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Abstract 
Th e high effi  ciency of baculovirus infection is partially explained by the ability of the virus 
to suppress host defense machinery connected with the apoptosis pathway. Members of 
the baculovirus gene family, inhibitors of apoptosis (vIAPs), have been shown to inhibit 
apoptosis in baculovirus-infected cells. Here we showed that treatment of the LdMNPV-
-infected 1st instar gypsy moth (Lymantria dispar) caterpillars with sense (oligoBIR) and 
antisense (oligoRING) DNA oligonucleotides from the LdMNPV IAP3 gene induced elevat-
ed mortality of the insects. Apoptotic DNA ladder assay showed that the leading role in 
this phenomenon is played by the antisense oligoRING fragment of the vIAP3 gene. Th ese 
results imply that the application of both antisense DNA oligonucleotides from vIAP genes 
and baculovirus preparations (one following the other) may be a potential method for plant 
protection against insect pests.
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Introduction

Baculoviral infection is highly effi  cient in susceptible 
insect hosts. For Autographa californica multicapsid 
nuclear polyhedrosis virus it was found that 12 hours 
post infection, the viral transcripts comprised 38% of 
the total cellular mRNA (Clem and Passarelli 2013). 
In the course of infection, the death of host insects is 
delayed until baculovirus accomplishes its relatively 
slow reproduction. Baculoviruses are represented by 
two phenotypes, namely the budded virus and the 
occlusion-derived virus. Th e budded virus transmits 

viral infection from cell to cell whereas occlusion bod-
ies (OBs) that contain occlusion derived virus (ODV) 
are responsible for insect to insect transmission and 
are produced in infected cell nuclei (Jehle et al. 2006) 
until they are completely fi lled up with the particles. 
As a result, one larva may contain about 1010 poly-
hedra comprising more than 30% of an insect’s dry 
mass (Miller et al. 1983). To achieve such efficient 
infection rates, baculovirus induces pro-apoptotic 
DNA Damage Response (DDR) (Mitchell and Friesen 
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2012). Induction of the DDR by the viral replication 
increases virus yields up to 100,000-fold (Mitchell 
and Friesen 2012) and causes the so-called conflict 
of genomes (Weitzman et al. 2010). The DDR in-
duces depletion of host inhibitor-of-apoptosis genes 
(hIAP) and thus promotes cell death (Vandergaast 
et al. 2011). To overcome the consequences of the 
DDR activation, baculoviruses employ special anti-
-apoptotic proteins (vIAPs) (Srinivasula and Ashwell 
2008; Ikeda et al. 2011). Th ese proteins either inter-
fere directly with the cellular apoptotic proteins, or 
alter the activity of cellular genes, leading to an anti-
-apoptotic state (Agol 1997). Baculoviruses have two 
classes of anti-apoptotic genes, the gene for p35 cas-
pase inhibitor and the IAP genes (IAP1-IAP5) (Ber-
tin et al. 1996; Manji et al. 1997; Ikeda et al. 2013; 
Clem 2015). Most of the baculoviral IAPs with anti-
-apoptotic functions belong to the IAP3 group, with 
certain exceptions (Ikeda et al. 2011).

Phylogenetic analysis of baculoviral IAP genes in-
dicated their host origin. Th e capture of these genes 
from insect genome likely occurred at least twice in 
the course of evolution (Hughes 2002; Clem 2015). 
Despite the evolutionary relatedness of the vIAP pro-
teins and hIAP proteins, there is an important struc-
tural distinction between them. In contrast to the 
hIAPs, which possess a specifi c N-terminal domain and 
are negatively regulated by signal-induced N-terminal 
degrons upon virus infection, the vIAPs do not have 
an equivalent N-terminal domain (Cerio et al. 2010; 
Vandergaast at al. 2015). Th is makes vIAPs more stable 
and active as apoptosis inhibitors (Cerio et al. 2010) 
controlling host cell fate. Th e conservative part of IAPs 
contains BIR (baculovirus IAP repeat) domain and 
RING (really interesting new gene) domain. BIRs in-
teract with processed N-terminus of apoptosis inducer 
Hid (head involution defective) protein. In turn, RING 
domain functions as a module that confers ubiquitin 
protein ligase (E3) activity and, in conjunction with an 
ubiquitin activity enzyme (E1) and an ubiquitin conju-
gating enzyme (E2), catalyze the transfer of ubiquitin 
to target apoptosis proteins (Srinivasula and Ashwell 
2008; Clem 2015). 

