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Abstract

A comparison has been made between the effects of wounding, chemical stimulation of the immune system and fungal infection
on acid phosphatase (AcP) activity in the haemolymph of the desert locust,Schistocerca gregaria. Untreated control locusts had
constitutive levels of AcP. As a lysosomal enzyme, AcP may have a role in autophagy and cell turn over as well as defence.
Injection of saline andβ-1,3-glucan caused significant increases in haemocyte and plasma AcP. AcP activity also increased in the
haemolymph on the 3rd day after inoculation with the entomopathogenic fungusM. anisopliaevar acridum. This coincided with
a decline in the total haemocyte count and a marked reduction in the proportion of plasmatocytes and coagulocytes that stained
positive for AcP. Therefore a priori it seemed unlikely that the extra AcP in infected insects came from the host. A fungal origin
for the enzyme was suggested by the identification of AcP isoforms from haemolymph of different treatments. Control inoculated
(oil only) insects had an AcP at a pI of 4.3 that was stimulated further by the injection of laminarin. Additional isoforms appeared
at around 7.3–7.5 in the laminarin treatment. However, the 4.3 isoform appeared to be suppressed in the insects infected withM.
anisopliaevar acridum. The band intensity was more like that of the control than the laminarin-injected insects. Two new isoforms
appeared later on in infection. These enzymes had pIs that corresponded to some of the AcPs produced in vitro by the fungus. The
results are discussed in the light of the possible benefits of secreted fungal acid phosphatases to the pathogen. 2000 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Insect fungal pathogens invade their hosts through the
external skeleton. A battery of extracellular cuticle
degrading proteases and chitinases facilitate passage
through the integument and provide nutrition for the
fungus (Charnley and St Leger, 1991; St Leger, 1995).
Once in the insect, Deuteromycete pathogens likeMet-
arhizium anisopliaeproliferate to a greater or lesser
extent in the haemolymph, where they may be confined
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prior to host death. Efficient use of nutrients in the hae-
molymph while combating the insect’s blood-borne
defences will be critical to successful parasitism. Good
evidence implicates pathogen hydrolases in penetration
of the exoskeleton, but the role of extracellular fungal
enzymes in haemolymph has received little attention.
Cuticle degrading subtilisin fungal proteases such as
PR1 have powerful general proteolytic activity (St Leger
et al., 1986a). Unfortunately for the fungus they are gen-
erally absent from the haemolymph due to repression by
low molecular weight compounds.

Simple sugars (principally the diasaccharide trehalose)
and phosphorylated sugars (e.g. glucose-1-phosphate)
are found at high concentration in the haemolymph.
While repressive for fungal proteases they are a readily
available source of carbon for the fungus, though utilis-
ation may depend on secretion of the appropriate hydro-
lase. The necessary enzymes,α glucosidase/trehalase
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and acid phosphatase, are secreted in culture byM. ani-
sopliae(St Leger et al., 1986b; Xia et al., unpublished).

Attempts to identify fungal enzymes in insect haemo-
lymph must take into account the fact that defence
related proteins, including enzymes, may be produced
by the host in response to the fungal invasion. The insect
immune system is comprised of a battery of humoral and
cellular defences that can interact in the destruction of
pathogens (reviewed by Gillespie et al., 1997). The first
line of defence in the haemolymph is often phagocytosis.
This is carried out primarily by the plasmatocytes. Co-
operative attack by species of insect haemocytes can lead
to immobilisation of groups of pathogens within granu-
lomas (nodules) and the encapsulation of larger invaders.
So called humoral defences such as production of mel-
anin and antimicrobial peptides also play their part.

