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Secretion of proteolytic and chitinolytic enzymes is a hallmark of infection processes of Metarhizium
anisopliae in response to host (insect) cuticular signals. The regulation of these enzymes (subtilisin-like
proteases [Pr1a and Pr1b], trypsin-like proteases [Pr2], metalloproteases, aspartyl proteases, aminopepti-
dase, and chitinases) and a hydrophobin was investigated by Northern analysis and/or enzyme assay. The
production of each enzyme showed a differential expression pattern in response to ambient pH; enzymes were
synthesized only at pHs at which they function effectively, irrespective of whether the medium contained an
inductive cuticle substrate. Three aspartyl proteases (pH optimum, 3), and chitinase (pH optimum, 5) showed
maximal accumulation at acidic pHs. The highest level of aminopeptidase (pH optimum, 7) was detected at pH
7. The highest levels of five metalloproteases (pH optima, ca. 7) were detected over the pH range 6 to 8. Two
trypsins and several subtilisin-like Pr1 isoforms with pH optima of ca. 8 were produced only under alkaline
conditions. Northern analysis of RNA species corresponding to seven cDNA sequences encoding proteases and
chitinase confirmed that the ambient pH played a major role in gene expression of secreted proteins. Hydro-
phobin was expressed almost equally at pHs 5 and 8 but was not expressed at pH 3. During fungal penetration,
the pH of infected cuticle rises from about 6.3 to 7.7. Consistent with pH regulation of enzyme production,
serine and metalloproteases were produced in situ during infection, but no production of aspartyl proteases
was found. We propose that the alkalinity of infected cuticle represents a physiological signal that triggers the
production of virulence factors.

Human, plant, and insect pathogenic fungi produce a com-
plement of extracellular enzymes that degrade the integuments
of their hosts (4, 11–13, 18, 24, 31–33). Elucidating the mech-
anisms regulating the secretion of these depolymerases is cen-
tral to understanding pathogen growth and development in the
host. The insect pathogen Metarhizium anisopliae has been the
focus of studies of host-cuticle penetration and biocontrol of
insect pests (32). This organism produces families of catalyti-
cally distinct extracellular subtilisin-like proteases (Pr1), tryp-
sin-like proteases (Pr2), and metalloproteases, as well as sev-
eral families of exo-acting peptidases that are believed to be
important in insect cuticle degradation (19, 32). In addition, M.
anisopliae produces several chitinolytic enzymes which act after
the pathogen’s proteases have significantly digested the cuticle
protein and unmasked the chitin component of the cuticle (18).
Substantial knowledge of the physiology and biochemistry of
these proteases and chitinases has been gained in recent years
(15, 19, 29, 30). The cDNAs and genes encoding several cuti-
cle-degrading enzymes have been cloned and sequenced (8, 9,
17, 26).

The regulation of these genes is complex, usually involving a
combination of substrate induction and carbon and nitrogen
repression (18). In M. anisopliae and other entomopathogens,
chitinase is required for only a brief period during penetration
of host cuticle and is tightly regulated by chitin degradation
products (21). Proteases have an additional role in providing

nutrients, before and after the cuticle is penetrated. Conse-
quently, regulation is looser, with production being triggered in
response to limitation for nutrients such as carbon and nitro-
gen (18). However, production is enhanced when the pathogen
is grown on insect cuticle (15). Since many insect pathogens,
including M. anisopliae, can grow in media over a wide pH
range, 2.5 to 10.5 (6), it is also likely that they have a regulatory
system to ensure that enzymes and other gene products that
function beyond cell boundaries are synthesized only at pHs at
which they can function effectively. Likewise, in Aspergillus
nidulans and Yarrowia lipolytica, acidic phosphatases and pro-
teases are secreted only in acidic environments and alkaline
phosphatase is secreted only in alkaline environments (1, 35).
Six regulatory genes that mediate this pH regulation in As-
pergillus spp. have been identified and studied; the major me-
diator is the zinc finger transcription factor PacC, an activator
for alkaline-expressed genes and a repressor for acid-expressed
genes (10, 14). Similarly, mutations affecting the expression of
pH-regulated genes in Y. lipolytica have also been described
(3). These studies should eventually lead to an understanding
of how these organisms sense ambient pH.

