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Abstract. After high population densities of insect defoliators there is often a dramatic decrease in their abundance due to vari-
ous limiting factors. Here, we compared gypsy moth larvae (Lymantria dispar L.) reared singly and in crowded conditions. We
compared a number of physiological parameters of these insects and the effect of L. dispar population density on the activation of
covert baculovirus infections in the larvae. It was found that the population density of gypsy moth larvae did not affect the mortality
due to the activation of the covert virus infection or the total mortality. On the other hand, solitary-reared larvae were heavier, took
longer to develop, and showed a four-fold higher concentration of dopamine in their haemolymph than larvae reared in groups.
Thus, we demonstrated that an increase in the population density of larvae per se facilitates some changes in fitness and innate
immunity traits but is not related to the activation of covert baculovirus infection. We suggest that an increase in population density
does not increase the risk of epizootics triggered by the activation of covert baculovirus infection and that researchers should pay

more attention to studying density-associated factors, such as starvation.

INTRODUCTION

The class Insecta includes species the populations of
which fluctuate dramatically by as much as several orders
of magnitude (Schowalter, 2006). Consequently, the role
of density-dependent factors, such as predation/parasit-
ism, in their population dynamics will differ significantly
at different population densities (Myers, 1998). Usually,
natural epizootics in insect herbivores are observed at high
population densities because of the high probability of
horizontal transmission (McCallum et al., 2001), and in-
creased population density is considered to be one of the
reasons for epizootics (Myers, 1998). On the other hand,
some lepidopteran species, whose population densities are
extremely variable, show so-called density-dependent pro-
phylaxis, which increases host resistance against disease at
high densities (Wilson & Cotter, 2008).

In the current study, we investigated changes in perfor-
mance and physiology of the widespread pest of forestry
the gypsy moth Lymantria dispar L. (Lepidoptera: Erebi-
dae), which are associated with high population density. L.
dispar is a member of the spring feeding guild and regular
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outbreaks of this species occur in temperate forests in Eur-
asia, North America, Japan and north Africa. Previously,
Reilly & Hajek (2008) report that an increase in the popu-
lation density of L. dispar larvae decreases its susceptibil-
ity to nucleopolyhedrovirus (NPV), even if the level of
horizontal transmission of this disease is the same. There
are sporadic studies on the physiology of L. dispar larvae
reared under crowded conditions (Lazarevi¢ et al., 2004),
but none on its innate immunity and changes in its resis-
tance to pathogens. Studies on immunity in insects most
often consider several of the following parameters to be
predictors of insect resistance to many diseases, including
viruses: components of cellular immunity, such as apop-
tosis, phagocytosis and encapsulation (Washburn et al.,
1996; Trudeau et al., 2001; McNeil et al., 2010a), and com-
ponents of humoral immunity, such as prophenoloxidase-
activating systems (Lee et al., 2006; Shelby & Popham,
2006; McNeil et al., 2010a, b; Saejeng et al., 2010). Physi-
ological processes such as apoptosis play an important role
in the resistance to viruses (Hillyer, 2016), including bacu-
loviruses (Clarke & Clem, 2003; Clem, 2005; Yamada et
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al., 2012; Ikeda et al., 2013). For example, Ld652Y cells
from the gypsy moth, L. dispar, undergo apoptosis upon
infection with NPV, while the infection of Ld652Y cells
with L. dispar MNPV (LAMNPV) results in productive in-
fections, yielding higher titers of viral progeny (Ishikawa
et al., 2003).

Under unfavourable conditions, the levels of octopamine
and dopamine in the haemolymph and tissues of neural ori-
gin in various species of insects may increase dramatically
(Gruntenko et al., 2005). This response is non-specific and
is in response to stress, such as high or low temperatures
and mechanical or chemical stimuli (Davenport & Evans,
1984; Hirashima & Eto, 1993; Rauschenbach et al., 1993).
However, there are no studies on the levels of these bio-
genic amines in insects reared in crowded versus solitary
conditions.