The study of invertebrate haemocyte cell killing
mechanisms is fragmentary; lysozyme has been well
studied but there is little information on other hydrolases
(Anderson and Cook, 1979; Zachary and Hoffmann,
1984). Recently there have been a number of reports on
the cytochemistry of the blood of oysters and mussels
(Alvarez et al., 1995; Anderson et al., 1992; Anderson,
1994). The few studies on insects have concentrated on
the characterisation of naı¨ve haemolymph (Chain and
Anderson, 1983; Miranpuri et al., 1991). Phagocytosis
is known to stimulate production of lysosomal enzymes
of which acid phosphatase (AcP) is a key component.
AcP has been found in insect haemocytes and shown to
be released into the plasma (Lai-Fook, 1973; Rowley
and Ratcliffe, 1979). Cheng (1983) reported hypersynth-
esis of acid phosphatase by haemocytes of the mollusc
Biomphalaria glabrata during phagocytosis. The
enzyme was subsequently released into the plasma
where its role is unknown though alteration of surface
properties of foreign particles by the enzyme may aid
immunological recognition though a direct role of AcP
in cell killing can not be ruled out.

We showed recently that mycosis of the desert locust
with M. anisopliaevar acridum resulted in changes in
the properties of the haemolymph that occurred in two
stages (Gillespie et al., 2000). During the first stage, in
the first 2 days after inoculation, there was an increase
in total haemocyte count (which was due in large part
to an increase in coagulocytes), the number of nodules
and prophenoloxisase (pPO) activity. All of these para-
meters were shown to change with respect to the control
values when there was no or only a minor presence of
fungus in the haemolymph. This suggests that there is a
“signal” which is either a host derived molecule
(released from the integument during fungal penetration)
or a soluble fungal metabolite that activates the immune
system. It is apparent that, whilst the immune system is
stimulated by the fungus, the impact of the cellular host
defenses onM. anisopliaevar acridum is minimal since
the haemocytes remain unattached to fungal particles

and there is no indication that nodules incorporate
fungus.

The second stage of the infection process occurred
when the fungus had entered the haemocoel and repli-
cated extensively (3–4 days after inoculation). At this
time, all parameters measured (apart from pPO) were at
levels significantly below those of controls and mycosed
locusts in stage 1 of infection. This may be because the
immune system has now been overcome by the fungus
or fungally-derived metabolites.

The object of the present study was to determine the
effect of fungal infection on haemolymph acid phospha-
tase in the desert locust. It was hoped to be able to dis-
tinguish any effect of infection on host derived acid
phosphatase, which would be part of the immune
response, and enzyme secreted by the fungus to promote
host invasion.

2. Materials and methods

To remove endotoxin, glassware was rinsed success-
ively for 2 min in each of 1% (w/v) E-Toxa clean, ace-
tone and concentrated dimethyldichlorosilane, then left
to dry overnight in a fume cupboard. All solutions were
made up in endotoxin free water.

2.1. Insect cultures

Mature adult males of the desert locust,Schistocerca
gregaria (Orthoptera: Acrididae), were used in all
experiments. Locusts were reared according to the
method described by Gillespie et al. (2000) and fed on
fresh wheat shoots, wheat bran (supplemented with dried
brewer’s yeast) and water. The water was periodically
treated with a 5% antiprotozoal solution (w/v; 4.26%
sodium sulphamethazine; 3.65% sodium sulphathiazole;
3.13% sodium sulphamerazine) to suppress growth of
the sporozoan parasiteMalamoeba locustae. Experi-
mental insects were not treated to prevent pharmacologi-
cal effects on the immune system.

2.2. Fungal cultures

Metarhizium anisopliaevar acridum (=Metarhizium
flavoviride, Driver et al., 2000) (isolate 330189) (ex
Ornithacris cavroisi, Orthoptera: Acrididae) andM. ani-
sopliaevar anisopliae(isolate ME1) was cultured on 1/4
strength Sabouraud’s Dextrose agar at 28°C for 7–10
days under constant light. Conidia were harvested in cot-
ton seed oil or Ondena oil and the resulting spore sus-
pension was filtered through sterile muslin to remove
any mycelia. After centrifugation (3000g for 3 min)
spores were resuspended in oil then treated in a sonicat-
ing water bath (15°C for 5 min) to break up any aggre-
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gates. The concentration of spores was determined using
a Neubauer haemocytometer.

