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Abstract The ability to produce cuticle-degrading pro-
teases to facilitate host penetration does not distinguish per
se entomopathogenic fungi from saprophytes. However,
adapted pathogens may produce host-protein specific
enzymes in response to cues. This possibility prompted an
investigation of the regulation of isoforms of the subtilisin
Prl-like proteases from five aphid-pathogenic isolates of
Lecanicillium spp. Significant differences were found in
substrate specificity and regulation of Prl-like proteases
between isoforms of the same isolate and between different
isolates. For example, the pl 8.6 isoform from KV71 was
considerably more active against aphid than locust cuticle
and was induced specifically by N-acetylglucosamine
(NAG). Isoform pI 9.1 from the same isolate was only
produced on insect cuticle while most other isoforms were
more prominent on chitin containing substrates but not
induced by NAG. The ability to regulate isoforms inde-
pendently may allow production at critical points in host
penetration. Appearance of proteases (not subtilisins) with
pl 4.2 and 4.4 only on aphid cuticle was a possible link
with host specificity of KV71. The absence of C or N
metabolite repression in subtilisins from KV42 is unusual
for pathogen proteases and may help to account for dif-
ferences in virulence strategy between aphid-pathogenic
isolates of Lecanicillium longisporum (unpublished data).
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Abbreviations

dH,0 Distilled water

Suc—Ala-Ala— Succinyl-alanyl-alanyl—prolyl—-
Pro—Phe-NA phenylalanyl-p—nitroanilide

Bz-Phe-Val-Arg— N-benzoyl-phenylalanyl-valyl—
NA arginyl-p—nitroanilide

NAG N-acetylglucosamine
BSA Bovine serum albumen
IEF Isoelectric focusing
Introduction

Entomopathogenic fungi invade their hosts through the
external skeleton (cuticle). This is a complex, composite
structure with a high-protein content. Thus, particular
attention has been focused on the role of proteases in the
penetration process (see Charnley 2003 for a recent
review). The Ascomycotina fungus Metarhizium anisopliae
produces multiple isoforms of a number of families of
extracellular cuticle-degrading proteases viz. subtilisins
(Prl), trypsin-like proteases (Pr2), chymotrypsins, metal-
loendoproteases and several classes of exo-acting enzymes
(Screen and St. Leger 2000; St. Leger et al. 1993, 1994a,
b). The cDNAs and genes of representatives of several
classes of these proteases have been cloned and sequenced
(e.g. Smithson et al. 1995; St. Leger et al. 1992).

Prl-like proteases have been found in all Deuteromyco-
tina and Ascomycotina entomopathogenic fungi tested.
Genes that are significantly similar to Pr/ are present in
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Aspergillus flavus and Lecanicillium (=Verticillium) longi-
sporum (St. Leger et al. 1992) and Pri-like genes from two
isolates of Beauveria bassiana have been cloned and
sequenced (Joshi et al. 1995; Kim et al. 1999). However,
production of high levels of a subtilisin-like protease is not an
indicator of entomopathogenicity because subtilisin-related
proteases are also the principal broad-spectrum proteases of
many saprophytes (Gunkle and Gassen 1989). The level of
importance of Prl to pathogenicity has still not been estab-
lished. M. anisopliae ARSEF 2575 has some 11 Prl genes
(Freimoser et al. 2003). Thus, it is not surprising that a null
mutant of one of them, PrlA, retained near normal patho-
genicity under certain bioassay conditions (St. Leger 1995).
However, the plethora of Prisin M. anisopliae sf. anisopliae
(11 genes) compared with the scarcity of subtilisins in sap-
rophytic filamentous fungi (2-3 genes) (Freimoser et al.
2003) certainly implies a key role in disease.

Insect cuticle contains many different proteins, which
vary between types of insect (Andersen et al. 1995;
Dombrovsky et al. 2003). Thus, while Prl enzymes may
not be a prerequisite for pathogenicity, isolate virulence or
specificity could depend in part on having proteases with
high activity for host-specific cuticular proteins. Just a few
strategic amino acid substitutions can affect cuticle binding
and activity of Prl from M. anisopliae (St. Leger et al.
1986a, 1992). Since Leal et al. (1997) found significant
variation in sequence between Prls from 57 isolates from
seven species of fungi there may be sufficient variability in
Prl substrate specificity to influence virulence and or/host
specificity, particularly since multiple forms of Prl in the
same isolate could improve efficiency against different
families of host cuticular protein.

Prl from M. anisopliae ARSEF 2575 is controlled by
multiple regulatory circuits which include carbon and
nitrogen derepression (St. Leger et al. 1988), induction
(Campos et al. 2005; Paterson et al. 1994b) and pH (St.
Leger et al. 1998, 1999). Under derepressed conditions Prl
is specifically induced by an as yet ill-defined proteina-
ceous component of insect cuticle; presumably an
adaptation of M. anisopliae to insect parasitism (Paterson
et al. 1994b). While secretion of proteases by M. anisopliae
is enhanced during growth at pHs that are optimum for
protease activity, a further threefold increase in production
occurs in the presence of cuticle (St. Leger et al. 1998).

Isolate virulence or specificity could depend in part on
the ability to produce a battery of proteolytic enzymes with
specificity for the range of proteins in the cuticle of a
particular insect, in response to particular host cues at the
correct stage in penetration. The present work is a first
attempt to explore the potential for this by comparing the
regulation and activity of isoforms of subtilisin Prl-like
proteases within and between isolates of entomopathogenic
fungi. L. longisporum and L. muscarium (Ascomycota:
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Incertae sedis) were chosen for this study because as
pathogens in particular of plant sucking insects of the
Order Hemiptera, they are more specific than the more
widely studied M. anisopliae and B. bassiana (both Asc-
omycota: Hypocreales).

