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Costs of cannibalism in the presence of an iridovirus
pathogen of Spodoptera frugiperda
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Introduction

Abstract. 1. The costs of cannibalism were examined in larvae of Spodoptera
frugiperda (J. E. Smith) (Lepidoptera: Noctuidae) in the presence of conspecifics
infected by a lethal invertebrate iridescent virus (IIV). The hypothesis of a positive
correlation between insect density and the likelihood of disease transmission by
cannibalism was examined in laboratory microcosms and a field experiment.

2. Transmission was negligible following peroral infection of early instars with
purified virus suspensions or following coprophagy of virus-contaminated faeces
excreted by infected insects. In contrast, 92% of the insects that predated infected
conspecifics acquired the infection and died prior to adult emergence in the
laboratory. Diseased larvae were more likely to be victims of cannibalism than
healthy larvae.

3. The prevalence of cannibalism was density dependent in laboratory micro-
cosms with a low density (10 healthy insects + one infected insect) or high density
(30 healthy insects + one infected insect) of insects, and field experiments per-
formed on maize plants infested with one or four healthy insects + one infected
insect.

4. Cannibalism in the presence of virus-infected conspecifics was highly costly
to S. frugiperda; in all cases, insect survival was reduced by between =~ 50%
(laboratory) and = 30% (field) in the presence of the pathogen. Contrary to
expectations, the prevalence of disease was not sensitive to density because
cannibalism resulted in self-thinning. As infected individuals are consumed and
disappear from the population, the prevalence of disease will be determined by
the timescale over which transmission can be achieved, and the rate at which
individuals that have acquired an infection become themselves infectious to
conspecific predators.

Key words. Cannibalism, coprophagy, density, iridovirus, pathogen transmis-
sion, Spodoptera frugiperda, survival.

survival, developmental rate, or fecundity (Duelli, 1981;
Joyner & Gould, 1985; Church & Sherratt, 1996). Other

Certain species of Lepidoptera often engage in cannibalism
during the larval stage of development (Pierce, 1995; Reed
et al., 1996; Chapman et al., 1999b). Cannibalism may
confer direct fitness benefits, in the form of increased
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benefits include the removal of potential competitors (Polis,
1981; Kakimoto et al., 2003), or a reduction in the prob-
ability of attracting predators (Chapman et al., 2000).

The benefits of cannibalism must be weighed up against
three clear costs of intraspecific predation. First, cannibals
risk death or injury from the defensive responses of conspeci-
fics (Fox, 1975; Polis, 1981). Second, cannibalism may reduce
inclusive fitness through the consumption of kin (Polis, 1981;
Pfennig er al., 1993). Third, cannibalism may be costly if

© 2006 The Authors
Journal compilation © 2006 The Royal Entomological Society



pathogens can be transmitted by feeding on infected conspe-
cifics (Dhandapani e al., 1993; Vasconcelos, 1996; Boots,
1998, 2000; Pfennig et al., 1998; Chapman et al., 1999a).

Invertebrate iridescent viruses (I1'Vs) (Family: Iridoviridae,
Genus: Iridovirus) are icosahedral particles, 120-140 nm dia-
meter, containing a large DNA genome (Chinchar er al.,
2005). An IIV has been isolated from larvae of the fall army-
worm, Spodoptera frugiperda (J. E. Smith) (Lepidoptera:
Noctuidae) in Argentina and Mexico (Vera et al., 1995;
Lopez et al., 2002). Patent IIV disease is obvious to the
naked eye because larvae develop a characteristic iridescent
blue hue due to the formation of crystalline arrays of virus
particles in the epidermis, fat body and many other tissues of
the infected insect. Patently infected insects can survive for
extended periods (up to several weeks), but are usually unable
to pupate and develop to the adult stage (Sikorowski &
Tyson, 1984). Patent infection is invariably lethal. Sublethal
(covert) infections may also be common in IIV infections of
some insects, notably Diptera and Ephemeroptera (Williams,
1993; Marina et al., 1999; Tonka & Weiser, 2000), but labora-
tory studies have indicated that the IIV isolated from
S. frugiperda does not usually cause covert infections in this
species; virtually all infections are patent and lethal
(O. Hernandez, unpublished data).