2.3. Treatment of S. gregaria

2.3.1. Inoculation with fungus
Locusts were chilled at 4°C for 1 h prior to topical

inoculation with an LD50 dose viz. 5µl of cotton seed
oil containing 7.5×104 conidia (Bateman et al., 1993)
applied under the pronotum using a microsyringe. Con-
trol locusts were treated with cotton seed oil alone.
Insects were housed individually in an incubator at
28±2°C with a 16 h light:8 h dark photoperiod and were
fed wheat seedlings.

2.3.2. Injection of laminarin
A hand microapplicator fitted with an all-glass syringe

(Burkard Co.) was used to inject locusts with the algal
β-1,3-glucan, laminarin. Twenty-five microlitres of 0.5%
(w/v) laminarin in Hoyles saline (0.234 M NaCl; 0.006
M KH2PO4; 0.004 M KHCO3; 0.002 M CaCl2; 0.002 M
MgCl2; 450 mOs/kg; pH 4.4) were injected through a
15 gauge needle into each locust dorsoventrally in the
intersegmental membrane between the 3rd and 4th
abdominal segments. Controls were either not injected
or injected with saline only. Insects were housed indi-
vidually in an incubator at 27±2°C with a 12 h light:12
h dark photoperiod and were fed wheat seedlings.

2.4. Collection and treatment of haemolymph

Haemolymph was collected from the arthrodial mem-
brane of the hindleg of the locust. The membrane was
first swabbed with 70% ethanol, allowed to air dry and
then pierced with a sterile needle. The haemolymph was
collected using a 10µl Eppendorff Pipetman over ice to
prevent coagulation.

Haemolymph was diluted 10× with sterile ice cold
anticoagulant buffer (AC buffer; 0.098 M NaOH; 0.180
M NaCl; 0.017 M EDTA (free acid); 0.041 M citric acid;
440–450 mOs/kg; pH 4.8). For whole blood assays the
diluted haemolymph was ultrasonicated for 20 s then
frozen at 220°C to rupture the haemocytes. Samples
were then centrifuged at 13,000g to remove cellular
debris. The supernatant was decanted and stored until
use at 220°C. When haemocytes and plasma were
required separately, haemolymph in anticoagulant buffer
was centrifuged at 3000g for 10 min. The plasma super-
natant was pipetted off and stored until use at220°C.
The haemocyte pellet was resuspended in sterile distilled
water then ultrasonicated, frozen and centrifuged to dis-
rupt the cell membrane and remove debris as with whole
blood samples. The supernatant was pipetted off and
stored until use at220°C.

2.5. Enzyme assay

A modification of the spectrophotometric method of
Andersch and Szcypinski (1947) was used to measure
acid phosphatase (AcP) activity in the blood. Four hun-
dred and fifty microlitres of 0.1 M sodium citrate (pH
4.8) was added to 250µl of 10mM p-nitrophenol phos-
phate (Sigma). The assay was initiated by the addition
of 50µl of haemolymph sample. In control tubes haemo-
lymph sample was replaced with 50µl of distilled water.
The tubes were incubated in a 37°C water bath for 2 h.
After this period, the reaction was stopped and the colour
developed by the addition of 1.5 ml 0.05 M NaOH. Ali-
quots were analysed in a spectrophotometer at 410 nm.
AcP activity was determined with reference to a cali-
bration curve of standard nitrophenol (pNP). Activity is
expressed as moles of pNP generated in the reaction.