The study of the regulation of pathogen genes is of partic-
ular importance because pathogenic specialization may oper-
ate by way of regulatory controls that allow the expression of
genes under conditions in which similar genes in nonpathogens
are not expressed. Thus, a pH-regulated gene is involved in the
morphological plasticity of Candida albicans, which is related
to its pathogenicity to humans (16). Our objectives were (i) to
determine if changes in ambient pH provide a physiological
signal that triggers the production of putative virulence deter-
minants such as Pr1 and Pr2, metalloproteases, aspartyl pro-
teases, aminopeptidase, and chitinase and (ii) to determine if
hydrophobins (34) were regulated by pH.
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MATERIALS AND METHODS

Organism and growth. M. anisopliae ARSEF strain 2575 (host: pecan weevil,
Curculio caryae) was obtained from the U.S. Department of Agriculture Ento-
mopathogenic Fungus Collection in Ithaca, N.Y. Fungal cultures were main-
tained on potato dextrose agar (20).

Preparation and analysis of culture filtrate. Standardized mycelial inocula (5
g [wet weight] per 100 ml) from 24-h Sabouraud dextrose broth (SDB) cultures
were incubated with shaking (at 100 rpm) at 25°C for up to 12 h in 100 ml of
minimal medium [containing, per liter, 1 g of KH2PO4, 0.5 g of MgSO4, 0.7 mg
of Na2B4O7 z 10H2O, 0.5 mg of (NH4)6Mo7O24 z 4H2O, 10 mg of Fe2(SO4)3 z
6H2O, and 0.3 mg of ZnSO4 z 7H2O] supplemented with cockroach cuticle at
1.0% (wt/vol). The medium’s pH was fixed and maintained throughout cultiva-
tion by using 0.1 M citric acid-sodium phosphate buffer (pH 3.0, 4.0, 5.0, 6.0, or
7.0) or 0.1 M HEPES buffer (pH 8.0). Measurements were made of the medium’s
pH at five hourly intervals in order to confirm stability. Samples (15 ml) were
filtered through Whatman no. 1 filter paper and then through a Millipore filter
unit (pore size, 0.2 mm) and were desalted by using Centriprep-10 ultrafiltration
units (Amicon).

Analytical isoelectric focusing (IEF). Desalted samples were concentrated
50-fold by using Centricon-10 ultrafiltration units. Two-microliter aliquots of the
concentrate were run on ultrathin polyacrylamide gels by using 1% ampholytes
(Bio-Lyte 3/10; Bio-Rad) (28).

To characterize protease isoforms as to pH optima, gels were preincubated
with 1.0 M citric acid-sodium phosphate buffer (pH 3.0, 4.0, 5.0, 6.0, or 7.0), 1.0
M HEPES buffer (pH 8.0 or 9.0) or 0.5 M NaHCO3–Na2CO3 (pH 10). After 30 s
in buffer, protease activity was detected by gelatin zymography using gelatin-
coated X-ray film (28). Membrane-gel sandwiches were incubated for 10 to 15
min.

The catalytic mechanisms of protease isoforms were characterized by using
specific active-site inhibitors (28). In some experiments, gels were preincubated
for 10 min in one of the following inhibitors dissolved in water: leupeptin (0.15
mM); pepstatin (0.2 mM); 1,10-phenanthroline and phosphoramidon (1 mM),
and phenylmethylsulfonyl fluoride (PMSF) (0.2 mM). Alternatively, desalted
extracts from infected cuticles were incubated directly with inhibitors for 10 min
before being run on IEF gels.

