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Abstract--1. Chitinase and exochitinase activity are at low levels in conidia and germinating conidia of 
three entomopathogenic fungi, Beauveria bassiana (Bals.) Vuill, Metarhizium anisopliae (Metsch.) Sovok, 
and Nomuraea rileyi (Farlow) Samson. 

2. There is a low level of chitinase and exochitinase activity at germination. A rapid increase in activity 
occurs during mycelial growth with a maximum activity detected near the time of sporulation. 

3. The amount of chitinase activity was similar for all three fungi; however, B. bassiana contained 
approximately twice the amount of excochitinase activity detected in M. anisopliae and N. rileyi. 

4. Maximum chitinase and exochitinase activity occurred at a time when N-acetylglucosamine is 
necessary both for fungal growth and conidia formation and when the conidiophore exits the host. Low 
activity was measured during the growth stage when the fungi initially penetrate the insect cuticle. 

INTRODUCTION 

Initiation of infection by most fungi in insects is 
usually through the cuticle (Lefebvre, 1934; Vey and 
Fargues, 1977; Ferron, 1978), though some reports 
indicate that infection occurs through the alimentary 
tract (Broome, et al., 1976) and the respiratory 
system (Clark et al., 1968; Hedlund and Pass, 1968). 
Fungi may use mechnical and enzymatic action 
to penetrate the host cuticle (Wallengren and 
Johansson, 1929; Lefebvre, 1934; Robinson, 1966; 
Gabriel, 1968). Since penetration is a key event for 
infection, considerable effort has focused on the 
secretion of enzymes and the function of those en- 
zymes as a possible mechanism by which entomo- 
pathogenic fungi penetrate the host cuticle. 

Giard (1892) first inferred that fungi penetrate the 
insect cuticle with the aid of an enzyme. A number of 
fungi produce enzymes that are thought to facilitate 
penetration of the insect cuticle (Huber, 1958; Claus, 
1961; Ohama et al., 1966; Gabriel, 1968; Johnson, 
1968; Oleniacz and Pisano, 1968; Leopold and Sam- 
sinakova, 1970; Samsinakova et al., 1971; Sam- 
sinakova and Misikova, 1973; Grula et al., 1978; 
Pekrul and Grula 1979; Ishikawa et al., 1981; Ohta- 
kara et al., 1981; Smith et al., 1981). These enzymes, 
possibly present in the penetrating hypha, consist of 
lipases, proteases and chitinases (Gabriel, 1968; Sam- 
sinakova et al., 1971; Smith et al., 1981). 

The correlation between pathogenicity and hydro- 
lytic enzyme activity of entomopathogenic fungi has 
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not been clearly defined. A quantitative estimate of 
proteolytic activity of B. bassiana and Paecilomyces 
farinosus (Fries) Vuill. indicated a correlation be- 
tween the amount of secreted enzyme and the rate of 
virulence of individual strains against larvae of the 
Colorado beetle Leptinotarsa decemlineata (Say) 
(Samsinakova et al., 1977). No correlation, however, 
was apparent between enzyme activity (lipolytic, pro- 
teolytic or chitinolytic) and pathogenicity of strains 
of B. bassiana attacking larvae of  the corn earworm, 
Heliothis zea (Boddie) (Grula et al., 1978). Enzymatic 
action was suspected since well-defined holes were 
observed around penetrating invasion hypha. 
However, such well-defined holes were not seen for 
conidiophores that exit through the cuticle after 
larval mumification (Grula et al., 1978; Mohamed et 
al., 1978). 

Considerable attention has been given to the 
degradation of chitin, due to its prominence in insect 
cuticles and its unique structure. Chitin is an un- 
branched polysaccharide, composed primarily of  fl-1, 
4-1inked N-acetyiglucosamine (NAG) residues, with 
an occasional glucosamine residue (Brimacombe and 
Webber, 1964). The best documented pathway for the 
degradation of chitin involves the sequential action of 
two separate hydrolases: (l)  an endochitinase 
[poly-fl-1, 4-(2 acetamido-2-deoxy)-o-glucoside gly- 
canhydrolase (EC 3.2.1.14)], which produces low 
molecular weight soluble multimers of NAG, the 
dimer from N,N-diacetyl chitobiose being predom- 
inant; and (2) chitobiase or exochitinase [chitobiase 
acetylaminodeoxyglucohydrolase (EC 3.2.1.29)], 
which hydrolyses the intermediates to NAG. 