2.6. Haemocyte monolayer preparation

Locusts were chilled on ice for 10 min to make hand-
ling easier. Haemolymph was collected from the arthrod-
ial membrane of the hindleg of locusts. The membrane
was first swabbed with 70% (v/v) ethanol, allowed to air
dry and then pierced with a sterile needle. The haemo-
lymph was collected onto a meniscus of Hoyle’s saline
on a syringe containing 200µl of the chilled saline. The
syringe was inverted several times to disperse the cells
before dispensing 50µl onto endotoxin-free cover slips.
Two cover slips were placed onto an endotoxin-free
microscope slide and incubated for 15 min at room tem-
perature in a moist chamber in order to allow the haemo-
cytes to fall out of suspension and adhere to the glass.
The monolayers were washed four times with hoyle’s
saline to remove plasma and any non-adherent material.
Some monolayers were overlayed with 100µl of 1 µg/ml
solutions of laminarin and zymosan in hoyle’s saline. All
monolayers were subsequently stained histochemically
for acid phosphatase activity.

Three types of haemocyte were identified following
the nomenclature of Gillespie et al. (2000). These were:
vacuolated plasmatocytes (PLs), which spread on E-
toxa-coated glass and contained large numbers of gran-
ules and vacuoles; coagulocytes (COs) which lysed or
degranulated in vitro and sometimes appeared as a
nucleus with remnants of surrounding cytoplasm
attached to the slide by thin streamers of diffuse coagu-
lum; granular cells (GRs) which were phase bright, gran-
ule-containing round cells anchored by thin filopodia.

2.7. Staining haemocytes for acid phosphatase activity

Monolayers were stained for acid phosphatase activity
using a Sigma diagnostic kit (181-A, lymphocyte acid
phosphatase kit). The assay utilised the simultaneous
capture principle to generate an insoluble chromogenic
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Naphthol AS-BI-GBC complex which is dark red in col-
our. The staining procedure was carried out according
to the manual provided. Monolayers of more than 100
cells were stained and cells that were dark red in colour
scored as positive for acid phosphatase.

2.8. Production of fungal acid phosphatases in culture

M. anisopliaevar acridumandM. anisopliaevar ani-
sopliaewere grown under culture conditions optimised
for acid phosphatase production (unpublished): 108 con-
idia in 100 ml of medium (basal salts (see Paterson et
al., 1993) including 10 mg Pi/l, 2% glucose and 2 g l21

NaNO3, 50 mM 2-(N-morpholino) ethane sulphonic acid
buffer, pH 6.0) in 250 ml flasks, shaken at 150 rpm at
27°C for 4 days. Mycelium was removed by filtration
over a sintered glass funnel and the filtrate concentrated
ca. twenty-fold by PEG 30,000 at 4°C. The concentrated
extract was then dialysed overnight against 100 volume
of distilled water with three changes of water, then dia-
lysed against 10 volume of 20 mMn-[2-hydroxyethyl]p-
iperazine-N9-[3-propanesulphonic acid], pH 7.0 for 5 h.

2.9. Isoelectric focusing of haemoymph proteins and
fungal culture filtrates

Isoelectric focusing (IEF) was carried out in 2.2% flat
IEF gels (Pharmacia Biotech) on an LKB gel apparatus.
The anode was a strip of Whatman No. 3 filter paper
soaked in 1 M phosphoric acid, the cathode was a strip
of Whatman No. 3 filter paper soaked in 1 M sodium
hydroxide. Power was regulated to a constant 10 W for
3.5 h. Haemocyte free supernatants were dialysed (48 h,
4°C, against four changes of 200 vol distilled water)
before IEF. Fungal culture filtrates were produced as
described in the previous section and applied to the IEF
gel with the haemolymph supernatant. After IEF the gels
were stained for acid phosphatase activity using the
method of Nagy et al. (1981). The protocol was 20 min
in a solution of 150 mg 1-naphthyl phosphate+50 mg
fast blue RR salt in 50 mM pH 5.0 acetate buffer. The
reaction was terminated by transferring the gel to 7%
acetic acid.

2.10. Statistical analysis

Statistical comparisons of data were performed using
Student’st test.

