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Ultrastructural Localization of a Cuticle-degrading Protease Produced by
the Entomopathogenic Fungus Metarhizium anisopliae during Penetration
of Host (Manduca sexta) Cuticle
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Gold-labelled rabbit antiserum was used to demonstrate that a cuticle-degrading protease (Prl)
is produced by Metarhizium anisopliae during penetration of host ( Manduca sexta) procuticle.
The protease was secreted by infection structures (appressoria) on the cuticle surface and by the
penetrant hyphae within the cuticle. Penetration of the procuticle was by a combination of
enzymic degradation and mechanical pressure. Initially Prl was confined to the immediate
vicinity of the fungal structures; however the enzyme diffused throughout the cuticle during
later stages of pathogenesis. When hyphae were labelled during growth in culture under
conditions conducive to rapid synthesis of Prl, gold particles distributed over the fungal cell
wall, indicating binding of Prl to hyphae.

INTRODUCTION

The mode of penetration of fungal pathogens into their plant and animal hosts has been a
matter of controversy for many years (Charnley, 1984; Van den Ende & Linskens, 1974).
Penetration was considered to be accomplished by mechanical force if the cuticle was depressed
inwards at the point of penetration or if cuticular structures appeared to be pushed aside by
fungal growth. Lack of such a depression and the appearance of digestion was taken as evidence
of enzymic penetration. However, evidence obtained from the plant pathogen Fusarium solani
has shown that these two mechanisms are not mutually exclusive; ultrastructural studies with
ferritin-conjugated antibody prepared against a plant cell wall degrading enzyme (cutinase)
demonstrated the presence of the enzyme during penetration of host cuticle in conjunction with
mechanical pressure (Shaykh et al., 1977).

The major structural component of insect cuticle is protein, and recently it was shown that the
entomopathogenic fungus Metarhizium anisopliae produces a cuticle-degrading protease with a
chymoelastase specificity (Prl) on the surface of host cuticle during the infection process (St
Legeretal., 1987 a, b). Treating host cuticles with antisera against Prl or with specific inhibitors
of Prl activity greatly reduced infection (St Leger et al., 1988a).

A previous ultrastructural study of insect cuticle infected with M. anisopliae demonstrated
apparent zones of histolysis around infection structures (Zacharuk, 197054). Using gold-labelled
rabbit antisera to M. anisopliae chymoelastase Pr1, we have followed the fate of this enzyme as it
is synthesized by infection structures. The results suggest that penetration of the epicuticle is
primarily by enzymic degradation while penetration of the procuticle involves both enzymic
degradation and the mechanical separation of the lamellae.
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METHODS

Antiserum. Anti-Prl antibody was prepared in rabbits as described by St Leger er al. (1987a).

Organisms and growth. The fungal isolate ME] of Metarhizium anisopliae was cultured on half-strength
Sabouraud’s dextrose agar for 10 d at 27 °C. Conidia were harvested by scraping with a rubber policeman. Larvae
of Manduca sexta (the tobacco hornworm) were purchased from Carolina Biological Supply Company, Burlington,
North Carolina, USA, and reared until early Sth instar.

Tissue inoculation and fixation. Excised Manduca sexta cuticles were prepared and inoculated as described by St
Leger et al. (1987a). In addition, live 4th-instar Manduca sexta larvae were inoculated by dipping in a suspension
of conidia (107 ml~!). Inoculated cuticles were incubated at 27 °C for 0, 6, 24, 48 and 72 h and fixed at 4 °C in 3%,
(v/v) glutaraldehyde in phosphate buffer (0-1 M, pH 7-2) for 2 h, washed in buffer, postfixed in 1%, (w/v) osmium
tetroxide (in the same buffer) for 1 h, washed, held in two changes of 709 (v/v) ethanol for 1 h each and then
placed into 669, (v/v) LR White resin for 1-2 h at room temperature followed by LR White in a vacuum
desiccator overnight, transferred to fresh LR White for 1 h and allowed to polymerize in a gelatin capsule.
Inoculated larvae were incubated at 27 °C for 48 h, after which 0-5 cm square cuticles were excised and treated as
described above.