Preparation of insect cuticle substrate. Cuticle was obtained from the giant
cockroach (Blaberus giganteus) by extraction of soft tissue from homogenized
insects with potassium tetraborate (28).

Enzyme assays. Subtilisin-like Pr1 activity [versus succinyl–(Ala)2–Pro–Phe–
4-nitroanilide (NA) at pH 8], trypsin-like Pr2 activity (versus benzoyl-Phe-Val-
Arg-NA at pH 8), and aminopeptidase activity (versus Ala-NA at pH 7) were
determined as described previously (22). Activities are expressed as nanomoles
of NA released per minute per milliliter. Aspartyl (acidic) protease was assayed
against hide protein azure. Two-milliliter Eppendorf tubes were charged with 10
mg of substrate, 1.5 ml of 50 mM acetate buffer (pH 3.0), and 100 ml of enzyme.
After incubation for 10 min at 30°C, reactions were terminated by the addition
of trichloroacetic acid (0.25 ml; 500 g/liter). Following centrifugation (at 5,000 3
g for 10 min) the absorbance was measured at 595 nm. Activities are expressed
as change in optical density at 595 nm per 10 min per milliliter Assays of
N-acetyl-b-D-glucosaminidase (NAGase) in microtitration trays contained 80 ml
of 0.1 M citrate buffer (pH 5.0), 10 ml of 10 mM p-nitrophenol-N-acetyl-b-D-
glucosaminide, and 10 ml of culture supernatant. Reaction mixtures were incu-
bated at 37°C for 30 min, and reactions were terminated by the addition of 100
ml of 0.5 M NaHCO3–Na2CO3 buffer. The release of p-nitrophenyl (pNP) was
determined at 405 nm in a Bio-Tek Instruments Microplate EL 309 autoreader.
Activities are expressed as nanomoles of nitrophenyl (NP) released per minute
per ml.

Northern blot analysis and determination of relative transcript levels. Total
RNA was isolated by using Tri-reagent, cDNA clones were radiolabelled, and
Northern blots were performed as described previously (8). For the determina-
tion of transcript levels, signals were quantified by using a PhosphorImager

(Molecular Dynamics). Relative abundance was calculated by dividing the given
signal strength by the signal strength at pH 8.

The cDNA clones used for Northern blots were Pr1a (26), Pr1b (9), hydro-
phobin (ssg12), and tubulin (27). A genomic clone of Pr2 has been published
(17). We isolated a cDNA clone (Pr2) from an expression library by using specific
antibodies (30) as a probe. A cDNA clone of chitinase was also obtained by
probing an expression library with specific antibodies (29) (GenBank accession
no. U59484). A cDNA clone of carboxypeptidase (accession no. U76003) was
obtained by using a differential-display technique (7a).

Intracellular pH determinations. Standardized mycelial inocula (2.5 g [wet
weight] per 50 ml) from 24-h SDB cultures were incubated with shaking (at 100
rpm) at 25°C for up to 3 h in 50 ml of basal medium buffered at pH 5.0 or pH
7.0 by using 0.1 M citric acid-sodium phosphate buffer or at pH 8.0 by using 0.1
M HEPES buffer. Following incubation, mycelia were filtered and were washed
four times with 500 ml of distilled water, and intracellular pH was determined as
described by Caddick et al. (1). Samples (2.5 g [wet weight]) were transferred to
20 ml of 0.1% (vol/vol) Triton X-100, frozen at 280°C overnight, and disrupted
by rapid thawing to room temperature. The pH values were then determined
immediately.

pH determinations of infected insect cuticle. Cuticles from fifth-instar (3 days
after ecdysis) Manduca sexta were dissected from other tissues, flash frozen in
liquid nitrogen, and comminuted with a mortar and pestle. Samples (2 g [wet
weight]) were transferred to 5 ml of distilled water, frozen at 280°C overnight,
and thawed rapidly for pH determinations. Cuticles to be infected with fungal
spores were soaked in 0.001% phenylthiourea (for 30 min), rinsed with four
changes (5 min each) of sterile distilled water, and sterilized under an ethylene
oxide atmosphere. Cuticles (about 3 by 2 cm) were placed on water agar (1.5%,
wt/vol) plates and inoculated with 50 ml of distilled water containing about 5,000
conidia. Controls were inoculated with water alone. Following incubation (for
60 h) at 27.5°C, cuticles were ground under liquid nitrogen with a pestle and
mortar, resuspended in distilled water, and frozen and thawed for pH determi-
nations.