As mentioned above, some of the most lethal of viral
pathogens occurring in insects (especially Lepidoptera) are
baculoviruses (Cory & Myers, 2003; Myers & Cory, 2016).
Often, viral disease reaches epizootic levels at peak host
population densities. Some studies describe the relation-
ship between host population density and the susceptibility
of the host to baculovirus infection. For example, Kunimi
& Yamada (1990) show that when reared in groups, army-
worm moths (Mythimna separata) are several times more
resistant to baculovirus infection than insects reared under
solitary conditions, that is, this moth exhibits density-de-
pendent prophylaxis. Goulson & Cory (1995) also show
that caterpillars the cabbage moth (Mamestra brassicae)
grown under solitary conditions are only weakly resistant
to baculovirus. On the other hand, there is an increase in
the susceptibility of L. dispar larvae to baculovirus infec-
tion at high population densities (Reilly & Hajek, 2008).
Most of the above mentioned studies, however, consider
only the exogenous form of viral infection (i.e., peroral in-
oculation), whereas the interaction between hosts and the
covert (asymptomatic) form of infection by vertical trans-
mission from parent to offspring is poorly studied (Cory,
2015; Trevor et al., 2017). Despite the fact that many vi-
rologists state that covert infection is not important at the
population level (reviewed in Kukan, 1999), recent studies
indicate that the role of covert baculovirus infections and
their activation in hosts affected by stress are underesti-
mated (Burden et al., 2003; Sorrel et al., 2009; Vilaplana
et al., 2010; Bakhvalov et al., 2012; Graham et al., 2012;
Ilyinykh & Polenogova, 2012; Martemyanov et al., 2015;
Myers & Cory, 2015; Trevor et al., 2017). Covert forms of
baculoviruses can maintain low levels of replication with-
in hosts without them showing any symptoms of disease
(Hughes et al., 1997; Burden et al., 2003). When subjected
to stress, however, this persistence may transform into an
acute form of pathogenesis (Fuxa et al., 1999; Myers &
Cory, 2015). Thus, one of the aims of the current study is to
reveal the role of host population density per se (i.e., in the
absence of density-associated factors such as food limita-
tion, host plant-induced resistance, etc.) in the transition of
covert baculovirus infection into an overt infection.
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Thus, this study addresses the question of whether popu-
lation density affects herbivore performance, physiology
and resistance to the covert form of baculovirus infection
in an economically important forest defoliator, L. dispar.

MATERIALS AND METHODS

Insects and experimental design

This study was conducted using the gypsy moth, Lymantria
dispar asiatica L. Approximately 100 egg masses were collected
from a forest in the Novosibirsk region (western Siberia, Russia,
54.14°N, 79.71°E) in autumn 2015 and kept in a refrigerator at
4°C (Martemyanov et al., 2015). The gypsy moth was at the peak
of its population cycle in that year. Before the beginning of the
experiments (at the end of diapause), all egg masses were cleaned
of setae, homogeneously mixed, surface sterilized with sodium
hypochlorite as described in Martemyanov et al. (2017) and then
used as the stock for all experiments.

In the spring of 2016, all newly hatched first-instar larvae were
kept under identical conditions: temperature of +21°C, relative
humidity of 70% and under a natural daylight regime. During the
first and second instars, all larvae were kept in a group (100 lar-
vae per 20 L container) because young larvae normally aggre-
gate on the host plant even at a low population density (Doane
& McManus, 1981). In the third instar, the insects were divided
into the following two groups: solitary-reared larvae (one larva
per 1 L container, a total of 100 containers) mimicking the dis-
persion of middle-instar larvae in nature, and group-reared lar-
vae (10 larvae per 1 L container, a total of 10 containers). The
10-larvae groups were chosen to mimic (under laboratory condi-
tions) the peak population density of L. dispar in nature (more
than 10,000 individuals per mature tree, personal observation,
Fig. 1). As much higher densities may result in food limitation/
starvation, the number of larvae reared in groups was limited to
10. All larvae were fed cut birch leaves placed in 1.5 ml tubes
filled with water and sealed with Parafilm to maintain cell turgor
in the detached leaves (Martemyanov et al., 2015). Larvae were
reared in 1 L plastic containers that were covered with gauze for
better ventilation. The leaves were preliminarily surface-washed
using distilled water to prevent contamination by exogenous vi-
ruses (Martemyanov et al., 2015). If larvae died the container
and leaves were immediately replaced. The leaves were changed
daily and the quantity provided was sufficient to prevent starva-
tion in the high-density treatment.