Recently we tested IAP-specifi c DNA oligonucle-
otides (Oligo-IAPs) as potential insecticides. We used 
two Oligo-IAP sequences which were based on the 
fragments of BIR (sense chain) and RING (antisense 
chain) domains from Lymantria dispar multicapsid 
nuclear polyhedrosis virus (LdMNPV) IAP3 gene 
(Oberemok 2008a; Oberemok 2011; Simchuk et al. 
2012; Oberemok and Skorokhod 2014; Oberemok 
and Nyadar 2015). Th e insecticidal eff ect of Oligo-
-IAP fragments was detected on LdMNPV-free cater-
pillars (Oberemok and Skorokhod 2014; Oberemok 
et al. 2015a, b; Oberemok et al. 2016). In our opinion, 
in the case of non-infected gypsy moth caterpillars, 

a host anti-apoptosis mRNA serves as target mRNA 
for complementary interaction with viral Oligo-IAP 
fragments initiating post-transcriptional silencing of 
the target host anti-apoptosis gene which subsequent-
ly leads to apoptosis and death of the insect. Our re-
cent fi ndings prove this hypothesis (Oberemok and 
Skorokhod 2014; Oberemok and Nyadar 2015; Ober-
emok et al. 2016). Interestingly, Yamada et al. (2012) 
found that the LdMNPV IAP3 gene induced apop-
tosis in Ld652Y cells in a transient expression assay 
but the authors say that it remains inconclusive as to 
whether virus Ld-IAP2 and Ld-IAP3 function as pro-
-apoptotic proteins in LdMNPV-infected Ld652Y cells 
or not. It would be interesting to study the fragments 
of other single-stranded fragments of LdMNPV IAP 
genes as DNA insecticides, such as Lp-Apsup (L. dis-
par apoptosis suppressor) (Yamada et al. 2011).

In our previous experiments not all LdMNPV-free 
gypsy moth caterpillars tested were sensitive to treat-
ment with Oligo-IAP fragments (sense oligoBIR and 
antisense oligoRING) suggesting that individual insect 
populations may either possess diff erent susceptibility 
to the specifi c oligonucleotides, or that an additional 
specifi c factor (or factors) might be necessary for ac-
tivation of the cell apoptosis–anti-apoptosis system. 
In the absence of stress factors (e.g. viral infection) con-
centrations of the target anti-apoptosis mRNA would 
be low, and a pronounced insecticidal eff ect might not 
be generated by the antisense oligoRING fragment. 
For example, recently we showed that expression of 
host IAP-1 gene was signifi cantly (3.45±1.16) higher 
in LdMNPV-infected control in comparison with non-
-infected control (p < 0.05) on the 14th day aft er the 
infection (to be published), thus, the cell apoptosis–
anti-apoptosis system in LdMNPV-infected insects 
was more activated.

In this paper our main hypothesis is that in the 
case of LdMNPV-infected caterpillars, the mRNA of 
the LdMNPV IAP3 gene might be a complementary 
sequence interacting with oligoRING and initiating 
post-transcriptional silencing of the target baculovi-
ral anti-apoptosis gene. Inactivation of expression of 
LdMNPV IAP3 gene might help infected host cells 
undergo apoptosis and the aff ected insect might die. 
Th us, in the case of LdMNPV-infected gypsy moth 
cells there always will be the target viral IAP3 mRNA 
to initiate post-transcriptional silencing in a manner 
similar to the mode of action of antisense oligonucle-
otides (Dias and Stein 2002).  Relatively long double-
-stranded RNA fragments (Gu and Knipple 2013), 
and the DNA insecticides might work more oft en on 
LdMNPV-infected gypsy moth. In this work, to test 
the eff ect of Oligo-IAP fragments on LdMNPV-in-
fected insects, the gypsy moth caterpillars were ini-
tially infected with LdMNPV, and then treated with 
DNA oligonucleotides.
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Materials and Methods