Immunocytochemical labelling. Ultrathin sections of LR White embedded tissue were collected on nickel grids,
placed in a blocking solution [19; (w/v) bovine serum albumin (BSA) in phosphate-buffered saline (PBS; 0-15 M-
NaCl; 10 mM-potassium phosphate, pH 7-2)] for 30 min, treated with a 102 dilution of antiserum for 2 h, washed
in PBS/0-05% Tween 20 and then treated with a 10-2 dilution of Protein A-gold (Sigma; 10 nm diameter) in
PBS/0-05%, Tween 20/0-2% BSA for 1-5 h. The sections were then washed in distilled water and stained for
contrast in 4%, (w/v) uranyl acetate in 509 (v/v) ethanol for 20 min. Observations were made with a Zeiss EM10a
transmission electron microscope.

Controls. These were as follows. (1) Replacement of the antiserum by normal rabbit serum; (2) omission of
primary antiserum; (3) non-inoculated cuticle; (4) treatment with Protein A prior to Protein A-gold; (5) fungus
grown under conditions of catabolite repression of chymoelastase production (i.e. in Sabouraud’s dextrose broth)
as compared to growth under conditions inducing chymoelastase production (i.e. locust cuticle) (St Leger et al.,
1988b). A Western blot confirmed the mono-specificity of the chymoelastase antiserum used in this study.

RESULTS AND DISCUSSION
Characterization of the procedure

Several fixation techniques were tried in order to find an optimum method that both retained
the antigenic properties of chymoelastase and preserved the fine structure of tissues. Fixation
in glutaraldehyde or glutaraldehyde with picric acid (Newman et al., 1983) resulted in
inadequate tissue preservation. In contrast, fixation in glutaraldehyde followed by osmium
tetroxide, embedding in Epon-Araldite and pretreating with sodium metaperiodate (Bendayan
& Zollinger, 1983) resulted in lack of antigenicity and increase in non-specific binding. Fixation
in 3%; glutaraldehyde followed by 19, osmium tetroxide and embedding in LR White gave good
ultrastructural preservation of the tissues and retention of gold labelling, although diminished as
compared with fixation in glutaraldehyde alone (data not presented).

Control sections (see Methods) showed only a very low level of non-specific binding of gold
particles, confirming that the anti-Prl serum and protein A-gold complex is a highly specific
labelling method for detecting chymoelastase in insect cuticle (data not presented).

Enzyme localization in culture

Few gold particles were detected when the fungus was cultured under conditions which cause
catabolite repression of Prl production (St Leger et al., 1988b) (Fig. 14). In contrast, gold
particles were densely distributed on the hyphal cell walls when the fungus was cultured under
conditions which enhance Prl production (Fig. 15). Few gold particles were found in the
cytoplasm, indicating that Prl is secreted rapidly after synthesis. This is consistent with
previous observations using differential centrifugation of fungal extracts and metabolic
inhibitors to investigate intracellular levels of enzyme (St Leger et al., 19885).

Enzyme localization in situ

Prl was detected at low levels in dormant conidia or conidia containing the large vacuoles
typically seen during germination (Zacharuk, 19704) (Fig. 2). The density of gold particles
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Fig. 1. Protein A-gold immunocytochemical labelling of chymoelastase Prl produced by hyphae of
Metarhizium anisopliae in broth culture (36 h after inoculation). (a) Hyphae grown in Sabouraud
dextrose broth, which results in catabolite repression of Prl. Note that only basal levels of enzyme are
produced. (b) Hyphae grown in 1% chitin broth, which enhances Prl production and secretion. CW,
cell wall; M, mitochondrion. Bars, 0-5 um.