Methods
Organisms and growth conditions

The fungal isolates were kindly provided by Koppert B.V.,
The Netherlands: L. longisporum isolates KV71 (ex aphid,
Aphididae and the active ingredient of the commercial
mycoinsecticide Vertalec(‘@"), KV22 (ex unknown), KV42
(ex plum aphid, Rhopalosiphum nymphaeae, Aphididae,
Homoptera); L. muscarium isolates KVOI (ex glasshouse
whitefly Trialeurodes vaporariorum, Aleyrodidae, Ho-
moptera and the active ingredient of the commercial
mycoinsecticide Mycotal™) and KV54 (ex the bracken
fern, Pteridium aquilinum, Pteridophyta). All the isolates
were pathogenic for the peach potato aphid Myzus persicae
though KVO01 is only weakly so (Roditakis and Charnley,
unpublished data).

The fungus was cultured routinely on malt agar (2% w/v
malt extract, 2% agar) and malt agar supplemented with
bacteriological peptone (5% w/v) at 23°C. Conidia were
harvested from actively growing cultures (10-day old) in
sterile distilled water (dH,O) and filtering through two
layers of sterile muslin.

Desert locusts (Schistocerca gregaria) were reared as
described by Gillespie et al. (1998) and the peach potato
aphids (M. persicae) were a gift from Dr. Robert Lind
(Syngenta, Jealott’s Hill, UK). Liquid cultures were grown
either in Modified Czapek Dox (Oxoid, Hampshire, UK)
supplemented with 2 g I"' each of casein hydrolysate,
mycological peptone, yeast extract and malt extract [com-
plete medium (CM)] or modified basal salts plus trace
elements which contained per litre 1 g KH,PO4, 0.5 g
MgSO, - 7TH,0 and trace elements at ppm: 0.2 FeSO, -
7H20, 1.0 ZHSO4 . 7H20, 0.02 NaMOO4 . 2H20, 0.02
CuSOy - 5H;0 and 0.02 MnCl, - 4H,0, plus 50 mM 2-[N-
morpholino] ethane sulphonic acid and buffered to pH 6.
Carbon/nitrogen sources, were supplied at 1% (w/v) or as
indicated. Cuticles from mature adult S. gregaria and M.
persicae were prepared according to the method of Ander-
sen (1980). Approximately 100 locusts were frozen at—20°C
for 1 h and then homogenised in a Waring blender in 1 1 of
1% wi/v potassium tetraborate. The cuticle pieces were
washed extensively in dH,O, stirred overnight in 2 1 of 1%
(w/v) potassium tetraborate and then air dried at room
temperature. The cuticle pieces were then milled to a fine
powder using a Glen Creston Ball Mill (DEH48) using the
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0.2 mm sieve. The powder was washed in 21 of 1%
potassium tetraborate and finally in dH,O, allowed to settle
and any floating material removed. The method was scaled
for use with aphids. One locust is approximately equivalent
in weight to 5,000 aphids. Practical grade chitin from crab
shells was either used as purchased (and designated as
“chitin”) or hydrolysed in 30% (w/v) potassium hydroxide
at 80°C for 2 h to remove residual protein (designated as
deproteinised chitin or “KOH chitin”). The residual chitin
was washed extensively in dH,O and then allowed to air dry.

Transfer experiments

Hundred ml of CM in 250 ml conical flasks was inoculated
with 4 x 10° conidia and incubated at 23°C in an orbital
shaker (120 rpm) for 4 days to allow extensive fungal
growth. The mycelial biomass was harvested by sieving
through two layers of sterile muslin, washed with sterile
basal salts medium, and transferred to 100 ml basal salts
medium without nutrients for 24 h to achieve metabolite
derepression (referred to as derepressed mycelia). All
manipulations were conducted under aseptic conditions.
The fungus was then supplied with a nutrient source [viz.
cuticle, chitin, KOH chitin or Bovine Serum Albumen
(BSA)] at 1% (w/v) and the culture supernatant was assayed
for Pr1-like activity at 16 and 36 h. Due to the limited supply
of aphid cuticle, transfer experiments comparing locust and
aphid cuticle were performed in smaller cultures viz. 0.1 g
cuticle in 10 ml medium in 25 ml flasks. For carbon and
nitrogen repression experiments, the fungal biomass was
transferred to buffered basal salts containing 1% cuticle but
deficient in one or both of an additional soluble source of C
(1% w/v sucrose) and N (0.4% w/v NH4CI).

Supplying N-acetylglucosamine, in a restricted manner,
to established biomass

An established biomass was starved for 24 h and trans-
ferred to buffered basal salts. N-acetylglucosamine (NAG)
was supplied to these cultures either from the outset or at
linear flow rates in a restricted manner by means of dif-
fusion capsules (Lab-line Instruments Inc., Melrose Park,
IL, USA), in order to prevent sugar build up in the medium
to repressive levels (Pirt 1971). Rates were controlled by
altering the number of membranes (dialysis tubing)
through which diffusion occurred and the concentration of
NAG within the capsule. The optimum flow rate of 20—
25 pg NAG ml™ h (determined using Nelson-Somoygi
reducing sugar assay Nelson 1944) was achieved with 5%
NAG and one dialysis tube membrane. Controls contained
capsules charged with water rather than NAG. Cultures

were incubated at 23°C and 120 rpm. Samples were
removed at 16 h, centrifuged and Prl-like activity was
determined in the supernatant.