Extraction of enzymes from M. sexta cuticle. Cuticles were infected with
conidia, incubated as described above, and then extracted by vigorous shaking for
1 h in 0.2 M potassium phosphate buffer, pH 7.0, at 4°C (23). After centrifuga-
tion, extracts were desalted and concentrated 50-fold by using Amicon Centri-
con-10 ultrafiltration units before assaying for enzyme activities.

Materials. Enzyme substrates and inhibitors were purchased from Sigma.

RESULTS

Influence of ambient pH on enzyme activities. Exponentially
growing mycelium of M. anisopliae was transferred to minimal
medium with or without cockroach cuticle as the sole carbon
source. Each flask received the same amount (5 g) of fungal
biomass, reducing the dependence of enzyme production on
total growth (27). Proteolytic and chitinolytic enzymes capable
of degrading the protein and chitin components of insect cu-
ticle were detected in cell-free culture supernatants, even in
the absence of added cuticle. However, the levels of enzymes
produced were higher when minimal medium was supple-
mented with insect cuticle (Table 1). The culture pH at which
maximum activity of each enzyme was detected was close to its
pH optimum. Thus, the highest levels of aspartyl proteinase
(assayed at pH 3) were detected at culture pHs of 3 to 4. The
highest level of NAGase (pH optimum, 5) was detected at pH
5. The highest level of aminopeptidase (pH optimum, 7) was

TABLE 1. Secretion of enzymes as a function of growth pH in minimal medium alone or supplemented with cuticle

pH

Enzyme (optimum pH) activitya

NAGase (5) Pr1 (8) Pr2 (8) Aminopeptidase (7) Aspartyl protease (3)

2C 1C 2C 1C 2C 1C 2C 1C 2C 1C

3 17 6 3 (59) 18 6 4 (42) 0 (0) 0 (0) 0 (0) 0.1 (0) 0 (0) 0 (0) 19 6 3 (90) 72 6 5 (85)
4 23 6 4 (78) 36 6 5 (83) 4 6 1 (6) 30 6 3 (13) 4 6 1 (13) 4 6 1 (7) 0 (0) 0 (0) 21 6 2 (100) 85 6 4 (100)
5 29 6 4 (100) 43 6 6 (100) 15 6 2 (22) 63 6 5 (28) 8 6 1 (27) 23 6 3 (38) 0 (0) 0 (0) 7 6 1 (33) 27 6 2 (32)
6 27 6 3 (92) 40 6 4 (94) 36 6 4 (52) 165 6 8 (72) 20 6 2 (67) 53 6 3 (87) 2.8 6 .5 (30) 5.5 6 1 (40) 2 6 0 (10) 13 6 1 (15)
7 14 6 3 (49) 15 6 2 (35) 39 6 6 (57) 175 6 8 (77) 30 6 4 (100) 55 6 4 (90) 9.2 6 1 (100) 14 6 1 (100) 1 6 0 (5) 7 6 1 (8)
8 12 6 2 (41) 13 6 2 (29) 69 6 7 (100) 228 6 11 (100) 25 6 3 (83) 61 6 5 (100) 3.4 6 1 (37) 10 6 2 (73) 0 (0) 3 6 0.2 (4)

a Activity is expressed as nanomoles of NP per minute per milliliter (for NAGase), nanomoles of NA per minute per milliliter (for Pr1, Pr2, and aminopeptidase),
or change in optical density per 10 min per milliliter (for aspartyl protease), followed by the percent of maximum activity of the enzyme (in parentheses). 2C, minimal
medium alone; 1C, minimal medium supplemented with 1% cockroach cuticle.
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detected at pH 7. The highest level of Pr2 (pH optimum, 8) was
detected over a pH range of 6 to 8, and the highest level of Pr1
(pH optimum, 8) was detected at pH 8.