Fig. 2. Protein A-gold labelled chymoelastase Prl1 produced by a germinating conidium of Metarhizium
anisopliae 6 h after inoculation onto the surface of excised Manduca sexta cuticle. O, oil giobule; D,
vesiculated dictyosome; CW, cell wall; V, vacuole. Bar, 0-5 um.
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Fig. 3. Protein A-gold labelled chymoelastase Prl produced by a Metarhizium anisopliae appressorium
on excised Manduca sexta cuticle (24 h after inoculation). AP, appressorium; MF, microfold. Bar,
0-5 um.

increased after differentiation of appressoria was completed (Fig. 3) and continued at high levels
during penetration with the formation of the penetrant peg and hyphal bodies (Figs 4-7). The
enzyme was detected on the surface of the appressorium as well as on areas that contacted the
cuticle (Figs 3 and 4).

The fungus penetrated the epicuticle within 24 h of inoculation, apparently via enzymic
degradation, as a high density of gold particles was present at the point of penetration, which
showed no signs of physical distortion (Fig. 44, b). In contrast, penetration within the procuticle
involved both mechanical and enzymic processes, as evidenced by the physical separation of
lamellae by penetrating hyphae and secretion of Prl by fungal structures (Fig. 5). This confirms
the suggestion of Zacharuk (197054) that both of these processes are involved.

The enzyme was secreted from the cell cytoplasm in ‘packets’ (Fig. 6). This exocytosis event
resembles that described in other systems where enzyme is secreted in vesicles which fuse with
the plasma membrane (Pollard et al., 1979). Initially the enzyme was confined to the hyphal cell
wall and the immediate vicinity of the fungal structures (Figs 3-6). Presumably Pr1 is released
extracellularly only after most of the enzyme-binding sites on the cell wall surfaces are utilized.
After secretion, host mechanisms such as molecular sieves (large enzyme molecule, small
intermolecular cuticle spaces; St Leger et al., 19864) and binding of Pr1 to cuticular components
(St Leger et al., 1986 b) may also result in inactivation or retention of Pr1 to hyphae (St Leger,
1989). However, as the infection advanced (>40 h), the enzyme diffused throughout the cuticle
(Fig. 7), coincident with breakdown of the cuticle lamellar structure and digestion of the protein
moieties. At this stage the host is near death. Melanized cuticle was not as readily digested as
unpigmented cuticle (Fig. 4b), as suggested previously by in vitro studies (St Leger et al., 1988¢).
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(a)

Fig. 4. (a) Protein A-gold labelled chymoelastase Prl produced by Metarhizium anisopliae dunng
penetration of excised Manduca sexta cuticle (48 h after inoculation). AP, appressorium; MF,
microfold; PHB, penetrant hyphal body; PP, penetration peg. Bar, 1 um. (b) Enlargement of the area
boxed in (a). AP, appressorium; EP, epicuticle; M, mitochondrion; MG, melanin granule; PP,
penetration peg. Bar, 0-5 um.
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Fig. 5. Protein A-gold labelled chymoelastase Prl secreted by Metarhizium anisopliae during
penetration of Manduca sexta procuticle (48 h after inoculation). Note physical separation of lamellae
(LM). PH, penetrant hypha. Bar, 1 pm.

Fig. 6. Protein A-gold labelled chymoelastase Prl secreted by Metarhizium anisopliae during
penetration of Manduca sexta procuticle (48 h after inoculation). CW, cell wall; M, mitochondrion. Bar,
0-5 pm.

Fig. 7. Protein A-gold labelled chymoelastase Pr1 diffused throughout the procuticle of a Manduca
sexta larva infected by Metarhizium anisopliae (72 h after inoculation). LM, lamellae; PH, penetrant
hypha. Bar, 1 pm.
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Using protein A-gold labelled anti-Prl serum we have demonstrated that Prl is secreted into
the cuticle from the infection structures as the fungus penetrates the host cuticle, confirming the
important role that this enzyme plays in the invasion process. Our results confirm the work of
Zacharuk (19705), indicating that the penetration of insect cuticle involves concurrently both
mechanical separation of cuticular laminae and enzymic solubilization of protein polymers. As
similar cuticle-degrading proteases are produced by at least five other hyphomycete
entomopathogens (St Leger et al., 1987 ¢), these results may have widespread implications in
understanding how fungal pathogens initiate disease in insects.
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