Th ree individual egg masses of gypsy moths were col-
lected from a coniferous forest in the Vologda region 
(northwestern Russia), followed by randomization 
and rearing of insects under standard conditions. Two 
groups of 1st instar caterpillars were used in the exper-
iments, the control non-infected group and the group 
pre-infected with LdMNPV. Insects in both groups 
were treated with sterile water, oligo(A)18 (5’-dAAA 
AAA AAA AAA AAA AAA-3’), or Oligo-IAP frag-
ments. An average of 20 caterpillars were subjected to 
a treatment (with water, oligo(A)18, or Oligo-IAPs) in 
each group. Each experiment was independently re-
peated for every group in triplicate. Prior to the experi-
ments, the gypsy moth caterpillars (grown on standard 
wheat germ-based diet at 25oC) were checked for 
LdMNPV infection using PCR with two oligonucle-
otide primers specific to the viral capsid gene p39: 
5’-dACG TTC TCG TTG AAC GTG CTG-3’ (for-
ward primer), 5’-dCTG GTG AAC CAC AAA ACC 
CTG-3’ (reverse primer) (Oberemok 2011; Oberemok 
et al. 2016). All tested caterpillars were free of the virus 
(Fig. S1, see lanes 1–10). HPLC-grade Oligo-IAP frag-
ments were synthesized by Metabion International AG 
(Germany): 5’-dGCC GGC GGA ACT GGC CCA-3’ 
(LdMNPV strain 3054, BIR domain, sense chain; 
http://www.ictvonline.org) and 5’-dCGA CGT GGT 
GGC ACG GCG-3’ (LdMNPV strain 3054, RING 
domain, antisense chain; http://www.ictvonline.org). 
A sterile water solution of an equimolar mixture of Oli-
go-IAP fragments (100 pmol · μl–1), oligo(A), or sterile 
water was applied as a small drop (0.3 μl) to the middle 
of a caterpillar’s body (approximately 3rd–4th setae of 
the abdomen) with a pipette and was absorbed by the 
caterpillar’s body for 15–20 min at room temperature. 
Caterpillars from the control groups were treated ei-
ther with distilled water or oligo(A): 5’-dAAA AAA 
AAA AAA AAA AAA-3’ synthesized by Metabion 
International AG (Germany). Th e 11-day period for 
rearing caterpillars aft er treatment with Oligo-DNAs 

was chosen as representative to show the dynamics of 
their action.

To infect gypsy moth caterpillars with LdMNPV, the 
baculovirus preparation “VIRIN-NSh” (Kyrgyzstan) 
was used. Aft er 1-day starvation, the insects were fed 
a diet containing 30 000 polyhedra · mg–1 for 2 days. 
Th e caterpillars were then transferred to a non-infect-
ed diet. Phase contrast microscopy and Goryayev’s 
chamber (hematocytometer) were used to count viral 
polyhedrons in the preparation. By weighing the re-
mains of the infected diet, we calculated the virus dose 
of ca. 400–500 polyhedrons taken in by each caterpil-
lar. Th e caterpillars were treated with water, oligo(A), 
or Oligo-IAP fragments 48 hours aft er infection with 
LdMNPV. 

Quick Apoptotic DNA Ladder Detection Kit (Life 
Technologies, USA) was used according to the manu-
facturer’s instructions to determine the level of apoptotic 
DNA fragmentation in LdMNPV-infected insects.

We used non-parametric Pearson’s chi-squared test 
(χ2) with Yates’s correction to evaluate the signifi cance 
of diff erence in mortality between caterpillars of ex-
perimental groups (STATISTICA 7 soft ware).

Results and Discussion

Th e Oligo-IAP fragments did not have a statistically 
signifi cant eff ect (p > 0.05) on the viability of LdMNPV-
-free caterpillars aft er 11 days of observation in com-
parison with water- and oligo(A)-treated controls, 
with recorded death of approximately 3–15% of the 
caterpillars in each group (Table 1). 

On the 5th day after treatment with Oligo-IAP 
fragments, a signifi cant increase in mortality of LdM-
NPV-infected caterpillars in comparison with water-
-treated controls was observed (Fig. 1 and Table 1). 
Although some elevated mortality of oligo(A)-treated 
caterpillars compared to water-treated control was re-
corded, the eff ect was statistically insignifi cant (Fig. 1 
and Table 1). An average of 29.8%, 17.0%, and 3.0% of 

Table 1. Statistical analysis of the insecticidal eff ect of Oligo-IAP and oligo(A)18 on LdMNPV-infected and non-
-infected gypsy moth caterpillars. Pearson’s chi-squared test (χ2) with Yates’s correction was used to evaluate the 
signifi cance in each treatment. χ2 values were calculated for experimental groups vs. water control group on the 5th 
day after the treatment; the experiment was performed in triplicate; *is given when p < 0.01 