The profile of proteases produced at different pHs was as-
sessed on IEF gels by using gelatin overlays to detect protein-
ases (Fig. 1). Mycelia incubated in cuticle-containing cultures
at pHs 3, 4, and 5 produced at least three proteinases (pI 5.5 to
6.9) with pH optima of ca. 3 (Fig. 1). Pepstatin, a specific
inhibitor of aspartyl (acidic) proteinases, inhibited all three
activities (Fig. 2A and B). At higher culture pHs (pH 6, 7, and
8), 10 proteinases were produced (Fig. 1). Five of these bands
(pI 5.8 to 7.6), active over a pH range of 5 to 8, were inhibited
by 1, 10-phenanthroline, an inhibitor of zinc-containing met-
alloproteases (data not shown) and by phosphoramidon, a
specific inhibitor of thermolysin-like metalloproteases (Fig.
2C). The greatest number of metalloproteinases was produced
at pH 6 (five bands), but one of these bands (pI 7.6), with
activity extending to pH 10, was produced at much higher
amounts at pH 7 and pH 8 (Fig. 1 and 2). Two bands (pI 4 to
4.5), active over a pH range of 5 to 10, with optimal production
at pH 6, were inhibited by leupeptin (Fig. 1 and 2D), identi-
fying them as the trypsin-like Pr2 proteinases (28, 30). The
most basic bands (pI greater than 9) are the subtilisin-like Pr1
isoforms previously characterized (28). The apparent continu-
ation of Pr1 activity at pH 3 may be attributed to the basic pH
of the surrounding gel, as longer (2-min) incubations in buffer
at pH 3, but not at pH 4, eliminated this band.

Enzyme production during growth on infected M. sexta cu-
ticle. To our knowledge, direct measurements of cuticle pH
have not as yet been accomplished. However, extracts of un-
infected and infected (60 h) cuticles had pH values of 6.3 6 0.2
(n 5 5) and 7.7 6 0.3 (n 5 5), respectively, confirming that
utilization of cuticle components during infection is accompa-
nied by a rise in pH. To determine whether the cytosolic pH of
M. anisopliae affects the bulk pH of infected cuticles, intracel-
lular pH was measured as a function of extracellular pH. At
ambient pH values of 5, 7, and 8, cytosolic pH values were
6.1 6 0.1, 6.4 6 0.1, and 6.5 6 0.1, respectively, indicating that
the rise in pH of infected cuticle does not result from changes
in fungal cytosolic pH.

Extracts of infected cuticles were fractionated by analytical
IEF (Fig. 3). Only one protease (pI ca. 4) could be detected in
infected cuticles presoaked in 50 mM citric acid-sodium phos-
phate buffer (pH 3) (Fig. 3, lane d). This protease was not
inhibited by pepstatin (Fig. 3, lane e) or phenanthroline but
was inhibited by PMSF (an inhibitor of serine proteases) (Fig.
3, lane g). Extracts of unbuffered cuticles, or of cuticles buff-
ered at pH 8 (50 mM HEPES), contained proteases with pI
optima corresponding to the subtilisins, metalloproteases, and
trypsins detected in culture (Fig. 3, lanes b and c). Consistent
with this identification, the alkaline (pI above 8.5) and acidic
bands were inhibited by PMSF (Fig. 3, lane g), and the
neutral bands were inhibited by phenanthroline (Fig. 3, lane
f).