3. Results

Acid phosphatase activity was determined in whole
haemolymph ofS. gregariaduring infection withM. ani-

Table 1
The effect of topical application of 1×104 conidiospores ofM. aniso-
pliae var acridum on haemolymph acid phosphatase activity in adult
male S. gregaria

Day after infection Acid phosphatase activity (µM pNP/100µl
haemolymph/h)a

Controlb Infected

3 0.462±0.03 a 0.378±0.08 a
4 0.432±0.03 a 0.325±0.03 a
5 0.349±0.05 a 1.437±0.18 c
6 0.424±0.04 a 1.783±0.12 c

a Control insects that were inoculated with cotton seed oil and main-
tained in conditions identical to infected insects.

b Mean±standard error,N=9. Means within a column or across a
row followed by different letters are significantly different atp#0.05.

sopliae var acridum (Table 1). Three and 4 days after
inoculation there were no significant differences in AcP
activity between experimentals and controls. However,
there was a large significant increase in AcP activity in
mycosed insects on day 5 that was accentuated on day
6. The situation in fungus-infected insects may be con-
trasted with that in insects that have been wounded
(injected with saline) or treated in such a way as to
stimulate directly the immune system (laminarin
injection) (Table 2). Both treatments caused a significant
increase in AcP 1d after injection, with further enhance-
ment on day 2. In the next experiment the AcP activity
was determined in the haemocyte and plasma fractions
separately (Table 3). In the controls there was no sig-
nificant difference in activity between the haemocytes
and plasma. Furthermore the activity in the controls did
not change significantly over the 3 days of the experi-
ment. However, there was a large, significant increase
in haemocyte AcP activity following both saline and
laminarin injection. The activity in the haemocytes was
significantly greater than in the plasma for both treat-
ments on all 3 days.

Haemocyte monolayers were used to explore the
effect of the treatments on AcP activity in individual
sub-populations of haemocytes. The cells that showed

Table 2
Acid phosphatase activity in whole haemoymph ofS. gregariafollow-
ing injection with saline or laminarin

Acid phosphatase activity (µmol/100 µl haemolymph/h)

Days- Uninjected Saline injected Laminarin
postinjection control (n=6) (n=12) injected (n=12)

1 0.41±0.05 aa 0.63±0.049 b 0.56±0.037 b
2 0.39±0.03 a 1.02±0.091 c 1.07±0.081 c
3 0.45±0.04 a 1.01±0.009 c 1.18±0.11 c

a Means within a column or across a row followed by different
letters are significantly different atp#0.05.
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Table 3
Acid phosphatase activity in components of the haemoymph ofS. gregariafollowing injection with saline or laminarina

Acid phosphatase activity (µmol/50 µl haemolymph/h)

Days-post injection Uninjected control (n=6) Saline injected (n=12) Laminarin injected (n=12)

Haemocytes Plasma Haemocytes Plasma Haemocytes Plasma

1 0.387±0.08 a 0.254±0.03 a 0.497±0.12 a 0.227±0.023 c 0.554±0.102 a 0.238±0.051 c
2 0.444±0.13 a 0.271±0.02 a 1.062±0.10 b 0.321±0.041 c 1.326±0.417 b 0.358±0.034 c
3 0.450±0.12 a 0.291±0.01 a 1.019±0.15 b 0.359±0.034 c 1.180±0.09 b 0.356±0.044 c

a For a given treatment, means within a column or across a row followed by different letters are significantly different atp#0.05.

intense dark red staining were characterised as AcP posi-
tive, some cells were a diffuse red colour or had no stain-
ing and were deemed AcP negative [Fig. 1(A–D)].