The mechanisms of transmission of most II'Vs are unclear.
These viruses are not highly infectious by ingestion but are
highly pathogenic by injection. Fall armyworm larvae are
cannibalistic in the fifth and sixth instars (Chapman et al.,
1999a). Cannibalism of infected conspecifics can present two
potential routes for the transmission of the IIV: (i) wounds
from defensive responses by the cannibal’s victim and (ii) the
consumption of massive doses of virus particles that may be
sufficient to result in transmission. The likelihood of canni-
balism is positively correlated with density in S. frugiperda
larvae (Chapman et al., 1999a), and epidemiological models
have highlighted the fundamental role of host density in the
dynamics of pathogen transmission (Dieckmann, 2002;
Swinton et al., 2002). Indeed, a recent study on IIV trans-
mission in a mosquito has highlighted the importance of
density-dependent aggressive interactions among conspeci-
fics on the rate of virus transmission and the fraction of the
host population that is susceptible to disease (Marina et al.,
2005). Population density can also influence the ability of
insects to combat invading pathogens. Lepidoptera that
develop at high densities may can have altered susceptibility
to infection by viruses (Goulson & Cory, 1995; Reeson et al.,
2000), and a marked increase in some functions of the
immune system, compared with conspecifics reared at low
density (Reeson et al., 1998; Wilson et al., 2001). However,
these changes are accompanied by reductions in other
aspects of immune function, indicating likely trade-offs in
the immune system that constrain the insect from investing
across the entire range of physiological responses to infec-
tion (Cotter et al., 2004a, b).

Risks of transmission by cannibalism in S. frugiperda are
also dependent on stage, as only the later instars are highly
cannibalistic (Chapman et al., 1999a). Stage dependency
has been observed in the transmission of a granulovirus
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pathogen of the moth Plodia interpunctella, with the differ-
ence that the probability of cannibalistic transmission
peaked in the middle (third and fourth) instars because
the later instars become increasingly refractive to infection
as they approach pupation (Boots, 1998).

In the present study, the hypothesis that the cannibalistic
behaviour of S. frugiperda larvae would be costly in the
presence of an IIV pathogen was examined. Specifically,
the probability of infection following peroral consumption
of very high doses of I1V at different stages of development,
or the likelihood of transmission by coprophagy of the
faeces from infected insects, was compared with the effi-
ciency of transmission by cannibalism of infected conspe-
cifics. Laboratory and field experiments were then
performed to examine the hypothesis that increased insect
density results in a higher prevalence of cannibalism that
favours the transmission of the pathogen.

Materials and methods
Insect colonies and virus stock

A colony of S. frugiperda that originated from appar-
ently healthy larvae collected from maize plants near
Tapachula, Chiapas, Mexico was maintained at 24-27 °C,
L:D 12 h:12h, 75-90% RH on a semi-synthetic diet
(adapted from Mihm, 1984). A colony of Galleria mello-
nella (L.) (Lepidoptera: Pyralidae) was maintained at
25+ 1°C on a diet based on cereal + honey + glycerol
(modified from Hunter & Boraston, 1979). This insect is the
standard laboratory host for IIV production and is highly
sensitive to most 11Vs; G. mellonella larvae develop patent
signs of disease following injection of less than five particles
of the IIV from S. frugiperda (N. Hernandez &
T. Williams, unpublished data).

An IIV originally isolated from a patently infected
S. frugiperda larva in southern Mexico (Lopez et al.,
2002) was grown by injecting a dilute virus suspension
into fourth-instar S. frugiperda from the laboratory colony.
These insects were reared on semi-synthetic diet and indi-
viduals that developed signs of patent infection were killed
at 8 days post-injection and stored at —20 °C until
required. Virus was extracted and purified by trituration
of infected larvae in sterile distilled water followed by cen-
trifugation at 490, 960, and 1250 g, each for 10 min to
remove insect debris, followed by 15 300 g for 10 min to
pellet virus. The pellet was re-suspended in 300 ul water,
layered onto 35% (wt/vol.) sucrose and subjected to
15300 g for 30 min. The resulting pellet was washed
twice and re-suspended in 1 ml sterile distilled water. The
concentration of virus stock suspension was determined by
direct observation of a mixture of virus particles and poly-
styrene beads 460 nm diameter (Aldrich Chemical Co., St.
Louis, Missouri) dried onto polylysine coated glass cover-
slips, quantified using a scanning electron microscope
(Constantino et al., 2001). Virus suspensions were stored
at 4 °C and used within 7 days of purification.
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Experiment 1: efficiency of peroral infection