Experimental groups χ2 values Number of caterpillars 
in each experimental group

Non-infected Oligo-IAPs vs. water control 0.23 144

oligo(A)18 vs. water control 0.06 142

Infected Oligo-IAPs vs. water control 12.01* 127

oligo(A)18 vs. water control 3.71 121
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caterpillars died in the groups treated, respectively, with 
Oligo-IAP fragments, oligo(A), and distilled water. Be-
tween the 5th and 11th days post-treatment, the percent-
age of dead insects reached 37.5%, 20.9%, and 7.5% in 
the groups treated with Oligo-IAP fragments, oligo(A), 
and distilled water, respectively. Again, only the treat-
ment with Oligo-IAP fragments had a statistically sig-
nifi cant eff ect on insect mortality (χ2 = 13.1; p < 0.01). 

Although the mortality in the Oligo-IAP group of 
the infected caterpillars was signifi cant, it did not reach 
very high levels. A plausible explanation is that not all 
the investigated caterpillars were successfully infected 
with the applied virus dose. Ebling et al. (2004) and 
Duan et al. (2011) reported that LD50 for the 2nd instar 
gypsy moth caterpillars is approximately 100–700 vi-
rus polyhedra per larva. Even though each caterpillar 
in our experiment acquired ca. 400–500 virus polyhe-
dra, we detected LdMNPV by the PCR in only ca. 30% 
of the insects fed the infected diet (Fig. S2, see lanes 
2 and 3). Obviously, the outcome of the application of 
DNA insecticides based on the LdMNPV IAP3 gene, 
particularly antisense oligoRING, depends on the dy-
namics of target mRNA synthesis and the breakdown 
of the target anti-apoptosis gene. In our opinion, in the 
case of LdMNPV-infected caterpillars, mRNA of LdM-
NPV IAP3 gene is a target complementary sequence 
that interacts with antisense oligoRING, initiating 
post-transcriptional silencing of a target anti-apopto-
sis gene in a manner similar to the mode of action of 
antisense oligonucleotides (Dias and Stein 2002) and 
relatively long dsRNAs (Gu and Knipple 2013) which 
subsequently leads to apoptosis of cells and death of 
the whole insect. Th us, we think that higher infection 

rates of caterpillars with LdMNPV will provide a sub-
stantially higher insecticidal eff ect of the preparation 
based on Oligo-IAP fragments. 

To support the hypothesis that oligoRING played 
a major role in triggering apoptosis of LdMNPV-in-
fected insect cells and the death of caterpillars from the 
Oligo-IAP group, we investigated levels of apoptotic 
DNA fragmentation in insects which died after 4–5 
days (mortality peak) in all groups of the experiment. 
We did extra treatments of LdMNPV-infected cater-
pillars with oligoBIR an oligoRING separately. Extrac-
tion of DNA was made for each lane of the agarose gel 
from 3 caterpillars of every group of the experiment 
(Fig. 2).

Due to viral infection in caterpillars in all experi-
mental groups we detected apoptosis as an antiviral re-
sponse (Clarke and Clem 2003).  However the intensity 
of the apoptotic ladder (DNA fragments of multiples of 
180–200 bp) varied.  Th e strongest apoptotic response 
to applied DNA oligonucleotides was detected in Oli-
go-IAP and oligoRING groups. In caterpillars from the 
oligoRING group we detected deep degradation of the 
apoptotic DNA ladder by nucleases (Vanyushin 2001). 
Nucleases completely cleaved higher fractions (HF) 
of insect genomic DNA and formed one fragment 
around 100–180 bp long (Fig. 2), which indicates that 
oligoRING triggered the quickest apoptotic reactions 
in response to all investigated oligonucleotides and 
obviously played the pivotal role in causing apoptosis 
and signifi cant mortality of caterpillars in the Oligo-
-IAP group. We decided to name this phenomenon as 
VOVA (Virus before Oligonucleotide – Vent to Apop-
tosis) eff ect.