Table 4 shows the impact of mycosis on AcP activity
in the three classes of haemocyte. Whilst the proportion

Fig. 1. Photomicrographs of monolayers of haemocytes fromS. gregariaand hyphal bodies ofM. anisopliaevar acridum stained for acid
phosphatase: (A) plasmatocytes (a) and granular cell (b); scale bar=25 µm; (B) coagulocytes showing intense (a), diffuse (b) and non-staining (c);
scale bar=17.5 µm (C) plasmatocyte showing large acid phosphatase rich vesicle after incubation with zymosan; scale bar=10 µm (D) diffuse
staining coagulocyte undergoing “blebbing” with migration of acid phosphatase-rich granules to the periphery; scale bar=10 µm; (E) aggregation
of haemocytes (nodule) on a monolayer stimulated with mycelial fragments; scale bar=25 µm; (F) hyphal bodies ofM. anisopliae var acridum
from the blood of a locust 4 days post inoculation. The hyphae stained positive for acid phosphatase; scale bar=25 µm.

of stained granular cells (GRs) remained steady after
inoculation, the proportion of AcP positive plasmato-
cytes (PLs) was initially less than controls, then
increased briefly back to the control level (day 2). Con-
versely, the proportion of AcP positive coagulocytes
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Table 4
The effect of topical application of 7.5×104 conidiospores ofM. aniso-
pliae var acridumon haemocytes that stained positivelya for acid phos-
phatase activity in adult maleS. gregaria

Day after % Staining Cells±SE, n=12
inoculationb

CO PL GR

Control 88±5 58±3 100±0.00
1 60±5* 40±4* 84±12
2 50±4* 75±11 100±0.00
3 15±5* 8±8* 100±0.00
4 N.A.c N.A.c N.A.c

a Control insects were inoculated with cotton seed oil and main-
tained in conditions identical to infected insects and sampled at the
same time points, the results were combined.

b Positive cells were intense staining. A total of 200 cells were
counted per monolayer.

c Not attempted as there were less than 100 cells per monolayer, *
significantly different from corresponding control value (p,0.05).

(COs) steadily decreased. The experiment could not be
continued up to day 4 post inoculation as haemocytes
from insects at this stage of infection failed to adhere in
significant numbers to the glass slide. The increase in
the proportion of PLs in infected blood staining for acid
phosphatase activity may relate to nodule formation in
which PLs are extensively involved, consistent with this
Fig. 1(E) shows a nodule that stains intensely for AcP.

Elements of the fungus (hyphal bodies) observed in
the blood on days 3 and 4 stained for acid phosphatase
activity also [Fig. 1(F)]. This indicates that at least some
of the AcP activity in infected blood may come from
the fungus rather than the insect.

If monolayers of naı¨ve haemolymph were prepared
and overlaid with a 1 mg/ml solution of zymosan or
laminarin (β,1-3-glucans) for 1 h prior to staining for
AcP, there was a change in the differential staining pat-
tern (Table 5). The proportion of COs and GRs that were
acid phosphatase positive decreased with both zymosan
and laminarin. The PLs were only affected by laminarin.

Table 5
The effect ofβ-1,3-glucans on acid phosphatase staining of haemo-
cytes

Overlay % Intense staining cellsa,b

CO PL GR

None 81.25±1.10 61.75±1.31 100.00±0.00
Zymosan 33.25±1.38* 61.75±1.65 73.5±0.75*
Laminarin 38.00±1.47* 55.00±1.29* 64.75±1.55*

a Figures reported plus or minus standard error,n=12.
b Positive cells were intense staining cells; 200 cells were counted

per monolayer; *significantly different than corresponding control
value (p,0.05).

If monolayers were incubated with in vitro produced bla-
stospores or mycelial fragments, there was no change in
the number of cells that stained for acid phosphatase
activity (data not shown).

This research has shown a large increase in AcP
activity in the haemolymph of insects injected with
saline or laminarin and also of insects infected withM.
anisopliaevar acridum. In the case of the injury and
chemically induced increase in AcP, the enzyme was lar-
gely localised in the haemocytes.