Enzyme assays

Prl-like activity was assayed by monitoring the release of
nitroaniline (NA) at 405 nm from 2 mM solutions of the
peptide substrate succinyl-alanyl-alanyl-prolyl-phenylal-
anyl-p-nitroanilide (Suc—Ala—Ala—Pro-Phe-NA) and Pr2
from the release of NA from 2 mM N-benzoyl-phenylal-
anyl-valyl-arginyl-p—nitroanilide (Bz—Phe—Val-Arg—NA)
essentially as described by St. Leger et al. (1987a). Assays
were performed in microtitre plates and measured on a
Dynatech MR5000 plate reader. Activity was expressed as
nkat NA released ml™' min™' or in nmol nitroalanine h™'.

The use of ergosterol as a measure of fungal biomass

Determination of biomass in cultures grown on an insolu-
ble nutrient source such as insect cuticle has to be done
indirectly. Ergosterol is a fungal sterol found in few other
organisms. There is a significant positive correlation
between ergosterol content and fungal biomass for the
isolates of L. longisporum and L. muscarium used in the
present study (Graystone and Charnley, unpublished data)
and thus ergosterol content was used as an indirect measure
of fungal biomass. The procedure used for the extraction
and quantification of ergosterol was Paterson et al. (1994b)
modification of the method described by Seitz et al. (1979).

Flat-bed isoelectric focusing

Culture filtrates 20-h post-transfer into the test conditions
were dialysed against several changes of 1% glycine for
24 h, followed by dH,O for a further 24 h to eliminate salt
then concentrated by lyophilisation. Fifty micrograms of
protein was loaded into each lane of a broad range pH 3-10
Ampholine precast IEF gel (Pharmacia Biotech, Piscataway,
NIJ, USA). Samples were then focused for 1.5 h at 10°C at a
constant voltage of 30 W, as per the manufacturer’s
instructions. Proteins on the IEF gels were identified as
proteases by their ability to degrade gelatin. Immediately
after focusing, gels were overlaid with X-ray film (pre-
soaked in dH,0). The overlay was photographed with a
digital camera at regular intervals, to record the position of
degradation bands as soon as they first became apparent. The
film was left in contact with the gel until no further bands of
degradation were observable. The position of the proteases
was compared to the position of broad range pl markers,
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fixed and stained in Coomassie Blue R-250. Subtilisin (Pr1-
like) and trypsin (Pr2-like) enzymes were identified after
focusing as follows. About 1 mm slices were excised from
the gel from the direction of the cathode for each sample
lane. These slices were transferred to wells of a microtitre
plate containing 100 pl Tris—HCI (pH 8.0) buffer and ho-
mogenised using a multiple well homogeniser (Burkhard).
About 50 pl of 2 mM N-Suc—Ala-Ala—Pro—Phe-NA (Prl
substrate) or Bz—Phe—Val-Arg—-NA (Pr2 substrate) was then
added and the release of NA monitored over 1 h.

Protein determination

Hydrolysis of protein from locust or aphid cuticle by
purified Prl isoforms was estimated by measuring the
absorbance at 260 and 280 nm with a Cecil 2040
spectrophotometer.

Amount of protein/mg proteinml ' = [1.55 x Ajg]
— [076 X A260]

(Walker 1996).

Results
Effect of different substrates on protease production

Preliminary experiments established that cellulose, gelatin,
urea and xylan did not promote subtilisin production by
established biomass of KV71. Therefore work was con-
centrated on cuticle and its two major components protein
and chitin. BSA was included as a soluble protein for
comparison.

All isolates produced significantly higher subtilisin-like
protease activity in cultures containing cuticle, than in
control (basal salts alone) at 16 and 36 h (Table 1), which

rules out regulation by derepression alone. KV71 and
KV42 produced the highest levels of enzyme overall. The
order of enzyme production for KV71 at 16 and 36 h was
KOH chitin > cuticle > BSA > chitin > control. KV54
displayed a similar pattern to KV71, however BSA did not
support substantial enzyme activity and levels in control
cultures were negligible.

For KV42 and KV22 at 16 h activity was in the order
cuticle = chitin = KOH chitin. KV22 produced signifi-
cantly higher protease activity in control cultures than on
BSA. Isolate KV42 exhibited a marked increase in enzyme
activity from 16 to 36 h in all cultures, in contrast in KV54
cultures activity on cuticle, chitin and KOH chitin, dropped
sharply from 16 to 36 h.

The response of KVOI subtilisins to the four substrates
was in the order BSA > cuticle > chitin > KOH chitin
viz. subtilisin activity was related to the proportion of
protein in the substrate. Thus, KVO1 appears to produce
subtilisin in response to protein whereas the other four
isolates appear to be more responsive to chitin. Consistent
with this, restricted feeding of NAG (the monomer of
chitin) to biomass of KV71 induced protease to 61% of that
on cuticle (Table 2). In contrast NAG had little effect on
subtilisin production by KVO1 (11% of that on cuticle). For
both isolates batch cultures with NAG as sole nutrient
source were repressive for subtilisin.

Differences between treatments could not be accounted
for in terms of fungal growth as there were no significant
differences in biomass (estimated using content of the
fungal sterol ergosterol) between any of the experimental
treatments 24 h after transfer (data not shown). Also in all
transfer experiments similar levels of enzyme activity were
observed in culture supernatants before and after dialysis
against water, showing that differences between isolates
and between the same isolate on different media were not
due to low-molecular weight inhibitors (data not shown).