L. dispar fitness

The following fitness parameters of the single and group reared
larvae were recorded: pupal weight of males and females (po-
tential fecundity), duration of the larval stage, total mortality up
to the adult stage and mortality induced by the activated covert
nucleopolyhedrovirus. The procedures used to record the larval
development stages and identify sex are described in Martemy-
anov et al. (2012). The etiology of larval mortality was identified
using an Axioscop 40 light microscope (Carl Zeiss, Germany),
as polyhedral inclusion bodies are optically visible. One hundred
larvae per treatment were used to assess the life history traits in
accordance with the experimental design described in the previ-
ous paragraph.

L. dispar physiology

Physiological parameters were estimated for fifth-instar larvae
(12 days after the division into groups of different densities). For
this study, other individuals were reared in the same way as de-

scribed above. In total, one hundred larvae per treatment were
used. Larvae was chosen at random from the container each
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Fig. 1. Photograph of defoliated birch trees during the outbreaks of
Lymantria dispar asiatica L. in nature (Russia, Novosibirsk region).

time. The following physiological parameters were measured:
phenoloxidase (PO) activity in the haemolymph plasma (N = 20,
for each group), total number of haemocytes (THCs) (N = 20,
for each group) and number of apoptotic haemocytes (N = 5, for
each group). In addition, because covert virus infections usually
transform into an overt form when the host is under stress, we
also estimated the concentration of dopamine in the haemolymph
(N = 20, for each group). Dopamine is a biogenic amine and an
important component of the adaptive reaction to neuroendocrine
stress in insects (Gruntenko et al., 2004).

The PO activity was determined spectrophotometrically using
L-dopa as the substrate according to the method described by
Martemyanov et al. (2012). Ten pl of the supernatant was mixed
with 500 pl of L-dopa in phosphate buffer with a pH of 7.2 (solu-
tion concentration of 2 mg/ml). After incubation for 40 min at
28°C, the PO activity was measured at 490 nm using a Power-
Wave HT (BioTek, USA) UV-visible spectroscopy system. The
duration of incubation was chosen based on the area under the
initial linear increase in the activity curve obtained in a pilot study
using insects from the same population for which the kinetics of
enzyme activity were recorded. The final PO activity is presented
as the difference between the absorbencies of the control and
haemolymph samples per 1 min and 1 mg of protein. The concen-
tration of protein in haemolymph was measured using the process
outlined by Bradford (1976) using bovine serum albumin as the
standard.

Total haemocyte counts (THC) were done immediately after
collecting the haemolymph using an Axioscop 40 light micro-
scope (Carl Zeiss, Germany). To collect the haemolymph, each
caterpillar was pierced with a thin needle. Then, approximate-
ly 25-30 pl of haemolymph was withdrawn, with each sample
being split equally into two Eppendorf tubes that were previously
cooled to 4°C. Part of the haemolymph from one tube (4.5 pl) was
mixed with 20 pl of cooled anticoagulant with phenylthiourea for
a THC. THCs were immediately made using a haemocytometer
to quantify the number of haemocytes per 1 ml of haemolymph
(Martemyanov et al., 2012). The results are presented as the num-
ber of haemocytes per 1 ml of haemolymph.

The concentration of dopamine in the haemolymph was meas-
ured using high-performance liquid chromatography (1200 se-
ries, Agilent Technologies, USA) coupled with a Coulochem
IIT electrochemical detector (ESA) as described by Gruntenko
(2005), with some modifications. During sample preparation,
40 pl of larval haemolymph was collected. The ratio of perchlo-
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ric acid (0.2 M HCIO,) to haemolymph in the samples was 1: 1.
After collection, the samples were incubated in a Thermo Biosan
TS 100 at 28°C and 600 rpm for 10 min. The measurements were
performed using an Agilent 1260 Infinity chromatograph with a
ZorbaxSB-C18 reverse-phase column (4.6 mm x 250 mm, 5 um
particle diameter). An ESA Coulochem III 5010A electrochemi-
cal detector with a cell potential of 300 mV was also used. Chro-
matography using a 10% acetonitrile system, 90% 26 mM buffer
(1-octanesulfonic acid, KH,PO,), a temperature of 27°C and a
flow rate of 1 ml/min was used. The sample analysis time was 25
min, and the volume of the sample was 10 ml. Dopamine hydro-
chloride (Sigma-Aldrich) at a concentration of 5 pg/ml was used
as a standard.