Groups of 30-50 third-instar S. frugiperda from the
laboratory colony were starved for 4 h and then fed
individually a suspension of IIV at one of the following
doses — 1 x 107, 2 x 108, or 4 x 10® particles using the
contaminated diet plug method (Hunter-Fujita er al.,
1998). Those larvae that consumed the diet plug within
12 h were transferred individually to plastic pots containing
semi-synthetic diet, reared at 22 °C and checked daily for
signs of patent IIV disease until pupation. Control larvae
were treated with diet plugs treated with distilled water.
The procedure was performed 10 times.

As the procedure with third instars did not result in many
patent infections, the procedure was repeated with groups
of 25 first instars (<12 h old) using the droplet feeding
method (Hunter-Fujita et al., 1998). For this, larvae were
allowed to drink from a suspension containing 2 x 103
virus particles pl~! mixed with 10% (wt/vol.) sucrose and
0.001% (wt/vol.) blue food colouring. Larvae that drank
the suspension in a 10-min period were transferred individ-
ually to plastic pots with diet and checked daily for signs of
patent IIV disease until pupation. Control larvae were
treated with sucrose and food colouring solution alone.
The procedure was performed four times.

Experiment 2: virus in faeces

Fourth-instar S. frugiperda were injected individually
with 8.3 pl of virus suspension estimated to contain an
average of 3.0 IIV particles, placed in plastic pots with
semi-synthetic diet, incubated at 22 °C, and checked daily
for signs of patent disease. The procedure was repeated
with a group of 16 healthy fourth-instar larvae that were
injected with water alone. At 6 days post-injection, nine of
the 40 insects injected had not developed signs of disease
and were discarded. The remaining 31 infected insects and
16 control insects were suspended individually from the lids
of sterile empty plastic pots using cotton thread tied just
below the head capsule. After 8 h, the faeces of these insects
were collected (39 mg per insect wet wt; 12.9 mg per insect
dry wt), homogenised in 1 ml of 0.01% (wt/vol.) aureomy-
cin solution, and subjected to centrifugation (525 g for
5 min followed by 960 g for 10 min) to sediment debris
and bacteria. Volumes of 8.3 pl of the supernatant were
injected into groups of 10 third-instar G. mellonella. The
injected larvae were incubated at 25 + 1 °C in plastic pots
containing diet and checked for signs of patent disease at
10-12 days post-injection.

Experiment 3: transmission by cannibalism in laboratory

A single patently infected fifth-instar S. frugiperda
(6 days post-infection) was placed in a plastic Petri dish
containing two healthy conspecifics of the same instar and
a piece of semi-synthetic diet (30 x 5 x 5 mm), which

represented an excess for the period of the experiment.
Petri dishes were incubated at 22 °C for 48 h and then the
number of surviving larvae was noted. Healthy survivors
were transferred individually to plastic pots containing diet,
reared to pupation, and checked daily for signs of patent
disease. The experiment was performed 78 times. The
experiment was repeated with three healthy larvae (no
infected larvae) on 48 occasions.