Proteases from cuticle cultures of KV71, KV42 and
KVO01 were separated on IEF. Activity was determined by

Table 1 Subtilisin production by derepressed mycelia of five isolates of Lecanicillium spp on a number of polymeric substrates

Isolate  Cuticle Chitin KOH chitin BSA Control

16 h 36 h 16 h 36 h 16 h 36 h 16 h 36 h 16 h 36 h
Kv42 11,6 1.8 24957 96=+25 26744 96=x25 232 +11.8 39+02 114+04 28+066 8.1=%=1.05
KV22 7+1.7 3904 771 3608 7914 6.4 +0.5 2.8+0.5 1.7+£03 44+05 2.6 0.7
KV 121 +21 13.6+x21 86=x1.1 10718 25=+04 79 +29 157+25 20354 14=+x0.1 1.1 £0.1
KV54 6.4 +0.8 28+0.8 35+03 0502 77«12 1.8 £ 0.05 0.5%0.5 1.6+03 07+02 0.6 0.1
KV71  10.6 £ 0.7 14+21 28 62+12 13635 11725 8.1+05 46+02 35x02 3.2 +0.09

Four-day-old fungus, grown in complete medium was starved for 24 h before transfer to cultures containing either 1% (w/v) locust cuticle, chitin,
KOH treated chitin (deproteinised chitin), Bovine serum albumen (BSA) or just basal salts (control). Enzyme activity against N—Suc—(Ala),—
Pro—Phe-NA was recorded for each of the five isolates on these substrates at 16 and 36-h post-transfer. Results are mean + SD in nkat NA
released min~' ml™', N = 4. ANOVA and Fishers pairwise comparisons indicated that enzyme activities were significantly different from control

at both time points apart from KV54 on BSA at 16 h
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Table 2 The effect of N-acetylglucosamine on Prl-like activity in
two isolates of Lecanicillium spp

Substrate Subtilisin activity in

nkats mI™! min™!

Mean + SD, N = 4

KV71 KVO01
N-acetylglucosamine provided 139+ 15 34 +£09
from diffusion capsules
50 pl 5% N-acetylglucosamine 0 0
100 pl 5% N-acetylglucosamine 0 0
1% wlv, locust cuticle 223+ 1.7 322 +4.1
Activity in reaction when the 62 11

substrate is

N-acetylglucosamine expressed
as % of the activity when cuticle
is the substrate

Four days old established biomass of KV71 and KV01 was starved for
24 h then supplied with substrate as indicated. The supernatant was
assayed for Prl-like activity 16-h post-transfer. The activities are
corrected for activity in control flasks which were supplied with dH,O
in an unrestricted or restricted fashion

X-ray film over lay (see Fig. 1) and excised bands from the
gel were tested against N—-Suc—Ala—Ala—Pro—Phe-NA and
Bz—Phe—Val-Arg-NA to identify subtilisin (Prl-like) and
trypsin (Pr2-like) isoforms, respectively (see Fig. 2).

For all isolates tested, subtilisin activity was only
detected in the basic section of the gel (pH 7-10) (Fig. 2).

Fig. 1 Gelatin overlay
indicating proteases produced in
locust cuticle cultures of
Lecanicillium spp.

Fifty micrograms of protein
from KV71, KV42 and KVO01
cuticle cultures, 20-h post-
transfer, was focused on a broad
range iso-electric focusing gel
(Ampholine PAGplate™) at a
constant wattage of 30 W.
Immediately after focusing, the
gel was overlaid with moist
X-ray film. The position of
degradation zones were noted
and the pl of the proteases
estimated by comparison with
broad range pl markers run on
the same gel and stained with
Coomassie Blue. The
experiment was repeated three
times with similar results

KV71

Four distinct degradation zones were seen on the gel with
KV71, indicating proteases with pl values of 8.62, 8.83,
9.10 and 29.47 [the limit of the resolution of the gel
(Fig. 1)]. All four proteases exhibited Prl-like activity and
a low level of Pr2-like activity was also observed at 29.47
(Fig. 2). Gelatin degrading activity was also observed at pl
6.48, 6.30 and 5.8 (not shown), these forms of protease had
activity against the trypsin substrate (Fig. 2).

KV42 produced two very distinct couplets of protease
activity at pI 8.0, 8.19 and 8.92, 8.98 (Fig. 1). Isoforms of
pl 8.92 and 8.98 exhibited considerably higher levels of
Prl1-like activity than those at pI 8.0 and 8.19 (Fig. 2). Pr2-
like activity could also be detected at pI 8.92 and 8.98.
KVO0I had one gelatin-degrading enzyme at pl 8.95 and
three forms close to one another at pI 7.7, 7.85 and 8.19.
Both KVOI and KV42 produced high-subtilisin activity at
the most basic section of the gel (>9.47), however little or
no gelatin degrading activity was observed, compared to
that of KV71. The Prl-like activity of this very basic form
from KVO01, was approximately tenfold higher than that of
pl 7.7 and 8.19, which were not highly active against the
subtilisin substrate. KV01 and KV42 also produced a much
less basic protease at ca. 6.6 which did not have an affinity
for the subtilisin substrate, but had some Pr2-like activity
for KVO1.

In cases of dual activity the pattern of inhibition by the
protease inhibitors chymostatin (subtilisin/chymotrypsin
inhibitor), leupeptin (trypsin inhibitor) and turkey egg

KV42 KVo1
pl
pI -
pI
-7.70
-8.00 -7.85
819 -8.19
-8.62
-8.83 -8.92
-9.10 -8.98 -8.95
-9.47
947 -.9.47
*NB - pl 9.47 marked

since although it showed “NB pl9.47 as for KV42

little or no activity to
gelatin it was highly active
against the Pr1 substrate
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O PR2-like
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947 895 819 785 7.7 65
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Fig. 2 Prl-like and Pr2-like activity at each iso-electric point for
three isolates of Lecanicillium spp grown on locust cuticle.
Fifty micrograms of protein from each cuticle culture 20-h post-
transfer was focused on a broad range iso-electric focusing gel as
described. One millimeter slices were excised from the gel and
incubated with N-Suc—Ala—Ala—Pro—Phe-NA and Bz—Phe-Val-Arg—
NA for Prl and Pr2-like activity, respectively. The estimated iso-
electric point (p/) where enzyme activity was found is given. Activity
given in nmol nitroalanine h’l, mean = SD, N =4

white inhibitor (subtilisin/chymotrypsin and trypsin
inhibitor) was similar when Prl and Pr2 substrates were
used suggesting that a single enzyme and not two forms
was present in each case (data not shown). Up to 2 mM 1,
10 phenanthroline (a metalloprotease inhibitor) did not
affect activity of any of the enzymes against the Prl
substrate, confirming that the activity was due to a sub-
tilisin and not a metalloendoprotease. Inhibitors used were
those identified by St. Leger et al. (1987b, 1994b) as
active against comparable proteases from insect Asco-
mycotina pathogens.

