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Light and electron microscopy were used to describe the mode of penetration by the entomopathogenic
fungus Beauveria bassiana (Balsamo) Vuillemin into corn, Zea mays L. After inoculation with a foliar spray of
conidia, germinating hyphae grew randomly across the leaf surface. Often a germ tube formed from a conidium
and elongated only a short distance before terminating its growth. Not all developing hyphae on the leaf surface
penetrated the cuticle. However, when penetration did occur, the penetration site(s) was randomly located,
indicating that B. bassiana does not require specific topographic signals at an appropriate entry site as do some
phytopathogenic fungi. Long hyphal structures were observed to follow the leaf apoplast in any direction from
the point of penetration. A few hyphae were observed within xylem elements. Because vascular bundles are
interconnected throughout the corn plant, this may explain how B. bassiana travels within the plant and
ultimately provides overall insecticidal protection. Virulency bioassays demonstrate that B. bassiana does not
lose virulence toward the European corn borer, Ostrinia nubilalis (Hübner), once it colonizes corn. This
endophytic relationship between an entomopathogenic fungus and a plant suggests possibilities for biological
control, including the use of indigenous fungal inocula as insecticides.

The fungus Beauveria bassiana (Balsamo) Vuillemin (Deu-
teromycotina: Hyphomycetes) has been reported as a suppres-
sive agent for several insect species worldwide (1, 15). The use
of biological control with microorganisms, including fungi,
against plant pests and diseases has been the major content of
several reviews (9, 15, 40). In North America, B. bassiana is a
natural agent of control for the European corn borer, Ostrinia
nubilalis (Hübner) (1, 10), a serious pest of corn, Zea mays L.
The potential for suppression of O. nubilalis larvae by B. bas-
siana persisting on the phylloplane or within the corn plant has
been proposed (24). Bing and Lewis (4–6, 23) showed that B.
bassiana, applied to whorl-stage corn by foliar application or
injection, colonized, translocated, and persisted in corn plants
to provide season-long suppression of O. nubilalis (26). Field
studies have demonstrated that B. bassiana forms an endo-
phyte with corn, but the potential insecticidal application of
this relationship and the method of colonization of corn by B.
bassiana have not been investigated. Thus, in the present study,
we used light microscopic (LM) and electron microscopic tech-
niques to elucidate penetration and colonization of corn by B.
bassiana.

MATERIALS AND METHODS

The first two leaves from germinated corn seeds of the inbred cultivar B73
were inoculated with B. bassiana conidia. This inbred cultivar is susceptible to
whorl, leaf sheath, and collar feeding by O. nubilalis (18). Plants were grown in
environmental chambers (12-h light/dark cycle; 80% rH) located in the Depart-
ment of Botany, Bessey Hall, Iowa State University, Ames. The micrographs are
representative of approximately 25 leaf samples.

The B. bassiana strain (ARSEF 3113; USDA-ARS Entomopathogenic Fungi
Collection, Ithaca, N.Y.) was originally isolated from the soil on an Iowa State
University research farm in Ankeny and is virulent to O. nubilalis. Fungal cul-
tures, started from dry conidia, were grown on Sabouraud’s dextrose agar in the
dark at 22°C. Approximately every 6 weeks, dry conidia were transferred to fresh
media and allowed to grow to maturity. Every 6 months, the fungal culture was
passed back through O. nubilalis to verify virulency. Conidia were either hand
brushed onto the leaf surfaces or applied by spraying of a conidial solution (final
concentration, 104 spores/ml) by an atomizer. At 12- to 48-h intervals following
inoculation, leaves were chosen for microscopic examination.

For LM and transmission electron microscopy (TEM), young leaves inocu-
lated with B. bassiana conidia were selected, cut into small pieces, and initially
fixed in 2.5% glutaraldehyde–2% paraformaldehyde in phosphate buffer (0.1 M;
pH 7.2) for 2 h at 22 to 24°C. Subsequently, the leaves were fixed in a fresh
fixative solution (for 12 to 24 h) at 4°C. Specimens were rinsed in three changes
of buffer, 10 ml each, and then postfixed in 1% OsO4 for 2 h. The leaves were
washed twice in distilled water for 30 min, dehydrated in a graded ethanol series,
and immersed in a transition fluid of propylene oxide or acetone. Specimens
were infiltrated with an epoxy resin (37) according to the manufacturers’ instruc-
tions for a hard block, cast in aluminum weighing pans, and placed in a 60°C oven
overnight.