The number of apoptotic haemocytes was estimated using an
Annexin V FITC Apoptosis Detection Kit and calculated accord-
ing to the manufacturer’s protocol (Sigma-Aldrich, APOAF-
20TST). The haemolymph was collected from each caterpillar
using a thin needle as described for THC. Then, approximately
25-30 pul of haemolymph was withdrawn and mixed with antico-
agulant pH 4.5 (62 mM NacCl, 100 mM glucose, 10 mM EDTA,
30 MM Na,C.H,0,,26 mM citric acid) in aratio 1 : 10. Then sam-
ples were washed 3 times by centrifugation (500 g/5 min) and
mixed with HEPES buffer pH 7.2 (for 100 ml volume: 800 mg
NaCl, 37 mg KCl, 240 mg HEPES, 108 mg glucose, NaOH for
7.2 pH). After repeated washing samples was resuspended in 80
ul of HEPES buffer and used according to the manufacturer’s
protocol. HEPS buffer preserves the cells for about 1 h. Cell mor-
tality was lower than 10%.

Estimation of covert baculovirus infections

The prevalence of covert baculovirus infections in L. dispar
was estimated using PCR. Ten samples of L. dispar eggs con-
taining 10 eggs each (i.e., 100 eggs) were randomly chosen from
the stock of egg masses for PCR analysis. As all samples were
virus-positive, we used 20 additional samples of single eggs to
increase the resolution of the estimate of prevalence. Moreover,
to estimate the presence of virus in larvae, 10 additional samples
from individual late-instar larvae (taken from the fat body) were
also used. In total, 40 samples (10 pooled and 30 individual)
were used to estimate the prevalence of baculovirus infection.
Total DNA was extracted using the phenol-chloroform method
(Castro et al., 2009), with some modifications. Egg masses were
analyzed and mechanically homogenized in a lysis solution con-
taining guanidine thiocyanate using pestles. For the late-instar
larvae, the whole larval body (except for the gut and its contents,
which were excised) was used as the source of the DNA. Before
the extraction, the larvae were freeze-dried and then mechani-
cally homogenized as described above. A control for successful
DNA extraction was established by analyzing the Lymantria dis-
par L. 28S rRNA gene using PCR (Martemyanov et al., 2014).

A fragment of the polyhedrin gene (160 bp) was used as the
target sequence for detecting the presence of LIMNPV DNA in
the samples. The amplification reactions for the analysis of the
gypsy moth NPV polyhedrin gene contained primer 1 at 50 nM,
primer 2 at 50 nM, 500 ng/25 pul DNA of the final volume, and
the HS-qPCR Mix SYBR reaction mixture (Biolabmix). The re-
action conditions were 5 min at 95°C, 30 s at 95°C, and 1 min at
60°C for 40 cycles, with a melting curve of 60—95°C. The primers
for the gypsy moth NPV polyhedrin gene were GCACTTCCT-
CAACTCGGTCA and CGTTTAGTACGCCGGTCCTT (Prim-
er-BLAST). Viral DNA detection was performed using SYBR
Green on CFX96 (Bio-Rad). It should be noted that the use of this
qualitative detection method lowers the limit of DNA detection in
comparison to classical detection with ethidium bromide. DNA
extracted from the eggs and larvae of the gypsy moth population
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that was free of LIMNPYV was used as the negative control. The
products of the PCR reaction were sequenced to confirm the pres-
ence of the target sequence.