The pattern of protease isoform production in KV71
cultures supplied with chitin was very similar to that on
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(a) kv
1 2 3 4 5 6 7
pl 42
4.4
6.48
8.62
8.62
8.83
9.10 _ " 862
9.47 =) 8.83
cuticle chitin KOH chitin control BSA NAG LA
(b) kvo1
1

2 3 4
pl
7.70
7.85
8.19
8.95

5
cuticle chitin KOH chitin control BSA

Fig. 3 IEF gels were overlaid with moist X-ray film and degradation
zones were noted and photographed as they developed. Figure shows
the situation after 40 min. Representative of three separate experi-
ments. a KV71, Lanes 1-5 from cuticle (locust cuticle), chitin (from
crab shells), KOH chitin (deproteinised crab chitin) and control (basal
salts alone), BSA; Lane 6 from restricted feed NAG culture; Lane 7
from cultures on locust (L) or aphid cuticles (A) b KVOI, Lanes 1-5
as per a KV71

cuticle, apart from the absence of a band at pI 9.1 (Fig. 3a).
In cultures with KOH chitin isoform 9.1 was absent, 8.83
very much reduced and 8.62 enhanced with respect to
cuticle cultures. Interestingly IEF of proteases from a
restricted feed NAG culture (see above) produced a single
band at pI 8.62 (Fig. 3a). The reduction/loss of pI 9.1 and
8.83 also occurred in control cultures (Fig. 3a). All iso-
forms were absent from BSA cultures. Enzyme assays
performed using gel slices and chromogenic substrate
showed the presence of a subtilisin at pI 9.47, even if the
band on gelatin film was weak or absent (as on BSA).
Interestingly the pI 9.47 activity was high in all treatments
except for BSA viz. cuticle, 398 + 76 nmol NA h';
chitin 399 + 99 nmol NA h™!; KOH-treated chitin 462 =
108 nmol NA h™'; BSA, 50 + 8 nmol NA h™', Control,
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486 + 106 nmol NA h™'
case).

For KVO01 the five isoforms produced on cuticle (see
Figs. 1, 2, 3b) were variously produced on other substrates.
The most basic isoform pl 9.47 was produced on them all,
though only shown in gel slice assays viz. cuticle,
524 + 102 nmol NA h!; chitin 459 + 96 nmol NA h_l;
KOH-treated chitin 463 + 93 nmol NA hfl; BSA,
415 = 102 nmol NA h™', Control, 283 + 72 nmol NA h™'
(mean + SD, N = 3, in each case). pI 8.95 and 8.19 were
absent from chitin cultures. pI 8.95, 7.85 and 7.7 were
missing from KOH chitin and control cultures. Interest-
ingly only pI 8.95 was missing from the BSA culture.

(mean + SD, N =3, in each

Prl-like activity on host and non-host cuticle

The subtilisin activities in cultures supplied with either
locust or aphid cuticle are shown in Fig. 4. In KV71 cul-
tures, a similar level of Prl-like activity was observed at 16
and 24 h on both cuticles. In KVOI cultures, at 16 h, again
similar Prl-like activity was recorded on both aphid and
locust cuticle, however at 24 h, significantly more protease
activity was observed on locust cuticle than on aphid
cuticle (P < 0.05, Student’s #-test).

Subtilisin isoform production by KV71 was the same on
aphid and locust cuticles. Two acidic proteases pl 4.2 and
4.4 were observed in aphid cuticle but not in locust cuticle
cultures (Fig. 3a). These proteases did not have activity
against the Prl or Pr2 substrates.

Filtrates from KV71 and KV42 cultures, that contained
cocktails of cuticle-degrading enzymes, hydrolysed three to
fourfold more protein from aphid than locust cuticle. This
was not the case with KVOI cultures (data not shown). The
cuticle hydrolysing abilities of subtilisin isoforms, semi-
purified by elution from IEF gels, were determined for
KV71, KV42 and KVO01. Experiments were carried out in
two ways. Cuticle digestion was determined when the same
amount of enzyme protein (20 pg) was added to the reac-
tion mixture, or when the same amount of Prl-like activity
was added to the cuticle (that which released 10 nkat

Fig. 4 Prl-like activity 16 and o
24 h following transfer of a .g' 35
starved biomass of KV71 and ]
KVO01I into basal salts containing E 301
aphid cuticle, locust cuticle or [ = 25
just basal salts (control). ‘z‘ 5 20 -
Activity is expressed as nkats s o
NA released ml™' min™", 3z £
mean + SD, N =4 EE
£
= 0
&

NA min! mlI™'  from N-Suc—Ala—Ala—Pro—Phe-NA)
(Fig. 5). Although the relative activities of isolates differed
between the two experimental protocols, essentially the
same pattern emerged with both. For KV71 and KV42
activities of most isoforms were significantly greater
against aphid than locust cuticle, whilst with KVO1 either
there was no difference between the two or activity against
locust cuticle was greater than aphid cuticle. It is inter-
esting to note the particular preference of the KV71 plI 8.62
isoform for aphid cuticle.