IEF of plasma from locusts of different treatments
resolved AcP into a number of isoforms. Control (oil
treated) locusts had just one AcP with a pI of 4.3 (see
Fig. 2). Injection with laminarin resulted in increased
activity of the 4.3 enzyme and the appearance of three
new isoforms between pIs 7.3 and 7.5. Locusts infected
with M. anispliae var acridum did not exhibit the
changes seen upon injection with laminarin, instead 2
new isoforms appeared at pI 7.8 and 8.0. These enzymes
correspond to AcP isoforms produced in culture byM.
anisopliae var acridum and var anisopliae. Locusts
infected with varanisopliaeshowed increased activity
at pI 4.3 in the early stages of infected (2 and 4 days)
which was much reduced by day 6. No other isoforms
were identified.

4. Discussion

Untreated control locusts had constitutive levels of
AcP in their haemolymph. As a lysosomal enzyme AcP
may have a role in autophagy and cell turn over as well
as defence. Wounding caused by saline injection caused
a significant increase in haemolymph AcP. The increase
was greater in the haemocytes than the plasma suggest-
ing that the enzyme derives from the cells. Degranulation
of coagulocytes and release of lysosomal enzymes was
observed during coagulation at a wound site inLocusta
migratoria (Zachary and Hoffman, 1984). Increase in the
proportion of phagocytically competent cells with injury
(Yeaton, 1983) may account for the enhanced haemocyte
AcP activity. It is interesting that in the present work
although an initial increase in AcP activity occurred
within a day of treatment a more pronounced effect
occurred several days after saline injection. The sol-
utions were all made up in sterile, endotoxin-free water
and there was no evidence of bacterial septicaemia.
Therefore elevated AcP appears to be a long term effect
of the needle wound and small saline infusion. Gunnars-
son and Lackie (1985) showed enhanced nodulation,
phagocytosis and haemocyte degranulation inS. grega-
ria following injection of β-1,3-glucans (including
laminarin). In the present work stimulation of the
immune system by laminarin was also suggested by a
dose dependent increase in melanin production in the
haemolymph (data not shown). However, AcP activity
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Fig. 2. Isoelectric focussing gel of haemolymph plasma from the desert locust,Schistocerca gregariaand supernatant from in vitro fungal cultures
stained for acid phosphatase activity. Ma, isoforms separated from the supernatant of an in vitro culture ofM. anisopliaevar anisopliae; Ma
infected, plasma taken from locusts at 2, 4 and 6 days after inoculation withM. anisopliaevar anisopliae; Mf, isoforms separated from the
supernatant of an in vitro culture ofM. anisopliaevar acridum; Mf infected, plasma taken from locusts at 2 and 6 days after inoculation withM.
anisopliaevar acridum; laminarin, plasma taken from locusts 2, 4 and 6 days after injected with laminarin; control, plasma taken from locusts 2,
4 and 6 days after topical application with 2µl of oil (the carrier for both fungal treatments).

was not significantly greater inβ-1,3-glucan treated
insects than in those injected with saline alone. It is not
clear why the stimulatory effects of laminarin on the
immune system did not extend to AcP activity. It may
be that the depletion of the circulating pool of haemo-
cytes due to participation in nodule formation counter-
balances AcP induction in individual cells. Furthermore
at least in vitro, on haemocyte monolayers, laminarin
and zymosan decrease the proportion of cells that stain
for AcP activity (see following discussion).

AcP activity also increased in the haemolymph on the
3rd day after inoculation with the entomopathogenic
fungusM. anisopliaevar acridum.This is 2 days later
than the initial increase in AcP following injection with
saline or laminarin. On the 3rd day of mycosis the total
haemocyte count (THC) after an initial increase started
to decline (Gillespie et al., 2000) and there was a marked
reduction in the proportion of PLs and COs that stain
positive for AcP (Table 4). Therefore a priori it seems
unlikely that the extra AcP in infected insects comes

from the host. Overlays ofβ-1,3-glucans on haemocyte
monolayers created from naive haemolymph signifi-
cantly reduced the proportion of COs, GRs and PLs
(laminarin only) that stained for AcP. Chemical stimu-
lation of the haemocytes may cause release of AcP. The
results of the in vitro study in part correspond to the in
vivo work. In both there is a reduction in the proportion
of COs and PLs that stain positive for AcP. The excep-
tions are the GRs whose AcP staining properties are not
affected by fungal infection but are by exposure toβ-
1,3-glucan. These results lend substance to the view that
the effects of fungal infection on the AcP activity of
haemocytes are a combination of the stimulatory effects
of non-self and the detrimental effects of the fungus.