Expression patterns of the genes encoding secreted pro-
teins. The pH-specific expression of transcripts encoding seven
secreted proteins was analyzed by Northern blot analysis (Fig.
4). Exponentially growing mycelium was transferred to cuticle-
containing cultures at pH 3.0, 5.0, or 8.0 and then grown for an
additional 8 h. Total RNA was isolated from the harvested
mycelium, blotted, and probed with cDNA clones. As a control
we used the tubulin gene, which is expressed at similar levels at
different pHs (Fig. 4). Pr1 mRNAs encoding the subtilisins
Pr1a and Pr1b were most abundant at pH 8.0 and very much
less at pH 5.0 and pH 3.0. Likewise, Pr2 and carboxypeptidase
transcripts were most abundantly expressed at pH 8, but ex-

pression was also abundant at pH 5, with significant expression
of Pr2 still detected at pH 3. Both hydrophobin and chitinase
mRNAs were most abundantly expressed at pH 5 but were also
produced at pH 8.

FIG. 1. pH regulation of proteinase production by mycelium of M. anisopliae
transferred for 7 h to medium containing cockroach cuticle and buffered at pH
3, 4, 5, 6, 7, or 8 (top axis). Concentrated culture filtrates were run on IEF gels
(see Materials and Methods). To investigate the pH optimum of each proteinase
band produced at each pH, gels were incubated with buffer at pH 2, 3, 4, 5, 6, 8,
or 10 (horizontal axis) and the proteinases were detected by gelatin zymography.
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DISCUSSION

In these experiments we studied the expression of several
cuticle-degrading enzymes by M. anisopliae under strongly
varying pH conditions. This study clarifies the situation with
regard to the number and types of extracellular proteolytic
enzymes produced by M. anisopliae. Analysis of pH regulation
allowed us to identify aspartyl proteinases and several metal-
loproteinases, besides Pr1, Pr2, and the single metalloprotein-
ase activities previously identified (28). Such analysis is impor-
tant for the elucidation of the roles of these enzymes during
infection and cuticle penetration.

Several hypotheses could explain the effects of pH on the
extracellular enzyme activities of M. anisopliae, including tran-
scription and translation activities, protein processing, enzyme
stabilities, and the toxic effects of nonoptimal pH conditions on
protein synthesis. M. anisopliae can grow over a wide pH range
(pH 2.5 to 10.5) (6). The cytosolic pH was stable over the pH
range 5 to 8, confirming efficient regulation of cytosolic pH and
adaptation to survive in a broad array of environments. To
facilitate nutritional versatility over a wide range of growth

conditions, M. anisopliae produces several categories of pro-
teases only at the pH values where they function effectively. In
combination they enable exploitation of extracellular proteins
over a pH range of 2 to 10. Stability measurements showed a
gradual loss of Pr1 and Pr2 activities at pH values below 5 (22),
so denaturation could be a factor in the low activities of these
enzymes at pH 3. However, Northern analysis confirmed that
the pH of the medium played a major role in gene expression:
expression of both subtilisin genes and of Pr2 was turned off
under acidic conditions. In contrast, a subtilisin-type serine
protease produced by Aspergillus niger is expressed under na-
tive control at equally high levels at pHs 3 and 8, while the
expression of aspartyl protease genes is completely turned off
under alkaline conditions (7). When grown in the pH range 3
to 6, M. anisopliae produced three activities with acidic pH
optima that were strongly inhibited by pepstatin, an inhibitor
of aspartyl proteases. These activities were not detected in
culture filtrates under alkaline conditions, indicating that reg-
ulation of these activities is similar to that of the extracellular
aspartyl proteases of A. niger.