Experiment 4: survival in microcosms in the presence of
infected insects

Groups of 30 fourth-instar larvae were placed in venti-
lated plastic boxes (22 x 14 x 7.5 cm; length x
width x height) containing two 6-cm diameter Petri
dish lids in each of which were placed 30-g blocks of
semi-synthetic diet. A piece of clean paper (11 x 14 cm)
was folded in a concertina pattern and placed between
the diet blocks to provide a surface for moulting. Finally,
a fourth-instar larva was added to each box; this larva
had been infected by injection of virus 6 days prior to
the experiment and showed the typical symptoms of
patent IIV infection. Control boxes received an additional
healthy larva. Boxes were held at 25+ 1°C, L:D
12 h:12 h photoperiod and the number of surviving larvae
was recorded at 2-day intervals. Diet was replaced when the
diet volume appeared to be half that present at the start of
the experiment. When larvae pupated, pupae were removed
from the boxes and placed in paper-lined Petri dishes to
check for adult emergence. The experiment was performed
15 times for controls and virus treatments alike. An identical
experiment was performed using groups of 10 larvae per box
with an additional healthy or infected larva for control and
virus treatments respectively.

Experiment 5: transmission by cannibalism in the field

A field experiment was performed in a &~ 0.4-ha field of
maize (local creole variety) planted near the village of
Alvaro Obregon, Chiapas. Plants of 70 cm height, with
no signs of infestation by S. frugiperda, were selected at
points scattered throughout the field. All experimental
plants (n = 80) were sprayed with cypermethrin at approxi-
mately half the reccommended rate (25 g cypermethrin ha™';
FMC Arrivo 25 EC), which previous studies indicated was
sufficient to eliminate virtually all predatory insects from
maize plants. This step was taken to avoid interference in
the survival of experimental S. frugiperda larvae. At 1 h
after spraying, the upper half of each plant was covered
with a nylon gauze bag (20 cm wide x 35 cm long), which
was tied at the base to prevent entry of insect predators.
Five days later, plants were assigned randomly to one of
four treatments: (i) two healthy larvae, (ii) five healthy
larvae, (iii) one healthy + one infected larva, (iv) four
healthy + one infected larva. In all cases, larvae were late
fourth instars. After larvae were placed on the plants, the
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gauze bag was replaced and tied at the base. After 48 h, the
plants were cut and transported immediately to the labora-
tory where the bag was removed and plants were dissected
individually. Living larvae were transferred individually to
plastic pots containing semi-synthetic diet, reared in a
laboratory incubator at 22 + 1 °C and checked daily for
signs of patent IV infection. In case of doubt, larvae were
homogenised individually in 1 ml of water and the homo-
genate centrifuged to detect the presence of an iridescent
blue pellet.

Statistical analyses

The frequencies of surviving insects in the Petri dish
experiments, healthy and infected insects recovered from
maize plants, insects that acquired infection in virus treat-
ments, and the emergence of pupae from the microcosm
experiment were examined by y? tests. The mean propor-
tions of larvae that survived from control and virus treat-
ments in the field and of the insects that survived to pupate
in laboratory microcosms were subjected to generalised
linear modelling with model simplification in GLIM
(Numerical Algorithms Group, 1993) with a binomial
error structure specified. The appropriateness of these ana-
lyses was examined using the model-checking macro pre-
sent in the GLIM program. Minor overdispersion was
taken into account by scaling when necessary. F-tests were
then performed to determine the significance of changes in
model deviance (Crawley, 1993).

Results
Experiment 1: efficiency of peroral infection

Very few of the larvae inoculated in the third instar
developed IIV disease. The prevalence of infection did not
exceed 5.6% at any dose (1/378 larvae inoculated with
1 x 107 particles, 21/378 larvae inoculated with 2 x 10%
particles, and 16/378 larvae inoculated with 4 x 10® parti-
cles). Similarly, when inoculated with a high concentration
of IV in the first instar, only 3/100 larvae developed patent
disease. Control larvae never developed virus infections
following mock inoculation in either instar.

Experiment 2: virus in faeces

None of the G. mellonella larvae injected with faeces
from control S. frugiperda developed signs of IIV disease.
Of the 31 faecal samples obtained from infected
S. frugiperda larvae, 30 resulted in patent disease when
injected into G. mellonella larvae. Of those 30 samples, the
mean prevalence of infection of G. mellonella larvae was
89.0% (range of SE 85.3-91.8). As the 90% infective dose
of this virus in G. mellonella is less than 10 particles per
larva (N. Hernandez, unpublished data), and each
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G. mellonella was inoculated with 8.3 ul from a total sus-
pension of 1 ml, this means that each faeces suspension
contained an average of < 1205 IIV particles (equivalent
to 30 particles per mg faeces wet wt, or 93 particles per mg
dry wt), which is orders of magnitude lower than the con-
centrations used to inoculate neonate and third-instar
S. frugiperda in experiment 1. It is concluded here that
transmission by coprophagy is highly unlikely.