Metabolite repression of subtilisins from isolates
of Lecanicillium spp

The effects on enzyme activity of supplementing insect
cuticle with more readily available, low-molecular weight
sources of carbon (C) and nitrogen (N) in the form of
sucrose (1% w/v) and ammonium chloride (0.4%),
respectively, are shown in Table 3. At 16 and 36 h maxi-
mum production of Prl was generally found for all isolates
on cuticle alone (—C-N). Supplementing cultures with N (-
C+N) significantly reduced protease activity of KVO1 and
KV71 at both time points, and KV22 and KV54 at 16 h
only. Interestingly, at 36 h, N significantly enhanced pro-
tease production in KV22 cultures. However, protease
production in N supplemented cultures of KV42 was
similar to that of cuticle alone at both 16 and 36 h.

When C was supplied to cuticle cultures (+C—N), almost
total repression of subtilisin activity was observed at both
time points for most isolates, KV54 and KV71 were the
most sensitive. Subtilisin production by KVO0l was
repressed equally under conditions of additional C or N, at
16 and 36 h. KV42 was the only isolate to continue to
produce subtilisin in C containing cultures at 16 and 36 h
to the same level as cuticle only cultures. It appeared to be
unaffected by N or C.

All isolates exhibited almost total repression of subtili-
sin activity when both N and C (+C+N) were supplied to
cuticle cultures at 16 and 36 h; the two nutrients appeared
to act synergistically to inhibit enzyme production.
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Fig. 5 A comparison of the
amount of protein released from

KV71 ( + same amount of protein)

KV71 ( + same activity)

0.4

locust and aphid cuticle after an
overnight incubation with
isoforms of Prl-like enzyme as
semi-purified from locust-
cuticle cultures. Same amounts
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of protein: 20 ng protein at the
iso-electric points shown same
enzyme activity: equal amounts
of Prl-like activity (that which
causes the release of 10 nkats
NA per min per ml) of each
isoform. In each case enzyme
was incubated with 5 mg cuticle
in buffer overnight at 28°C. The
amount of protein released is
shown as the mean + SD, N =3
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Culture filtrates from these experiments were subject to
IEF to determine whether isoforms were affected similarly
by metabolite repression. In the case of KV 71 added
nitrogen had particular impact on pl 9.10 (Table 4). Carbon
or carbon and nitrogen, repressed all four isoforms. For
KV42, however, all five proteases with Prl-like activity
observed on cuticle as the sole source of carbon and
nitrogen, were present when cuticle was supplemented with
either soluble nitrogen or carbon. No observable differ-
ences in the pattern of proteases was observed between
these three cultures. As with KV71, no subtilisin activity

0.35

HLocust
O Aphid

HLocust
OAphid

Q
S v ©
oo w

o
o o
- o

Extent of digestion/ mg
o
&

protein released per ml

o

9.47 895 819 7.85 7.7

pl pl

was observed when both soluble carbon and nitrogen were
supplied together.

Discussion

A number of lines of evidence from this study suggest that
the Prl-like subtilisin enzymes of Lecanicillium are
induced by insect cuticle. For KV71 cellulose, xylan, urea
and gelatin generated no subtilisin activity and elastin only
to a limited extent, though all substrates supported growth

Table 3 Effect of carbon and nitrogen repression on subtilisin production by five isolates of Lecanicillium spp

Isolate -C-N +C+N +C-N —-C+N

16 h 36 h 16 h 36 h 16 h 36 h 16 h 36 h
KV42 105+ 1.8 244 £55 0.6 251 144 £ 4.6 24.8 £9.2 11.8 + 8.4 294 +1.8
KVv22 7116 4.1+0.5 0.5 0.1 27 %1 1.8 2+0.1 142 +23
KVo01 121 £ 3.2 13.1 24 0.4 0 3.7 4+0.1 5+0.7 48 + 1.7
KV54 6.3 +0.7 2.6 £0.8 0.2 0.2 0 0.5 1.9 +0.3 2504
KV71 102 0.7 14.1 £ 2.1 0 0 04 0.8 7.5 +0.8 84 +09

Four days old fungus, grown in complete medium was starved for 24 h before transfer to cultures containing 1% (w/v) locust cuticle [-C—-N], or
1% locust cuticle in the presence of additional, more readily available forms of carbon and/or nitrogen: [+C+N; +C-N; —C+N]. Enzyme activity
against N-Suc—(Ala),—Pro—Phe-NA was recorded for each of the five isolates shown on these substrates at 16 and 36-h post-transfer. Results are
mean + SD in nkat NA released min~' mI™', N = 4. ANOVA and Fishers pairwise comparisons indicated that enzyme activities were signifi-
cantly different from cultures without additional nutrient source [-C—N] at both time points apart from KV54 (-C+N) at 36 h and KV42 (+C-N
and —C+N) at both time points
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Table 4 Effect of carbon and nitrogen repression on the pattern of
isoforms of subtilisins produced by two isolates of Lecanicillium spp

Estimated pl

—C-N —C+N +C-N +C+N

KV71

>9.47 >9.47 No Prl-like No Prl-like

9.10 (9.10)* Activity detected Activity detected
8.83 8.83 In lane In lane

8.62 8.62

KV42

>9.47 >90.47 >9.47 No Prl-like activity
8.98 8.98 8.98 Detected in lane
8.92 8.92 8.92