Statistical analysis

Most of the data were normally distributed (assessed using the
Kolmogorov-Smirnov test). Therefore, we performed a one-way
ANOVA with treatment (density) as the fixed factor (Statistica
7.0). We used the mean values of the pupal weight and larval
development for each container as one replicate for the group-
reared larvae. Thus, N = 10 for those data. To avoid pseudo rep-
lication, the pupal weights and larval development times for the
solitary-reared larvae were assigned to ten artificial replicates,
and each replicate was calculated as the average of ten values.
Thus, we used 10 replicates for the solitary insect data and 10 rep-
licates for the group-reared insect data in the comparison using
ANOVA. For the physiological data, we used one larva reared in
an individual container (either under solitary or crowded condi-
tions) as a replicate. The data that were not normally distributed
(THC, PO, dopamine concentration) were log transformed before
the statistical analyses. The percentage mortality and apoptosis
activity were compared using the chi-square method.

RESULTS

Mortality and prevalence of covert infection

The PCR analysis revealed that all the larvae of L. dis-
par asiatica studied were infected with baculovirus. Both
the total percentage mortality (i.e., including nonspecific
sources of mortality) and virus-specific mortality induced
by an activated covert infection were similar for insects
reared under crowded and solitary conditions (total per-
centage mortality = 4% for group-reared larvae and 5% for
solitary-reared larvae, = 0.12, p = 0.733; virus-specific
percentage mortality = 4% for group-reared larvae and 4%
for solitary-reared larvae, ¥*= 0, p = 1). The maximum
ability of this L. dispar population to activate covert infec-
tion (induced by starvation) was estimated in terms of the
% of larvae killed by the virus.

Comparison of fithess parameters

Solitary-reared insects took longer to complete their
development and were heavier than group-reared insects
(Fig. 2a, b). These differences were similar for both sexes
(Fig. 2a, b).

Comparison of physiological parameters

The THC for the singly reared insects was lower than
that for the group-reared larvae (Fig. 3a), while both the
PO activity and protein concentration in the haemolymph
did not differ (PO activity was 0.266 = 0.05 AA  /min/
mg for singly reared larvae and 0.266 & 0.05 AA /min/
mg for group-reared larvae, F| , = 0.123, p=0.727; protein
concentration in the haemolymph was 4.29 + 0.63 mg/ml
for singly reared larvae and 4.70 + 0.86 mg/ml for group-
reared larvae, Fl’%: 0.761, p = 0.388). However, the sin-
gly reared insects had an approximately four-fold greater
concentration of dopamine in their haemolymph (0,022 +
0.007 ng/mkl for singly reared larvae and 0,005 + 0.004
ng/mkl for group-reared larvae, F , = 22.498, P < 0.001)
(Fig. 3b). The percentage of apoptotic haemocytes did not
differ significantly in the two treatments.
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Fig. 2. Duration of larval development (a) and weight of pupae (b)
when larvae are reared solitarily and in groups (mean + SE). Bars
marked with asterisks indicate a significant difference (analysis of
variance: Fisher’'s LSD test, P < 0.05).

DISCUSSION

This study shows that high population density per se of a
host insect (L. dispar) did not affect its percentage mortal-
ity. It is interesting to note that solitary-reared larvae took
longer to complete their development and were heavier. In
another study, the mass of L. dispar larvae reared on an
artificial diet is less when reared at a high population den-
sity (Reilly & Hajek, 2008). A lower mass of crowded lar-
vae is the usual response of insects that develop fast when
crowded and occurs in other species of Lepidoptera (Goul-
son & Cory, 1995), Orthoptera (Uvarov, 1966) and Coleo-
ptera (Humiro et al., 2018). Heavy female pupae usually
produce more productive adults, especially in species in
which the adults do not feed (Honek, 1993), which is con-



Pavlushin et al., Eur. J. Entomol. 116: 85-91, 2019

(@)
Fl, 38:5'264
P=0.027

=]
1

(<2}
[1

—H

Total hemocyte count (cells ml'x 106)
N EY
] 1

0 T
Single Group
(b)
0.04+
F 1, 38222'498
P<0.001
*
0.034 L
=
=
- 0.02-
o0
=
0.01+
0.00 T
Single Group

Fig. 3. Total number of haemocytes (a) and (b) dopamine concen-
tration in the haemolymph when the larvae are reared solitarily
and in groups (mean = SE). Bars marked with asterisks indicate
a significant difference (analysis of variance: Fisher’s LSD test, P
< 0.05).

firmed for other species of Lepidoptera (Miller, 2005). On
the other hand, larvae with long development periods are
more vulnerable to pathogens and parasitoids because of
the increased window of opportunity (Doane & McManus,
1981). Our earlier study indicate that even at low natural
population densities, L. dispar larvae are strongly affected
by parasitoid pressure (Martemyanov et al., 2013). In ad-
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dition, a long larval stage increases the chance of a viral
infection becoming activated.