Experiment 3: transmission by cannibalism in laboratory

Survival of infected larvae for 48 h (17/78 insects) in
Petri dishes was significantly reduced compared with that
of healthy conspecifics (105/156 insects; y% = 43.2,
P < 0.001). Larvae that had consumed an infected indivi-
dual produced iridescent faeces indicating that massive
quantities of virus had been consumed. Of the 105 healthy
survivors, 97 subsequently developed patent IIV disease
when incubated individually in the laboratory (92% trans-
mission). In the controls consisting of three healthy larvae
per dish, 77/144 larvae survived the 48-h incubation period.
None of these insects developed patent disease during sub-
sequent individual rearing.

Experiment 4. survival in microcosms in the presence of
infected insects

Survival during the larval stage was not affected by the
presence of the virus at either density (Fig. 1a,b), although
it was evident that transmission was occurring due to the
disappearance of the initial infected individual and the
subsequent appearance of patently infected larvae.
However, this was not a common observation and infected
individuals usually disappeared from one census to the
next. Survival to the pupal stage was significantly reduced
at high density compared with the low density treatment
(F150 = 1091, P < 0.002, scale parameter = 2.16), pre-
sumably due to an increased prevalence of cannibalism at
the high density. The presence of virus resulted in a marked
reduction in the proportion of insects that pupated success-
fully at both densities (F; s3 = 7.06, P = 0.010, scale para-
meter = 2.16). Of the initial cohort, 20.4% (range of SE:
17.8-23.3) pupated successfully in the high density control
against 9.5% (SE: 7.7-11.6) in the high density virus treat-
ment. Similarly, 42.4% (SE: 36.9—48.2) pupated success-
fully in the low density control against 25.4% (SE:
20.8-30.7) in the low density virus treatment. Many of the
virus-infected insects died during the pupation process with
clear deformations and inability to slough the larval
epidermis. There was no significant interaction between
density and virus treatment (F; s; = 0.04, P > 0.05, scale
parameter = 2.16). Virus treatment also resulted in a sig-
nificantly reduced emergence of adults from pupae at both
densities (Table 1). Homogenisation and centrifugation of
pupae that failed to emerge revealed that most had died of
IV disease.
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Experiment 5: transmission by cannibalism in the field

The high survival of control larvae at low density indi-
cated that insecticide residues applied to eliminate natural
enemies on maize plants had been sufficiently degraded or
diluted so as not to affect the responses of experimental
insects. The mean proportion of larvae that survived the
48 h experimental period was significantly reduced at the
highest density (x* = 12.9, P < 0.001), and was lower in
the treatment involving infected larvae compared with con-
trols (%, = 4.36, P = 0.036) (Fig. 2). Considering the sur-
vival of insects in the virus treatment alone, infected larvae
disappeared (due to presumed cannibalism) more fre-
quently than healthy larvae at low density but disappeared
at the same rate as healthy larvae at high density (Table 2).

Density did not affect the probability of acquiring infec-
tion in the virus treatment: 27.8% (SE: 18.5-39.4) of
healthy insects from the low density subsequently devel-
oped patent disease when incubated in the laboratory,

1 virus pupae
—L{F— Control larvae

--O-- Virus larvae

Fig. 1. Survival of Spodoptera frugiperda
larvae (lines) and recovery of pupae (bars)
in laboratory microcosms involving a
healthy larva (control treatment), or single
virus-infected larva (virus treatment), and
(a) 10 (low density) or (b) 30 (high density)
healthy insects co-inhabiting microcosms
with abundant food supply.

compared with 36.4% (SE: 28.5-45.1) of insects that devel-
oped disease from the high density treatment (x% = 0.39,
P = 0.53). None of the insects recovered from the control
treatment developed IIV disease in the laboratory.