8.19 8.19 8.19

8.00 8.00 8.00

Isoforms of proteases from culture supernatants were separated on an
isoeletric focusing system. The gels were overlaid with moist X-ray
film and degradation zones were noted and photographed as they
developed and compared to the position of Coomassie stained
markers. Gel slices were excised from replicate lanes and assayed for
Prl-like activity. The Prl-like enzymes identified are shown for
KV71 and KV42 on cuticle alone (-C-N), cuticle with soluble
nitrogen (—-C+N), cuticle with soluble carbon (-N+C) or cuticle with
both carbon and nitrogen (+C+N). The experiment was repeated three
times with similar results

4 Isoform 9.10 was slower to degrade the gelatin overlay, and
exhibited a fourfold reduction in Prl-like activity compared to the
form produced in the absence of additional nitrogen

in batch cultures. All five isolates of Lecanicillium pro-
duced considerable subtilisin when grown on locust cuticle
as the sole source of carbon and nitrogen, and significantly
more than derepressed mycelia on basal salts alone. There
were no consistent significant differences in subtilisin
production between aphid and locust cuticles and thus the
inducing agents are present to equal extent in the two
cuticles. Since all isolates are to varying extents pathogenic
for aphids but not locusts induction of subtilisin activity is
not host-related. Furthermore unlike M. ansiopliae ARSEF
2575 (Paterson et al. 1994a), the inducer is not unique to
insect cuticle and differs between isolates. The subtilisins
of the virulent aphid-pathogenic L. longisporum isolates
KV71, KV42 and KV22 and L. muscarium KV54 appeared
strongly on KOH chitin and cuticle, identifying chitin as an
inducer. The reduced importance of protein in the regula-
tion of subtilisin is particularly apparent with KV54 and
KV71 for which chitin (crab chitin with residual protein)
supported significantly less enzyme activity than KOH
chitin (crab chitin without residual protein). In contrast to
the other isolates, although subtilisins of L. muscarium
KVO0I (ex whitefly and a weak pathogen of aphids) were
supported to a limited extent by chitin, activity increased in
direct proportion to the protein content of the substrate. It

would seem that in common with Pr2 from M. anisopliae
ARSEF 2575 (Paterson et al. 1993), subtilisin from KVO01
is induced primarily non-specifically by protein.

At first sight, it seems counter intuitive that proteases
should be induced by chitin. However, given that the
cuticle consists primarily of chitin fibrils embedded in a
protein matrix (Neville 1984) and that fungal chitinases are
also usually induced by chitin (Smith and Grula 1983; St.
Leger et al. 1986b), co-ordinated regulation of enzymes
that hydrolyse the two main constituents of cuticle may
prove most efficient under some circumstances. The sub-
tilisin PRB1 from the mushroom pathogen Trichoderma
harzianum is induced also by chitin in fungal cell wall
preparations and is repressed in the presence of casein or
BSA (Geremia et al. 1993). Since chitin is an insoluble
polymer the most likely inducer is the monomer NAG
which plays a similar role for PRB1 (Geremia et al. 1993)
and Metarhizium endochitinase (St. Leger et al. 1986b).
For KV71, Prl activity was produced to 61% of that on
cuticle when the fungus was supplied with NAG at a rate
that did not exceed demand (restricted culture); high con-
centrations of NAG in unrestricted cultures were
repressive. In contrast KV01 did not produce subtilisin
when NAG was supplied in an unrestricted manner and
only to 11% of that on cuticle when supplied in a restricted
fashion. It is unfortunate that there is no comparative
information on the cuticle composition of aphids and
whiteflies. This might otherwise account for the different
regulation of proteases from isolates of Lecanicillium that
are adapted to these groups of insects.

In common with M. anisopliae ARSEF 2575 the Prl
from the five isolates of Lecanicillium tested here were all
metabolite repressed under nutrient rich conditions. Prl
from M. anisopliae was repressed by a soluble source of C,
but predominantly by low-molecular weight N (St. Leger
et al. 1988). In contrast, Prl-like enzymes of KV71, KV54
and KV22, showed a level of repression by N but were
predominantly repressed by C. KVO1 appears to exhibit
control of subtilisin production equally by C and N
repression. Dual control also occurs with KV22, though in
this case nitrogen repression is short lived.

Interestingly, and in contrast to the other isolates, Prl-
like enzymes from KV42, were insensitive to the presence
of either low M, C or N. Fungal subtilisins play a part in
invasion of host cuticle but are rarely produced during
fungal growth in the haemolymph, probably because of
metabolite repression. The absence of independent C and N
repression of subtilisins from KV42 may account for the
early appearance of fungal subtilisins during invasion of M.
persicae by this isolate (Bye and Charnley, unpublished
data). This reflects a different virulence strategy adopted by
KV42 in comparison to KV71. The latter grows prolifically
in the haemolymph; its subtilisins, subject to C and N
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repression, are not produced during early infection; wide-
spread early host tissue invasion/degradation leads to host
death. In contrast KV42 has minimum growth in the hae-
molymph prior to death; its subtilisins, not subject to C or
N repression, are produced early in infection; there is no
tissue invasion prior to death which is probably as a con-
sequence of toxins (Bye, Graystone and Charnley,
unpublished data).

Isoforms of subtilisins produced by the isolates of Lec-
anicillium studied were not co-coordinately regulated.
Therefore the overall activity depends on the individual
responses of each isoform. Most previous studies on pro-
tease regulation by M. anisopliae and B. bassiana have not
examined differences between isoforms, e.g. (St. Leger
et al. 1988, 1994b). St. Leger et al. (1994b) found the
largest number of Prl and Pr2 isoforms produced by M.
anisopliae on insect cuticle and the number of Prl isoforms
on cuticle diminished with time. No further forms were
observed on any other substrate tested. Furthermore only
two forms were produced, albeit at diminished levels, on
elastin or cellulose. They attributed these results to dif-
fering sensitivities of genes to carbon and nitrogen
derepression, rather than differential induction.