Though many studies have been reported on verte- 
brate hydrolases (Leaback, 1970), relatively few re- 
ports are on invertebrate enzymes, despite their im- 
portance in chitin degradation. This may be due to 
difficulties encountered in assaying the enzymes since 
chitin is insoluble in aqueous solutions and thus 
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difficult to prepare as a soluble substrate for enzyme 
analyses. 

To better understand the function of  chitinolytic 
activity in en tomophagous  fungi, we investigated the 
chitinase and exochitinase activity of  three patho-  
genic fungi. The object of this investigation is to 
establish a reliable assay procedure for the qualitative 
and quanti tat ive measure of  chitinase and ex- 
ochitinase activity and to establish the chitinolytic 
activity in the fungi during the development  of  the 
fungi. 

MATERIALS AND METHODS 

Culture o f  fungi 

B. bassiana cultures were from conidia isolated from the 
second passage of a wettable powder formulated by Abbott 
Laboratories (North Chicago, II 60069, USA), designated 
ABG-6112. The first two passages were on a Sabouraud- 
maltose agar with 1.0~ yeast extract (SMAY); isolated 
conidia averaged 1.3 x 10t ~ spores/g. Metarhizium anisopliae 
cultures, prepared from the isolate RS 703 IPRU Culture 
Collection that was isolated from the silkworm Bombyx 
mori L. averaged 6.08 × 10 j° conidia/g. The isolate of No- 
muraea rileyig desinated 79-4, was a subculture of the 
original isolate obtained from larvae of H. zea, subcultured 
on solid media, stored at -20°C and averaged 7.4 x 10 ~° 
conidia/g (Bell, 1975; Bell et al., 1982; Hamalle and Belt, 
1976). 

Stock cultures were supported on SMAY at 25°C, and 
conidia were transferred onto new media or harvested and 
stored at -5 °C  to maintain maximum viability. Samples of 
B. bassiana and M. anisopliae for inoculation were obtained 
by suspending conidia, 1 mg/ml, in water containing 6pl 
Tween 80/ml and 0.5 mg gentamicin/ml for 1 hr. Samples of 
N. rileyi for inoculation were obtained by suspending co- 
nidia, lmg/ml, in Sabouraud-maltose broth containing 
1.0~o yeast extract, 6pl Tween 80/ml and 0.5mg 
gentamicin/ml tbr 24 hr. Aliquots (0.1 ml) of the conidial 
suspensions were used to inoculate Petri dishes (100mm 
dia.) containing 15ml sterilized SMAY. The inoculated 
plates were incubated at 25°C: contaminated plates were 
discarded. 

Sample preparation 

Three groups of plates were inoculated at separate times 
for each fungi. Three plates from each group were taken 
every 12 hr during development to yield a total of 9 replicate 
samples per datum point. Five discs were removed from 
each plate, combined and used as one sample. Using this 
procedure, we obtained less than 28~o deviation from the 
mean value for enzymatic activity measurements. 

Germination was scored when ca. 80~o of the conidia 
demonstrated a visible protuberance of the germ tube from 
the conidium (length equal to approximately one-half the 
diameter of a conidium). Sporulation was scored at the first 
sighting of fruiting buds using phase microscopy at a 
magnification of 640 x .  

A brass cork bore (5 mm dia.) was used to cut discs from 
the cultures. The discs were held at 0"C to stop growth. In 
preparation for assay procedures, the discs were brought to 
room temperature and sonicated, 40 W at 20 kHz, in water 
or Universal buffer (Frugoni, 1957), 1-5 discs/ml, for 30 sec. 
The resulting solution was centrifuged at 800 g for 10 rain 
to pellet any particulate agar. The supernatant was used as 
the sample for enzyme analysis and protein determination. 

Enzymatic activity' during growth and development 

Chitinase actirity. The enzyme sample was prepared by 
combining I ml of sample supernatant at pH 5.1 with 10 mg 
pulverized crystalline crustacean chitin (Sigma Chemical 

Co.). The supernatant solutions for B. bassiana and M 
anisopliae were diluted two-fold before use. Enzyme samples 
were placed in an incubator for 4.5 hr at 37'C and agitated 
on a rotary shaker to suspend the chitin. 