Only chitinase, with a pH optimum of 5 (28), showed max-
imal transcription of mRNAs at an acid pH; it is also expressed
at pH 8 but not at pH 3. The pH within insect cuticle is
unknown. However, growth over 60 h in isolated cuticles was
accompanied by a rise in the pH of cuticular extracts from 6.3
to 7.7. Likewise, during growth by M. anisopliae in liquid cul-
ture containing cuticle, culture pH rises due to the release of
ammoniacal by-products of cuticle protein degradation (25).
Immunogold studies have shown that Pr1 and Pr2 are secreted
by the fungus during cuticle penetration (5, 30). The pH-
conditional expression of Pr1 and Pr2 observed in vitro sug-
gests that the physiological pH in the infection site is alkaline.

FIG. 2. The effects of inhibitors on proteinases produced by M. anisopliae in
medium containing cockroach cuticle. Experiments were carried out with cul-
tures buffered at pH 3, 4, 5, 6, 7, or 8 (top axis). Shown are proteinases produced
at pHs 3 and 4 without inhibitors (A) and gels incubated with pepstatin (B),
phosphoramidon (C), and leupeptin (D).

FIG. 3. Analytical IEF analysis of proteinases produced during penetration
of M. sexta cuticle. Following 48 h of incubation, enzymes were extracted with 0.2
M potassium phosphate buffer. Shown are extracts from uninoculated cuticle
(lane a), inoculated cuticle presoaked in water (lane b), inoculated cuticle pre-
soaked in 0.1 M HEPES buffer (pH 8) (lane c), and inoculated cuticle presoaked
in 50 mM citric acid-sodium phosphate buffer (pH 3) (lane d), extract from lane
d treated with pepstatin for 10 min (lane e), extract from lane b incubated with
1 mM phenanthroline for 10 min (lane f), and extract from lane b incubated with
PMSF for 10 min (lane g).

FIG. 4. pH-specific expression of six genes encoding extracellular proteins.
Total RNA (3 mg) from M. anisopliae grown on insect cuticle buffered at pH 3,
5, or 8 was subjected to Northern analysis using the complete cDNAs corre-
sponding to Pr1a (row 1), Pr1b (row 2), Pr2 (row 3), carboxypeptidase (row 4),
ssg12 (row 5), chitinase (row 6), and tubulin (row 7) as radiolabelled probes.
Hybridization against tubulin mRNA was used to show the relative amounts of
RNA present in each lane. The relative abundance was calculated by setting the
value at pH 8.0 to 1.
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However, immunogold studies have shown that chitinase is
secreted into the cuticle after the protease, during the later
stages of infection (29). Limited production of chitinase at
nonoptimal pH could be meaningful in terms of coordinated
Pr1 and chitinase synthesis under alkaline conditions in infec-
tion sites. Pr1 production causes the degradation of cuticular
proteins, exposing the chitin component of the cuticle and
inducing the production of chitinase (18). The fact that chiti-
nase is produced later and at nonoptimal pH supports other
lines of evidence that chitinase plays a secondary role in infec-
tion processes compared with proteinases (18). Aspartyl pro-
teases were not detected in extracts from cuticle, consistent
with pH regulation of production, which suggests that this class
of protease is not involved in the degradation of cuticle com-
ponents. Hydrophobin was expressed at high levels over the
pH range found in infection sites. The importance of this is
that hydrophobins act as sensors of hydrophobic surfaces such
as insect cuticles, which are conducive to infection (25, 34).
Lack of transcription of hydrophobin at pH 3 is consistent with
adaptation by M. anisopliae to being infectious at a neutral or
basic pH.

These results indicate that regulation by pH is a general
property of secreted M. anisopliae proteins. There is also evi-
dence for a concerted action of pH and induction by cuticle on
levels of enzyme production. Pr1 production is derepressed
when the external pH is alkaline, even in the absence of cuticle.
However, the presence of cuticle enhances Pr1 production
threefold at pH 8 (Table 1), even though the inductive effects
of cuticle do not override the negative effects on gene tran-
scription of nonoptimum pH. The concerted action of induc-
tion by host cuticle and pH may provide a mechanism whereby
environmental signals trigger the secretion of molecules capa-
ble of modifying the cuticle.
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