We recorded an increase in the total number of haemo-
cytes in the haemolymph of larvae reared under crowded
conditions. This observation could be associated with the
so-called density-dependent prophylaxis phenomenon
(Wilson & Cotter, 2008). However, density-dependent
prophylaxis is not the case if we consider peroral baculo-
virus infection as the initiator of lethal disease in L. dispar.
In particular, the stress caused by rearing L. dispar under
crowded conditions leads to an increase in their suscep-
tibility to peroral infection with baculoviruses (Reilly &
Hajek, 2008). This contradiction may be associated with
the insignificant role of the THC parameter in the resist-
ance of L. dispar larvae to nucleopolyhedroviruses (Mc-
Neil et al., 2010a, b). On the other hand, high THCs in the
haemolymph of crowded larvae may account for the high
resistance of larvae to other types of parasites (Lavine &
Strand, 2002; Tan et al., 2013).

Interestingly, the activity of PO in the haemolymph did
not differ between the crowded and solitary larvae. This
result indicates that the responses of different innate im-
munity parameters of insects (i.e., THC vs PO) differ in
their response to the same factor. Thus, not all parameters
of innate immunity are associated with density-dependent
prophylaxis. Recently, we studied the effect of such densi-
ty-associated factors, such as starvation, on the activity of
PO in the haemolymph and found a significant increase in
PO activity in the haemolymph of starved larvae (Kasianov
etal.,2017). Thus, parameters of humoral innate immunity,
such as the PO activity in haemolymph, depend on density-
associated factors, but not on the population density per se.

Dopamine is the primary indicator of stress in insects
(Gruntenko, 2005). The four-fold increase in the dopamine
concentration in the haemolymph of solitary larvae record-
ed in this study may indicate that solitary conditions are
more stressful for both middle and late larval instars of L.
dispar than crowded conditions.

We show that a high population density of L. dispar per
se did not activate a covert form of baculovirus, but was
associated with the absence of differences in important
antiviral defenses, such as apoptosis. A previous study by
Vilaplana et al. (2008) shows that high densities affect the
vertical transmission of baculoviruses and prevalence of
virus in the offspring of Spodoptera exempta. However,
it is difficult to compare that study with ours because S.
exempta has two phenotypically different forms, solitary
and crowded (Rose et al., 2000), which have significant
morphological, ecological and physiological differences
(Applebaum & Heifetz, 1999) and clearly demonstrate
density-dependent prophylaxis against disease caused by
baculoviruses (Vilaplana et al., 2008). L. dispar does not
have a phenotypically distinct gregarious form (Doane
& McManus, 1981) or demonstrate density-dependent
prophylaxis against peroral infection by LIMNPV (Reilly
& Hajek, 2008).

The results of the present study clearly indicate that an
increase in host population density alone is associated with
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fitness and physiological changes, but does not play a key
role in the emergence of baculovirus epizootics in L. dispar
populations driven by the activation of covert pathogens.
Epizootics in insects (including L. dispar) usually occur
at high population densities, but it would appear that the
activation of covert virus infections does not directly re-
late to density but with associated density-dependent fac-
tors (such as starvation) that induce changes in the host.
The roles of these factors in the appearance of epizootics
due to the activation of covert infections should be further
studied. On the other hand, our study shows that solitary
L. dispar larvae invest more in growth, such as pupal
mass, which leads to an increase in the number of progeny
and, under favourable conditions, can result in an increase
in population density.

In other words, less contact between middle and late in-
star larvae initiates an increase in the biotic potential of
the population. This interesting phenomenon could be the
basis for further studies on the mechanisms regulating in-
sect population densities.
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