Complete chitinolytic activity was determined by mea- 
suring the NAG concentration in the enzyme solutions using 
p-dimethylaminobenzaldehyde (DMAB), Aldrich Co. 
(Reissig et al., 1955). The following procedure was used: a 
200#1 aliquot of the incubation solution was diluted with 
30,ul borate buffer, 0.8 M at pH 9.6, the solution was heated 
in boiling water for 10 min, cooled, 0.9 ml DMAB reagent 
(0.67M, DMAB in glacial acetic acid; 10M HC1, 
10:0.1, v:v) added, stirred and incubated at 37'C for 20 rain. 
After cooling, the absorbance was measured at 585 nm. A 
standard curve was prepared using the same procedure with 
solutions of NAG at known concentrations. Measurements 
of NAG were corrected for background values obtained 
from samples of blank SMAY plates. 

Exochitinase activity. The presence of exochitinase activ- 
ity (chitobiase) was verified using chitobiose as the substrate 
and following the chitinase activity procedures as previously 
described. For routine exochitinase measurements, a spec- 
trophotometric method was used based on the hydrolysis of 
the synthetic substrate, p-nitrophenol-2-acetamido-2- 
deoxy-fl-D-glucopyranoside (pNADG) Sigma Chemical Co. 
The extent of the reaction was evaluated by the absorbance 
at 400nm. The following procedure was used: 200iLl of 
the sample supernatant was diluted with 200~ul 0.2M 
citrate-phosphate buffer, pH5.6 and 200/~1 1.0mg/ml 
pNADG. The solutions were placed in an incubator for 1 hr 
at 37°C and agitated on a rotary shaker. The reaction was 
terminated by adding 1 ml 0.02 M NaOH and the absorb- 
ance measured at 400nm. Readings were converted to a 
p-nitrophenol (pNP) concentration with the aid of a 
standard curve and the use of the value cM = 1.8 x l 0  4 

(Bender et al., 1967). 

Protein determination 

Protein measurements were performed using the Bio-Rad 
assay method, based on a Coomassie brilliant blue dye 
binding procedure of Bradford (1976). Absorbance was 
measured at 595 nm. Protein measurements in fungi cultures 
were corrected for background values obtained from blank 
SMAY plates. 

pH and temperature efJects on enzymatic activity 

The effect of pH on the rate and on the stability of the 
chitinase activity and exochitinase activity were determined. 
The pH effect was measured by adjusting the pH of the 
enzyme incubation solution over a pH range from 2 to 10, 
using the universal buffer. The stability of the enzyme to pH 
fluctuation was measured by preincubation of the enzyme 
sample for 4 hr over the pH range from 2 to 10, in universal 
buffer and at 23°C. The enzyme sample was adjusted to 
pH 5.1 before incubation with the substrate to measure 
enzyme activity. 

The effect of temperature on the rate of" chitinase activity 
and exochitinase activity was measured by adjusting the 
temperature of the incubation solution. The temperature 
range for chitinase activity was from 2 to 55:C. The 
temperature range for exochitinase activity was from 2 to 
75°C. 

RESULTS 

Culture  o f  f u n g i  

In preliminary experiments to determine a suitable 
medium for the measurement  ofchi t inolyt ic  activity in 
fungi, several types of  growth environments  were 
investigated. The aim of  these investigations was to 
approach a synchronized culture which would permit 
the study of  specific physiological events occurring 
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during development. Contrary to earlier reports 
(Lefebvre, 1931) but in agreement with more recent 
reports (Gabriel, 1959; Smith and Grula, 1981), 
attempts to germinate conidia and grow mycelia in 
water, stationary or stirred, were unsuccessful. Co- 
nidia would not germinate and eventually lysed. 
Addition of a carbon-nitrogen source such as NAG, 
resulted in germination of a small percentage of the 
conidia; however, lysis of the non-germinated conidia 
and the hyphal bodies continued to occur. A liquid 
medium of Sabouraud-maltose and yeast allowed 
for complete development whether stationary or 
stirred; however, only a small percentage of the 
conidia germinated. SMAY gave the highest per- 
centage germination and uniform growth. In our 
studies, approximately 80% of the conidia in the 
inoculum germinated in synchrony and the other 20% 
remained dormant. 