Sections for LM were cut at 2 mm with glass knives on a Reichert Ultracut E
or S ultramicrotome. Sections of ;70 to 85 nm were cut with a diamond knife on
a Reichert Ultracut E or S ultramicrotome and collected on 200-mesh copper
grids. Sections were stained with aqueous uranyl acetate (39), followed by lead
citrate (31), and viewed on a JEOL 1200EX scanning TEM (SEM) at an 80-kV
accelerating voltage.

Specimens for conventional SEM were fixed according to the preceding pro-
cedure and then dehydrated in an ethanol series to 100% ethanol. Leaves were
critical point dried in a DCP-1 critical drying unit (Denton Vacuum Inc., Cherry
Hill, N.J.) with CO2. Specimens were coated with gold-palladium (20:80) in a
Polaron E5100 sputter coating unit. Photographs were taken with a JEOL
JSM-35 SEM at 20 kV.

For viewing of leaf surfaces with the wax layer intact, leaf samples previously
inoculated and incubated with aerial conidia or conidia in a solution were
dissected from the corn plant, immediately frozen in liquid nitrogen slush with an
EMSCOPE SP2000A cryounit, and subsequently viewed in the SEM. Cleared
leaves were stained with the fluorescent dye calcofluor white MR2 (27) for
observation of the fungal cell walls. The fungal hyphae on the leaf surfaces were
stained with fluorescent dyes. Excitation wavelengths of 340 to 380 nm and a
barrier filter (430 nm) were used for photography.

Isolate ARSEF 3113 and an isolate from the corn stem proper were grown on
Sabouraud’s dextrose agar to produce dry conidia for a comparison of virulence
to O. nubilalis before and after colonization. Diapausing fifth-instar O. nubilalis
organisms from a laboratory colony were contaminated with dry conidia and then
placed on a laboratory diet in 19-ml plastic cups (25). Four replicates with 30
larvae each were prepared. Cups with larvae were held at 27°C and 70% rH until
a mycosis developed or until insects pupated or died without evidence of a
mycosis. Insects not showing a mycosis were dissected and examined for hyphae.
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Data were subjected to analysis of variance (MSTAT microcomputer statistical
program; Michigan State University, East Lansing, Mich.), and differences be-
tween means were separated with the Student t test (JMP statistics and graphic
guide, version 3.1; SAS Institute, Inc., Cary, N.C.).

RESULTS

Germination of dry conidia occurs after rehydration on the
corn leaf surface. Germ tubes gradually elongated into hyphae
and randomly spread across the leaf epidermal cells (Fig. 1A).
Figure 1B and C illustrate early germination and the formation
of a germ tube from a single conidium. Penetration sites were
observed with both conventionally prepared and cryoprepared
specimens. Some hyphae penetrated the epidermal cell layer.
Often a germ tube elongated only a short distance before
terminating its growth and penetrating the leaf surface (Fig.
1D). A higher-magnification view of a penetration site shows
the hyphae penetrating the epidermis between two cells (Fig.
1E).

Epidermal cells of corn have very dense walls, a large central
vacuole, and typically little or no cytoplasm. Conventional
preparation techniques remove the surface wax, and the
conidia on the leaf surface appear to be separated from the cell
wall by a small distance (Fig. 1F). It is important to ascertain
the number of conidia actually germinating and penetrating
the corn leaf surface. An experiment on infection efficiency was
conducted to count the number of conidia placed on the leaf
surface and the number germinating and also to record the
percentage of developing hyphae actually penetrating the sur-
face. A 20-ml droplet containing on average 35 conidia was
applied to the abaxial surfaces of the leaves. The numbers of
germinating and penetrating conidia were measured after 48 h.
Approximately 3% of the conidia germinated, and less than
1% of these penetrated the leaf surface directly. These results
mirror the many observations with LM and SEM, where al-
though numerous conidia were observed on the leaf surface,
very few actually germinated and fewer still penetrated the
surface. It was rare to observe hyphae growing into the sto-
mates. Hyphae may gain access to the leaf interior through
stomatal openings (Fig. 1G). The typical method of invasion is
directly through the epidermal cell wall and into the leaf inte-
rior, most often at the junction of two epidermal cells. Figure
1H illustrates the complex ultrastructure of a corn leaf epider-
mal cell wall around a penetration hole formed by a B. bassiana
hypha. All penetration sites observed had a narrow neck re-
gion, and distortion of the plant cell wall cuticular ultrastruc-
ture was visible. Penetration of the epidermal cell wall shows
that the plant cell wall is completely breached and the hyphae
grow through the hole (Fig. 1I and J). Examination of hyphae
inside the leaf shows that they grow through the air spaces
between parenchyma cells. No instances of haustorium forma-
tion were observed during this study.