Table 1. Prevalence of emergence of Spodoptera frugiperda adults
from pupae from control and virus treatments involving a healthy
control, or single virus-infected insect, and 10 (low density) or 30
(high density) healthy insects co-inhabiting microcosms with abun-
dant food supply in the laboratory. Percentage values shown in
parentheses.

Emergence of pupae (%)

Treatment Control Virus ] P
Low density 53/69 (77) 19/42 (45) 11.4 <0.001
High density 83/93 (89) 23/44 (52) 23.1 <0.001
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Fig. 2. Survival of Spodoptera frugiperda larvae in field trial invol-
ving a healthy larva (control treatment) or a virus-infected insect
(virus treatment) and one (low density) or four (high density)
healthy insects co-inhabiting the leaf whorl of maize plants for a
48-h period. Bars indicate SE and are asymmetrical.

Discussion

Very few S. frugiperda larvae, either first or third instars,
developed I1V disease following ingestion of virus suspensions,
despite the use of highly concentrated inoculum. This is in line
with previous observations on the low peroral infectivity of
these viruses (Williams, 1998). This indicates that acquisition
of infection by feeding on contaminated foliage, the principal
route of infection for most insect DNA viruses, is probably
negligible for transmission of IIV in S. frugiperda.

Fall armyworm larvae produce abundant faeces localised in
the leaf whorl of the maize plant. This led us to examine the risks
of pathogen transmission by coprophagy. The presence of a low
concentration of virus particles detected in the faeces collected
from infected larvae indicates that the risks posed by coprophagy
are negligible, although transmission could occur during moult-
ing or entry through wounds in the presence of contaminated
faeces. Similar results have been reported in infected Tipula spp.,
which excreted ITV particles but in insufficient quantities to cause
peroral infection (Carter, 1973). Conversely, nucleopolyhedro-
viruses are highly infectious by ingestion and virus present in the
faeces of infected Lepidoptera can result in transmission to
healthy larvae (Ali et al., 1987; Vasconcelos, 1996).

In contrast, cannibalism was shown to be a very costly
practice when infected individuals were present, for two

Table 2. Prevalence of 48 h survival in Spodoptera frugiperda lar-
vae from virus treatment of field trial involving a single infected
insect and one (low density) or four (high density) healthy insects
co-inhabiting the leaf whorl of maize plants. Percentage values
shown in parentheses.

Survival (%)

Treatment Healthy Infected i P
Low density 18/20 (90) 8/20 (40) 10.9 <0.001
High density 33/80 (41) 7/20 (35) 0.26 0.61 (NS)
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reasons. First, infected insects were far more likely to be
victims of cannibalism, probably due to their sluggish
responses and poor defensive reactions (Poprawski &
Yule, 1990; Lopez et al., 2002) that probably arise from
major changes in the metabolic activity of infected insects
(Thompson & Sikorowski, 1981). Second, in the labora-
tory, a very high proportion of cannibals (92%) that had
consumed infected conspecifics subsequently developed 11V
disease, from which they died prior to reaching the adult
stage. This was probably due to a combination of entry of
virus via wounds inflicted while devouring the victim, and
more particularly, the consumption of massive quantities of
virus. Infected fifth instar S. frugiperda of mean weight
35.1 + 1.1 mg contained approximately 5 x 10'* particles
of IV (T. Williams, unpublished data), far more than present
in the concentrated inoculum used for the peroral infection
experiments. Indeed, IIVs are the most productive viruses
known; approximately 25% of the body weight of an infected
insect comprises virus particles (Williams & Smith, 1957).

Cannibalism was density dependent in microcosm experi-
ments, but the effect of the pathogen on insect survival was
not evident until the insects began to pupate. The virus
reduced the number of pupae by about 50% at both den-
sities, and of those insects that did manage to pupate, only
about 50% emerged as adults in the virus treatments com-
pared with 77-89% in the control treatments. Infected
insects suffered deformations, rupture of the tegument,
and failure to slough the larval epidermis; all characteristic
of IIV pathology during pupation (Smith et al., 1961;
Carter, 1974). The overall production of adults from virus
boxes (19 and 23 from low and high density treatments
respectively) was very much reduced compared with that
of control boxes (53 and 83 adults respectively), confirming
that cannibalism was costly to insect survival in the pre-
sence of the pathogen. Cannibalism resulted in self-thinning
of the insect population at both densities, so that the num-
ber of insects that pupated per box was similar for high and
low density treatments (two or three pupae per box in virus
treatments; five or six pupae per box in control treatments).