Enzymatic activity during growth and development 

Chitinase activity. Chitinolytic activity was deter- 
mined by measuring the production of NAG from a 
crystalline chitin substrate. No attempt was made to 
purify the enzymatic complex, despite the probable 
involvement of more than one protein in the hydro- 
lysis of the oligomer chain of chitin. A discontinuous 
colorimetric assay was used to measure the NAG 
concentration using DMAB reagent. This assay is 
specific for NAG, whereas other assay systems that 
utilize a dinitrosalicylic acid reagent or the 
Nelson-Somogyi copper reduction method (Miller, 
1959; Monreal and Reese, 1969; Spiro, 1966) are 
general reducing sugar detection methods and are 
inappropriate for these studies due to interference 
from the media. 

No change in hydrolysis was measured when collo- 
idal chitin was used in place of the milled chitin. 
Apparently, the physical nature of the insoluble 
polymeric substrate did not prevent a productive 
interaction with the enzyme. Chitin Red ® (Cal- 
biochem, Corp.), an insoluble preparation of 6-chitin 
complexed to a red chromophore, was also tried as a 
substrate. Although a low level of hydrolytic activity 
was detected, this assay was not utilized because of 
the long incubation time required to detect activity. 

Various preparations of the enzyme sample were 
investigated. Approximately 75% of the enzymatic 
activity was detected without lysis of the cell wall, 
suggesting that chitinase activity is secreted exo- 
cellularly. Lysing was most successfully accom- 
plished (greater than 90% lysis) by sonifying for 
30sec. Hand homogenation and use of a French 
press (25,000 psi) yielded a lower percentage lysis. 
Since the enzyme activity was slightly higher and 
more uniformly duplicated in lysed preparations, all 
samples were sonified for these experiments. 

Chitinase activity was stable at 0°C for 3 months 
and remained active after 3 freeze and thaw steps. 
Higher substrate concentrations (two, three and four 
times the amount routinely used in this assay) did not 
cause a decrease in the NAG production, which 
suggests that there is no formation of non-productive 
complexes of enzyme and substrate. The enzymatic 
incubations were performed under excess substrate 
conditions in order to simplify the interpretation of 
the results. The amount of enzymatic product, NAG, 

w a s  produced linearly with time for more than 8 hr, 
with incubation at 37°C for all three species of fungi. 
A 4.5-hr incubation time was chosen since that 
resulted in a range of product that could be readily 
measured. 

Low chitinase activity was measured at germi- 
nation with a rapid increase in activity occurring 
shortly after germination (Fig. 1). Maximum chit- 
inase activity for B. bassiana and N. rileyi occurred 
shortly before sporulation, with a gradual decline in 
activity after initial sporulation. In contrast max- 
imum activity for M. anisopliae occurred consid- 
erably after the initial sporulation, and a sharp 
decline occurred after maximum activity was reached. 
The chitinase activity detected after sporulation was 
associated with the mycelium, and not the newly 
formed conidia. 

The addition of 0.05, 0.2 and 0.06mg/ml ex- 
ogenous 13-glucosidase, an enzyme capable of hydro- 
lysing chitobiose, did not increase the amount of 
NAG produced. This suggests that all of the product 
of chitinase activity was converted to NAG by endo- 
genous hydrolytic activity. Also, the addition of 
pulverised chitin (4.0 mg/ml) to the growth medium 
did not affect either the quantity or pattern of 
chitinase activity of the fungal species. This is in 
contrast to studies with B. bassiana where it has been 
reported that chitinase activity was induced by the 
addition of powdered chitin to the medium (Smith 
and Grula, 1983). 

Exoehitinase activity. Enzyme preparations from 
all three fungi were able to degrade chitobiose to 
NAG, demonstrating the presence of exochitinase 
activity. Exochitinase levels were assayed by measur- 
ing the hydrolysis of pNADG, which is a pseudo 
chitobiase substrate. It must be emphasised that this 
substrate may not fully reflect the in vivo rate of 
hydrolysis of chitobiose, since p-nitrophenol is a 
better leaving group than the saccharide moiety. This 
is an acceptable reaction to monitor the presence of 
chitobiase and, in this manner, authenticity of sub- 
strate is sacrificed in order to use a simple, inexpen- 
sive and well-defined colorometric assay. 