B. bassiana hyphae also were observed in the xylem vessels
with TEM (Fig. 1K). Following this continuous path through-
out the plant, hyphae may travel the length of the plant and
invade other areas not accessible from the primary inoculation
point. B. bassiana may be able to grow from the leaf to the stalk
via the vascular tissues and, therefore, colonize the entire
plant.

Virulence of B. bassiana against O. nubilalis was evaluated
prior to the inoculation of the corn leaves by exposing fifth-
instar O. nubilalis to unlimited numbers of conidia and rearing
the larvae in the laboratory. The mortality rate for fifth-instar
O. nubilalis was greater for larvae that were exposed to the
original soil isolate of B. bassiana (25.7%) before colonization
than for larvae exposed to the isolate from corn stems (18.2%)

after colonization. These differences, however, were not statis-
tically significant (F 5 1.41; df 5 1, 6; P 5 0.28).

DISCUSSION

Nicholson and Epstein (28) stated that attachment of a fun-
gus to a host plant cuticle is essential for penetration, devel-
opment, and successful infection. Many fungal pathogens of
plants and insects produce dry, windborne conidia that must
attach to the hydrophobic outer surfaces of their intended host
before germination and colonization. With B. bassiana, conidia
are deposited on the leaf surface, and germination may follow
two characteristic forms: relatively short hyphal growth fol-
lowed by penetration or extensive mycelial growth and branch-
ing, which may or may not terminate in penetration sites. In
the present study, after initial attachment, the shrunken and
dry conidia imbibed moisture over a 24- to 48-h period. At the
second stage of development (swollen conidia), no adhesive
material was observed attaching the conidia to the corn cutic-
ular surface. The final stage of conidia development is delin-
eated by the emergence of the germ tube. Stomata-penetrating
fungi represent a group of phytopathogens that have evolved
extremely sensitive and precise mechanisms (thigmotropism
and thigmodifferentiation) for perceiving the correct site at
which to develop infection structures. The most notable mor-
phological requirement described to date is that of the height
of the guard cell lip of a bean, which triggers the initiation of
appressorium formation in the rust fungus Uromyces appen-
diculatus (Pers.:Pers.) Unger (17, 41). Most phytopathogenic
fungi gain access into their host by penetration of unwounded
tissue, although some, such as rusts, invade the host via sto-
mata (11). In contrast, data from this study suggest that B.
bassiana does not require precise orientation, as do rust fungi,
to invade a corn plant. Instead, B. bassiana hyphae grow ran-
domly across the surfaces of corn leaves. However, if a natural
opening (e.g., stomata) is encountered, B. bassiana may enter
and invade the plant. Infection sites are indicated by these
apparently terminal hyphae.

B. bassiana exhibited no appressorium-like structures at the
penetration site on corn leaves in this study. Furthermore, no
evidence was seen of a host response to these penetration sites.
Pekrul and Grula (29) also depicted direct penetration by B.
bassiana of the integument of a corn earworm, Helicoverpa zea
(Boddie), without appressorial formation. However, B. bassi-
ana has been shown to form appressoria on the cuticles of
some host insects, such as O. nubilalis, Melolontha melolontha
L. (21), and Leptinotarsa decemlineata (Say) (12, 38). B. bassi-
ana penetrates directly through the corn leaf with the infection
hyphae sharply constricted in the passage area through the
cuticle, suggesting that penetration occurs through a small hole
produced, in part, by enzymatic activity. Penetration of the
plant cuticle may be aided by the mechanical force exerted by
the infection structure (3) or may require the enzymatic dis-
solution of the cuticle, or a combination of both (14, 19). Some
evidence for both models has been based on ultrastructural
observations (20).

