membrane hydrolytic enzymes such as
hitinases. Further work is required to better assess
he regulation of chitinase production during the course
f host infection by entomopathogenic fungi. For one
hing, the role of chitinases in invading internal insect
issues remains unexplored.

Our results demonstrate a direct correlation between
he rate of chitin degradation and time post-inocula-
ion. Chitin labeling with the WGA/ovomucoid–gold
omplex provided further evidence of chitinase activity
uring cuticle colonization by V. lecanii. Our observa-
ions showed the release of gold particles by 48 h
ost-inoculation and the decrease in labeling by 72 h
fter inoculation. This alteration of the chitin compo-
ent at a time when the fungus was already established

n the aphid tissues suggests that chitinase hydrolytic
ctivity is a secondary event probably preceded by
ther enzymatic activities. This concept is in agree-
ent with recent results obtained by St Leger et al.

1996), who suggested that proteases, more likely than
hitinases, initiate cuticle degradation.
Major gaps exist in our knowledge of the mechanisms

nderlying parasitic fungal host specificity (Clarkson
nd Charnley, 1996). For one thing, more attention
ust be devoted to the molecular and biochemical

eterminants of fungal host specificity. Evidence is
rovided from cytochemical and ultrastructural studies
hat V. lecanii, strain DAOM 198499, has evolved
eneral traits to parasitize fungal pathogens (Askary et
l., 1997) and insect hosts (this study). An important
omponent of future studies should be devoted to the
ole of phylogenetic and ecological constraints in the
xpression of host range by parasitic fungi. Efforts
hould also be directed toward obtaining a better
nderstanding of the role, physical properties, and

iochemical composition of the mucilaginous matrix at
he interface between V. lecanii and the host. Further-
ore, the potential of V. lecanii, strain DAOM 198499,

s an efficient biological control agent of both arthro-
ods and fungi warrants further investigation.
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