Enzymatic activity was detected without lysis of 
the fungi sample, suggesting that exochitinase may be 
secreted or produced exocellularly. Lysis by 
sonification again yielded a more uniform enzyme 
preparation. 

Exochitinase activity was stable at 0°C for 4 days, 
and there was a steady decline in activity with each 
freeze and thaw step. Higher pseudo substrate con- 
centrations (two, three and four times the amount 
routinely used in this assay) did not cause a decrease 
in the p-nitrophenol production, which suggests that 
there is no formation of a non-productive complex 
with the enzyme. The enzymatic incubations were 
performed under excess substrate conditions, and the 
product was produced linearly with time for 2 hr, 
with incubation at 37°C for all three fungi. 

The titer of exochitinase activities are shown in 
Fig. 2. A low level of activity was detected in conidia 
and in germinating conidia. A rapid increase in 
activity occurred in all three fungi during the mycelia 
stage. Maximum activity occurred 2 days after the 
onset of sporulation, at the time of sporulation and 
9 days after the onset of sporulation for B. bassiana, 
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Fig. 1. Chitinase activity expressed as/~moles NAG per mg soluble protein during the growth stages for 
B. bassiana ( ), M. anisopliae ( - - - )  and N. rileyi ('"'). Enzyme solutions were incubated with 
pulverized chitin, 10 mg/ml, at pH 5.1 and 37°C for 4.5 hr and analysed for the production of NAG. G 
indicates time of germination of 80~, of the conidia. S indicates time of first sighting of sporulation. 

N. rileyi and M. anisopliae, respectively. For N. rileyi, 
the exochitinase activity remained high after sporu- 
lation, while for B. bassiana and M. anisopliae an 

appreciable decline occurred. Again, the exochitinase 
activity measured after sporulation was associated 
with the mycelia fraction. The addition of pulverised 
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Fig. 2, Exochitinase activity expressed as/~moles p-nitrophenol (pNP) per mg soluble protein during the 
growth stages for B. bassiana ( ), M. anisopliae ( - - - )  and N. rileyi ('"'). Enzyme solutions were 
incubated with p-nitrophenyl-fl-D-N-acetylglucopyranoside, 1 mg/ml, at pH 5.1 and 37" C for 1 hr and 
analysed for the production of p-nitrophenol. G indicates time of germination of 80~ of the conidia. S 

indicates time of first sighting of sporulation. 
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Fig. 3. Soluble protein content in enzyme solutions for B. bassiana ( ), M. anisopliae ( - - - )  and N. 
rileyi ('"'). Cells were lysed by sonification and the protein determined colorimetrically. 

chitin (4.0mg/ml) to the growth medium did not 
affect either the quantity or pattern of exochitinase 
activity. 

Protein content 

All three fungi had very low protein content in the 
conidia (Fig. 3). A sharp increase in protein content 

for B. bassiana occurred after germination and 
declined prior to sporulation, suggesting protein 
metabolism or a change in membrane-bound protein. 
B. bassiana contained the most soluble protein of the 
three fungi. The maximum soluble protein for N. 
rileyi also occurred before sporulation; however, only 
a slight decline occurred at sporulation. M. anisopliae 
had a maximum soluble protein content after the 
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Fig. 4. The effect of pH on the chitinase activity for B. bassiana ( ), M. anisopliae ( - - - )  and N. rileyi 
(""). Enzyme assays were performed as described in Fig. 1 legend at varying pH values. 
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Fig. 5. The effect of pH on the exochitinase activity for B. bassiana ( ), M. anisopliae ( - - - )  and N. 
rileyi ('"'). Enzyme assays were performed as stated in Fig. 2 legend at varying pH values. 

onset of sporulation followed by a gradual decline 
during the next several days. 

p H  and temperature effects on enzymatic  activity 

A detailed pH-activity study was performed over a 
pH range from 2 to 10. Maximum chitinase activity 
for all three species occurred between pH 4.0 and 5.2 