Cannibalism and virus transmission were also observed
in the field experiment. Compared with controls consisting
entirely of healthy larvae, a higher incidence of disappear-
ance of larvae occurred in the treatments in which one larva
was infected. The survival of those infected larvae was
significantly reduced at the low density, indicating that
they had been cannibalised, whereas at high density, the
probability of survival of infected larvae was the same as
the healthy conspecifics inhabiting the same leaf whorl.
This observation has been interpreted here as evidence
that high density larvae were indiscriminate in their elim-
ination of cohabiting larvae, attacking infected individuals
to the same degree as healthy larvae. However, at low
density, in the absence of alternative potential victims, the
single infected larva suffered a high probability of suc-
cumbing to conspecific predation. As a result, transmission
of the pathogen was not sensitive to the density of healthy
larvae, with about one-third of larvae developing IIV dis-
ease at both densities.
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Contrary to our hypothesis, the rate of cannibalism was
density dependent in laboratory and field experiments, but
in neither case did density affect the prevalence of virus
disease. The principal reason underlying the differences in
survival in laboratory microcosms and field observations
lies in the different periods during which larvae interacted
in each experiment. Larvae in microcosms experienced self-
thinning over a 10-16-day period and reached a final
density that depended on the presence or absence of the
pathogen more than the original starting density. During
this time, several cycles of transmission occurred as patently
infected larvae were observed at intervals during the experi-
ment, but rarely survived until the next sampling time;
infected individuals fell victim to cannibals and therefore
disappeared from the population. However, the magnitude
of cannibal-mediated transmission only became apparent
when infected insects died while attempting to pupate or
prior to adult emergence (Fig. 1a,b). In contrast, the brief
period (48 h) during which larvae came into contact with
conspecifics in the field was not sufficient for the self-
thinning process to reach its conclusion, that usually results
in just one larva surviving on each maize plant (Labette,
1993), and only a single cycle of transmission was possible.

Pathogen transmission by predation becomes increas-
ingly risky as the phylogenetic similarity between predator
and prey increases, the greatest risk therefore being posed
by conspecific predation (Pfennig, 2000). However, the risk
of acquiring a lethal disease is not the only cost to canni-
balism in S. frugiperda. Cannibals can suffer reduced survi-
val, lower pupal weights, and reduced development rates
depending on food availability (Chapman et al., 1999b).
Cannibalism was only advantageous when food was limit-
ing, whereupon predation of conspecifics can result in fit-
ness benefits in increased development rate, a phenomenon
common to other noctuids (Kakimoto et al., 2003) and
other insect orders (Church & Sherratt, 1996; De Block &
Stoks, 2004; Spénhoff et al., 2005). However, this beha-
viour may be adaptive when viewed as a strategy for
reduced attraction of predators to high density patches of
prey (Chapman ez al., 2000) or for minimising the release of
volatile plant compounds that attract endoparasitic wasps
(Turlings et al., 1995; Bernasconi Ockroy et al., 2001). IIV-
infected larvae are more prone to being stung than their
healthy conspecifics due to their sluggish defence responses
and endoparasitoid wasps can transmit IIV infection effi-
ciently during the process of inserting the ovipositor con-
taminated with virus particles acquired after having stung
an infected host (Lopez et al., 2002).

In conclusion, cannibalism is a highly efficient mechanism
for the transmission of an iridovirus pathogen. The rate of
cannibalism was density dependent in field and laboratory
studies. In all cases, insect survival was reduced in the pre-
sence of the pathogen. Cannibalism resulted in self-thinning
and was preferentially directed at diseased insects. In such
circumstances, the prevalence of disease will be determined
by the timescale over which transmission can be achieved and
the rate at which individuals that have acquired an infection
become themselves infectious to conspecific predators.
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