Although the histopathology of B. bassiana on insects has
been investigated for more than a century, it is only recently
that the underlying mechanisms involved have begun to be
understood, primarily because of electron microscopy studies
of surface-inoculated material (21). Infection by B. bassiana
has been shown to require direct penetration of the insect host
integument by growing hyphae, apparently facilitated by both
mechanical and enzymatic activity (22, 29, 30, 38). Several
studies have shown that a spectrum of enzymatic activities
against the insect cuticle are detected in conidial preparations
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FIG. 1. (A) Leaf surface and growing hyphae. Bar, 100 mm. (B) Conventionally prepared leaf with conidia and developing germ tube. Bar, 2 mm. (C) Conventionally
prepared leaf with elongating germ tube. Bar, 10 mm. (D) Germinating conidia with short germ tube and penetration site. Bar, 2 mm. (E) Frozen preparation illustrating
hyphal penetration site at cell wall junction and waxy surface of leaf cuticle. Bar, 1 mm. (F) TEM section parallel to leaf surface showing conidium inside epidermal
cell. Arrow indicates epidermal leaf surface (wax cuticular layer has been removed during processing). Bar, 500 nm. (G) Cross section parallel to leaf surface illustrating
stomata with invading hyphae. Bar, 2 mm. (H) Perpendicular section of epidermal cell wall showing cross section of hyphae within wall. Epidermal cell surface at top.
Bar, 500 nm. (I) Penetration site showing hypha moving through cell wall. Bar, 500 nm. (J) Penetration site showing thin hyphal neck and fungal cytoplasm. Bar, 200
nm. (K) Hyphae in corn leaf xylem vessel. Bar, 1 mm.
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of B. bassiana (8, 16, 29, 32–36). Potentially, the primary func-
tion of many of the enzymes associated with conidia, including
those of B. bassiana, is to hydrolyze the epicuticular wax layer
and provide nutrients required for germ tube formation. The
disappearance of the wax layer beneath appressoria of Metar-
hizium anisopliae on the wireworm cuticle indicates enzymatic
activity (42), as do the circular holes around germ tubes of B.

bassiana at the point of entry into H. zea larvae (29). Distor-
tions of the corn cell wall around B. bassiana penetration sites
suggest similar enzymatic activity (Fig. 1H and I).

After B. bassiana penetrates corn, the primary hyphae de-
velop rapidly into a branched, multicellular mycelial network.
Hyphae may grow directly into neighboring epidermal cells
and subtending palisade parenchyma and/or grow into inter-

FIG. 1—Continued.
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cellular spaces. No conidial formation or emergence of B.
bassiana in or from corn plant tissues was observed. Whether
B. bassiana completes a life cycle in the corn plant was not
evident, since no conidia formation was observed during this
study either within the leaves and stems or on the leaf surfaces.

Studies have shown that when B. bassiana is injected into the
corn stem, it colonizes and moves within the plant (4, 6). In
these studies, most of the plants were colonized at the injection
site and B. bassiana was isolated from the node above the
injection site. These data support the idea proposed by Bartlett
and Lefebvre (2) that the succulent pith inside corn is ideal for
growth of B. bassiana. B. bassiana applied to plants by foliar
application or by injection colonized, translocated, and per-
sisted within the plants to provide season-long suppression of
O. nubilalis. Perhaps fungal movement within corn can be
attributed to passive movement of B. bassiana within the xy-
lem. In this study, B. bassiana hyphae were seen within the
vascular elements of the xylem and theoretically could move
throughout the plant via the interconnecting xylem tissues to
colonize the entire plant. No adverse effects on the corn plants
colonized by B. bassiana could be ascertained during this study.
Subsequent experiments have confirmed that B. bassiana is not
a plant pathogen (Leslie C. Lewis, unpublished data).

Virulency of B. bassiana (measured as the mortality rate of
fifth-instar O. nubilalis) did not change significantly once the
fungus colonized the corn plant. Percent mortality was 25 and
18, respectively, for the original isolate and one from corn.
There is a paucity of data on the dose response of O. nubilalis
to isolates of B. bassiana. It is known that first instars are the
most susceptible, with percent mortality ranging up to 100
depending on the dosage and the isolate (13). Results of other
research on virulency of B. bassiana isolates from corn are
reported as percentages of isolates causing mortality of fifth
instars, not as percent mortality of the larvae (7).

Classification of entomopathogenic fungi based on morpho-
logical characteristics requires further knowledge of virulence
and specificity. Electrophoresis and immunoelectrophoresis
studies associated with characteristic reactions of enzymatic
activity are being used to elucidate the mechanisms involved
with host identification, adhesion, and penetration. Under-
standing this unique relationship will be invaluable in the con-
tinued development and use of such fungi to manage insect
pests of corn and other food plants. Given the production of
well-known extracellular antimicrobial metabolites by B. bas-
siana, some protection against plant pathogens may exist be-
cause of this endophytic relationship, suggesting possibilities
for biological control, including the use of indigenous fungal
inocula as “symbiotic insecticides.”
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