(Fig. 4). On the acid side, 50~o activity was observed 
at pH 3.5 and, on the alkaline side, 50~o activity 
occurred at pH 7.0. These results suggest the par- 
ticipation of two kinetically important  ionizations in 
the catalysis of chitin, an ionized acidic group with a 
pK ~3 .5  and a protonated basic group with a pK 
~7.0.  Enzyme assays were performed at pH 5.1 
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Fig. 6. The effect of pH on the stability of the chitinase protein for B. bassiana ( ), M. anisopliae ( -) 
and N. rileyi ('"'). Enzyme solutions were preincubated for 4 hr at the designated pH prior to adjustment 

to pH 5.1 and assayed for activity as stated in Fig. 1 legend. 
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where the chitin substrates were degraded very 
efficiently. 

Maximum exochitinase activity for all three species 
occurred at pH 5.1 when measured over the range of 
pH 2-10 (Fig. 5). Fifty percent of maximum activity 
was observed at pH 3.5 and 7.5 on the acid and base 
sides respectively, suggesting that an ionized acidic 
group and a protonated basic group are required for 
activity. 

The stability of the chitinase protein at different pH 
levels was examined after pre-incubation for 4 hr at 
pH 2-10 and at 23°C (Fig. 6). Chitinase activity was 
stable (retained greater than 80~o activity after adjust- 
ment of the pH to 5.1 for assay) for N. rileyi and M. 
anisopliae between pH 5.0 and 7.0. The chitinase 
activity in B. bassiana was stable between pH 4.0 and 
9.0, indicating stability over a wider pH range. 

Exochitinase activity was stable (retained greater 
than 80~ activity) to pre-incubation for 4 hr at 23°C 
within the pH range of 5.5 to 6.5 (Fig. 7). This is a 
narrower range than for chitinase activity; however, 
all three fungi displayed the same pH range. 

The optimum temperature for chitinase activity 
(Fig. 8) for B. bassiana and N. rileyi was 37°C. 
Eighty per cent of maximum activity occurred at 
30°C on the low temperature end and 45°C on the 
high temperature end. For M. anisopliae, the opti- 
mum temperature occurred at 45°C and 80~ of 
maximum occurred at 30 and 50°C, indicating a 
higher optimum temperature and slightly wider tem- 
perature range. For subsequent studies, assays were 
performed at 37°C. No mycelial growth was observed 
at this temperature during the incubation period of 
all three species of fungi. 

The optimum temperature for exochitinase activity 
for all three fungal species was at 55°C (Fig 9); 

however, pre-incubation at this temperature for l hr 
showed some denaturation and loss of activity. 
Eighty per cent of maximum activity occurred at 45 
and 60°C on the low and high temperature ends, 
respectively. Enzyme titer assays were performed at 
37°C, 50~ maximum activity, to avoid any dena- 
turation effect. 

D I S C U S S I O N  

The levels of chitinase and exochitinase activities 
were measured during the development and growth 
of three entomopathogenic fungi, i.e., B. bassiana, M. 
anisopliae, and N. rileyi. The chitinase activities had 
several properties in common among the three fungi. 
The level of chitinase activity was low in the conidia 
at the time of inoculation and in germinating conidia. 
There was a rapid increase in activity during the 
mycelia stage for all three fungal species. B. bassiana 
and N. rileyi demonstrated a maximum level of 
activity prior to the initiation of sporulation and a 
decline to ca. 40~ of maximum activity during 
sporulation. The M. anisopliae isolate used for these 
studies was a prolific sporulator. This may explain the 
observed low level of chitinase activity at the onset of 
sporulation, 4 days after inoculation, and the increase 
in activity during the next 9 days followed by a 
decline to ca. 30~ of the maximum activity level. N. 
rileyi attained the highest level of chitinase activity 
per protein content followed, in order, by B. bassiana 
and M. anisopliae. 