Control inoculated (oil only) insects have an AcP with
a pI of 4.3 that, judging by band intensity on an IEF
gel, is further stimulated by the injection of laminarin.
Additional isoforms appear at around 7.3–7.5 in the
laminarin treatment. However, the 4.3 isoform appears
to be suppressed in the insects infected withM. aniso-
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pliae var acridum. The band intensity is more like that
of the control than the laminarin-injected insects. The
suppression of host AcP, or failure to up-regulate
because of a decline in the quantity and quality of the
haemocytes, is consistent with the measurements of AcP
activity in the haemolymph. Wounding and laminarin
both caused an increase in whole haemolymph AcP
within a day of treatment. In contrast enhanced activity
in mycosed haemolymph was delayed until 3 days post
inoculation, when elements of the fungus were evident.
Two new isoforms of AcP, noted in 6 day haemolymph,
may be responsible for elevated AcP in mycosed insects.
A fungal origin for these isoforms is suggested by the
fact that they have pIs that correspond to some of the
AcPs produced in vitro byM. anisopliaevar acridum.
Intense AcP activity staining of fungal elements in hae-
molymph of locusts infected withM. anisopliaevaracri-
dum suggests that fungal enzyme may be bound to the
cell wall as well as being secreted into the plasma.

Interestingly the picture is somewhat different in
insects mycosed with an isolate ofM. anisopliaevarani-
sopliae. This fungus grows less profusely thanM. aniso-
pliae var acridum in host haemolymph prior to death
(unpublished results), and appears only to suppress the
host-derived 4.3 pI AcP later on in infection and appears
not to secrete its own AcP.

It is not yet known why a fungus would secrete AcP
into host haemolymph. However, sugar phosphates are
found in high concentration in insect haemolymph
(Wyatt, 1967). Hydrolysis of these compounds by the
fungus would provide both phosphate and a source of
energy. Interestingly addition of fungal AcP to insect
haemolymph causes a decrease in glucose phosphate
(Charnley et al., 1997) and a large significant increase
in inorganic phosphate concentration has been found in
haemolymph from fungus infected insects (unpublished).
Alternatively fungal AcPs may target the immune sys-
tem. Dephosphorylation of immune proteins that have
been activated by phosphorylation may interfere with
effective host defence. Significant qualitative and quanti-
tative changes do occur in the pattern of phosphorylated
proteins in host haemolymph during mycosis that could
at least in part be caused by the activities of fungal AcP
(unpublished results).

The only other study on the effect of fungal infection
on haemolymph AcP was that of Vincent et al. (1993).
They found that injections of a suspension of conidia of
Beauveria bassianain a solution of Tween 80 or Tween
80 alone into grasshoppers,Melanoplus sanguinipes,
within 1–2 h caused a large, brief increase in the percent-
age of haemocytes that stained for AcP. This appeared
to be an injury response. A second more prolonged peak
(at 48 h) occurred only in the conidia injected insects
presumably in response to the developing fungus. These
observations were supported by quantitative measure-
ments of AcP activity that differentiated cellular and

plasma enzyme and suggested a haemocyte site of origin
for AcP. Unfortunately they did not take into account a
possible fungal contribution to AcP activity. It is difficult
to make further comparisons with the present work
because Vincent et al. (1993) were looking at more short
term effects. Furthermore unlike the present work where
spores were applied topically, they injected their insects.
This method of inoculation may not reveal the extent of
the immune response since it by-passes the natural route
of infection and involves a form of the fungus which is
not normally present in the haemolymph of infected
insects
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