For Lecanicillium isolates also the most Prl-like iso-
forms was produced on cuticle as the sole source of carbon
and nitrogen, no further forms were found on other sub-
strates. The predominant isoform produced by KVOI,
KV42 and KV71 was a very basic form, pl 29.47 at the
limit of the resolution of the gel. High-subtilisin activity
was recovered from this section of the gel for all three
isolates. However, for KV42 and KVOI, this protease was
unable to degrade gelatin—indicating a difference from the
isoform produced by KV71. The protease extracted from
the extreme basic end of the gel also had some activity
against the Pr2 substrate though inhibitor studies and
Coomassie staining were consistent with the presence of a
single enzyme. Samuels et al. (1990) similarly found pro-
teases produced by a number of Erynia spp. that had mixed
chymotrypsin/trypsin activity.

For KV01 and KV71, the very basic isoform was pro-
duced on all test substrates including basal salts, aphid and
locust cuticles. This isoform was repressed, as were all
other forms, when additional low M, source of carbon was
supplied to cuticle cultures of KV71. The equivalent KV42
isoform, however, was unaffected by the addition of a
freely available source of carbon. Thus, although these two
isolates have a Prl-like enzyme with similar pl, these
isoforms appear to be regulated differently. With the
exception of this basic form of the enzyme, each isolate
studied, produced its own distinctive pattern of Prl-like
isoforms on insect cuticle.

In addition to these inter-isolate differences, isoforms of
the same isolate were regulated differently also. For KV71,
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on BSA, the low levels of subtilisin were attributable to the
most basic form (29.47), all others forms were repressed.
However, KVOI1 produced the same isoforms on BSA as it
did on locust cuticle. KV71 produced one Prl-like isoform
of pI 9.10 only on insect cuticle. It was not derepressed by
starvation nor was it induced by chitin or protein. It appears
to be induced specifically by a component of the insect
cuticle itself. Furthermore, this form was particularly sen-
sitive to both carbon and nitrogen repression. It was
completely repressed in the presence of low M, carbon, but
unlike the other forms, was sensitive to nitrogen. The
repression of this isoform accounts for the overall loss of
subtilisin activity in cuticle cultures supplemented with
nitrogen.

The whitefly isolate, KVO1, did not produce any iso-
forms exclusively on cuticle, however one form, pl 8.95
was only produced on cuticle and BSA. Isoforms of pI 7.7
and 7.85 were reduced on deproteinised chitin. Further-
more, the low levels of activity found in control cultures,
were predominantly due to that at pI 9.47. The common
denominator for these KVO1 isoforms appears to be non-
specific protein induction.

KV42, in addition to pI 29.47, produced two distinct
couplets of protease with subtilisin activity on insect cuti-
cle. Unlike KV71 where one form was repressed by
nitrogen, and all forms were repressed by carbon, all the
KV42 isoforms were unaffected when more accessible
sources of carbon or nitrogen were supplied to cuticle
cultures; though all forms were repressed when the two
were supplied together. Thus with respect to carbon and
nitrogen derepression, all isoforms of Prl-like enzyme
produced by KV42 are co-ordinately regulated.

KV71 produced two proteases with a low pl on aphid
cuticle that were not apparent on locust cuticle. These
proteases showed no Prl or Pr2-like activity. It seems
likely that they were induced by some component specific
to host aphid cuticle. Interestingly we extracted a pl 4.4
protease from aphids infected with this isolate also (Bye
and Charnley, unpublished data). These enzymes could be
aspartyl proteases, similar to those found in cultures of M.
anisopliae (St. Leger et al. 1998).

Host (aphid) cuticle did not induce more Prl-like
activity than non-host (locust) cuticle and the pattern of
isoforms was also the same. However, a protease cock-
tail from ex-aphid isolates, KV71 and KV42, digested
3.5-fold more host cuticle than non-host cuticle and in
most cases individual isoforms showed similar prefer-
ence. Dombrovsky et al. (2003) established the first
sequences of aphid cuticle proteins from M. persicae
cDNA libraries. Similar genes were found in five other
aphid species and they appear to be unique to this group
of insects. If aphid-adapted isolates of L. longisporum
prove to have host specific proteases this would be the
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first example of such adaptation amongst entomopatho-
genic fungi.

Cocktails of proteases in culture filtrates from KVOI1, ex
whitefly, digested aphid and locust cuticles equally well.
Individual isoforms hydrolysed both types of cuticle with
equal facility, apart from pl 8.95 and 7.85 that had greater
activity against locust than aphid cuticle. This could be a
contributory factor to the low aphid-pathogenicity of this
isolate (Hall 1984; Roditakis and Charnley, unpublished
data).

In conclusion, the results presented here show signifi-
cant differences in substrate specificity and regulation of
subtilisin Prl-like proteases between isoforms of the same
isolate and between different isolates of Lecanicillium spp.
For example, the plI 8.6 isoform from KV71 is considerably
more active against aphid than locust cuticle and is induced
specifically by NAG. Isoform pI 9.1 from the same isolate
was only produced on insect cuticle while most other iso-
forms were more prominent on chitin containing substrates
but not induced by NAG; pl 9.47 was strongly produced on
all media and was the only one in evidence on BSA (but to
a reduced extent). This ability to regulate isoforms inde-
pendently may allow production at particularly critical
points in the penetration process. Appearance of proteases
with pI 4.2 and 4.4 only on host aphid cuticle is a possible
link with host specificity of KV71. The absence of C or N
metabolite repression in subtilisins from KV42 is unusual
for pathogen proteases and helps to account for differences
in virulence strategy between aphid-pathogenic isolates of
L. longisporum.
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