The pH profiles showed maximum activity between 
pH 4.8 and 5.2. The enzymatic protein was stable 
between pH 5.0 and 7.0 for M. anisopliae and N. 
rileyi. B. bassiana had a wider range of stability, 
between pH 4.0 and 9.0, indicating better tolerance of 
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Fig. 7. The effect of pH on the stability of the exochitinase protein for B. bassiana ( ), M. anisopliae 
(---)  and N. rileyi ('"'). Enzyme solutions were preineubated for 4 hr at the designated pH prior to 

adjustment to pH 5.1 and assayed for activity as stated in Fig. 2 legend. 
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Fig. 8. The effect of temperature on the chitinase activity for B. bassiana ( ), M. anisopliae ( . . . .  ) and 
N. rilevi ('"'). Enzyme assays were performed as stated in Fig. 1 legend and at the designated temperatures. 

pH fluctuations. The temperature profile showed 
maximum activity at 37°C for B. b a s s i a n a  and N. 
r i l ey i  and at a slightly higher temperature, 45°C, for 
M .  an i sop l iae .  

The exochitinase activity profiles for the three 
fungi also had several properties in common. The 
level of exochitinase activity was low in resting 
conidia, and in germinating conidia. A rapid increase 

in activity occurred during the mycelia stage for all 
three fungi. The maximum activity closely parallels 
the chitinase activity profiles for each species of 
fungi, as would be expected if these enzymes worked 
together in the degradation of chitin. N.  r i ley i  had the 
lowest level of exochitinase activity, which is in 
contrast to the chitinase levels. The addition of 
/~-glucosidase to the incubation mixtures did not 
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Fig. 9. The effect of temperature on the exochitinase activity for B. bassiana ( ), M.  anisopliae ( - - )  
and N. rileyi ('"'). Enzyme assays were performed as stated in Fig. 2 legend and at the designated 

temperatures. 
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increase the production of NAG from chitin, which 
indicates that an adequate amount of endogenous 
exochitinase was present in each enzyme preparation. 

The pH profiles showed maximum activity at 
pH 5.1, and the protein was stable when the pH was 
maintained between pH 5.5 and 6.5. These values are 
within those previously obtained for chitinase activ- 
ity, demonstrating that the pH optimum is similar for 
both enzymatic activities. The temperature profiles 
showed a maximum activity at 55°C, which was 
higher than the temperature optimum for chitinase 
activity. 

Several explanations correlating the production of 
enzymes with development have been proposed. As 
examples: (1) hydrolytic enzymes secreted in the 
vicinity of the tip of the emerging hyphal-germ tube 
dissolve the cuticle of the host (Galbraith and Smith, 
1969; Ishikawa et al., 1981; Mohamed et al., 1978; 
Pekrul and Grula, 1979; Samsinakova and Misikova, 
1973; Samsinakova et al., 1971; Smith et al., 1981; 
Velitskaia, 1967); (2) fungi are capable of producing 
hydrolytic enzymes at any physiological stage of 
development under favorable conditions that enable 
them to adjust to environmental changes during 
growth (Oleniacz and Pisano, 1968); and (3) chitinase 
is involved in modifying the fungal chitin structure, 
a primary polysaccharide moiety of the mycelial cell 
wall, prior to autolysis of mature fruiting bodies 
(Claus, 1961; Iten and Matile, 1970). 

Our data indicate that the chitinolytic activity of B. 
bassiana, M. anisopliae and N. rileyi reaches a max- 
imum level prior to or during sporulation. The low 
level of chitinolytic activity during germination might 
suggest that hydrolysis of chitin is not the primary 
mechanism facilitating fungal penetration. Chit- 
inolytic activity during the mycelia stages would be 
conducive to production of NAG for growth of 
mycelia while the high levels of enzyme activity near 
sporulation would enable rearrangement of the chit- 
inous cuticle, to facilitate resurfacing onto the outside 
of the host, and spore dispersal. 

Comparisons of chitinolytic activity and devel- 
opment clearly show that there is a relationship 
between enzymatic activity and the growth stages of 
these entomopathogenic fungi. These enzyme activity 
patterns are useful indicators of the growth of fungi 
and also provide a chemical measure of the devel- 
opmental stage. 

Although relatively little is known about the regu- 
lation of the chitin hydrolytic enzyme system of 
entomopathogenic fungi, the fact that chitinase and 
exochitinase activities appear at the same time in 
development suggest the possibility of a coordinated 
regulation of these enzymes. Two enzymes, endo- 
chitinase and exochitinase, may be present having 
changing concentrations during growth, or multiple 
enzymes may be present and expressed at different 
stages of development. 
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