Fig. 1. Mortality in diff erent groups of gypsy moth (Lymantria dispar) caterpillars pre-infected with LdMNPV and 
treated with distilled water (W), oligo(A), or DNA oligonucleotides from LdMNPV IAP-3 gene (Oligo-IAP); *is given 
when p < 0.01
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Of note, in the oligoBIR group, apoptotic DNA lad-
ders were of the same intensity as those of the water-
-controls whereas caterpillars from the oligo(A) group 
showed more pronounced apoptotic response which 
correlates with higher insect mortality in this group. 
To date, we do not know how exactly oligo(A) leads 
to pronounced formation of apoptotic DNA ladder in 
insect cells but obviously it cannot serve as a reliable 
control oligonucleotide in our further experiments. 

In the same vein, recently we found that treatment 
of LdMNPV-infected gypsy moth larvae with oli-
goRING leads to signifi cantly decreased expression of 
host IAP1 gene on the 14th day by more than 30 times 
(to be published). Th is indicates that the stronger ap-
optotic processes are triggered in LdMNPV-infected 
cells in response to the applied oligoRING fragment.

Comparing our approach of DNA insecticides, 
on both LdMNPV-infected and LdMNPV-free gypsy 
moth caterpillars (Oberemok and Skorokhod 2014; 
Oberemok et al. 2016) with the RNAi approach (Tere-
nius et al. 2011; Gu and Knipple 2013) we see a number 
of advantages. First, the advantage of using short (ap-
proximately18 nucleotides long) insect-specifi c DNA 
insecticides compared to using relatively long double-
-stranded RNA fragments because dsRNA is cleaved 
in cells into numerous, unpredictable and short (21–23 
nucleotides) siRNAs that have abundant direct se-
quence matches throughout the genomes of most non-
-target organisms (Lundgren and Duan 2013). It is dif-
fi cult to solve this problem to guarantee specifi city of 
RNAi preparations for crop protection. Second, topi-
cal application of the DNA insecticides is a convenient 
way of insect pest control. It might be impossible to use 
DNA insecticides against cryptic feeding insects and 
adult beetles because elytra could provide some pro-
tection from a contact insecticide. Nevertheless, DNA 
insecticides look very promising  for insect pest control 
of lepidopteran pests at the caterpillar stage, especially 
during early larval instars when the insects’ exoskeleton 

is thin. Th ird, gene silencing by feeding or injection of 
double-stranded RNA requires high concentrations 
for success. Th is issue could be resolved with the topi-
cal application which we have described here of DNA 
insecticides based on short antisense DNA fragments 
acting in substantially lower concentrations. In most 
studies “standard” amounts of double-stranded RNA, 
injected to achieve RNAi in lepidopterans, varies be-
tween 1 and 100 μg (Terenius et al. 2011). For com-
parison, in experiments with DNA insecticides we use 
topically 3–30 pmol of viral 18 nucleotides long DNA 
fragments per L. dispar caterpillar which corresponds 
to approximately 3–30 ng of DNA (per 0.7–12 mg of 
caterpillar biomass). Th us, ssDNA insecticide works 
in substantially lower concentrations and accordingly 
may be cheaper in comparison with RNA preparations 
for insect pest control. Fourth, the presence of the 2’-OH 
group makes the hydrolysis of RNA much more facile 
than hydrolysis of DNA (Th orp 2000). Th us, DNA in-
secticides will be more stable than RNA preparations 
in nature and will have an insecticidal eff ect before 
they are degraded.

Baculoviruses are ubiquitous in the environment 
and are known to be an important regulator of insect 
populations. Th ese characteristics make them promis-
ing candidates for the biological control of insect pests 
acting eff ectively but slowly. Th ey also have minimal 
off -target impacts (Oberemok and Skorokhod 2014; 
Oberemok et al. 2015a; Oberemok et al. 2015b) in com-
parison with chemical insecticides (Lozowicka et al. 
2015; Oberemok et al. 2015b). Th e data of this work in-
dicate that the specifi c DNA oligonucleotides may in-
terfere with expression of vIAP genes to induce stronger 
apoptosis in infected insects. Th is hypothesis is also 
supported by the fi nding that the oligoRING fragment 
applied here decreases the gypsy moth body mass and 
up-regulates the pro-apoptotic genes (Oberemok et al. 
2016). Further studies of the exact mode of action of 
Oligo-IAP fragments may reveal their potential as DNA 

1 2 3 4 M 5 6 7 8 9 10

Fig. 2. Electrophoregram of apoptotic DNA ladder extracted from tissues of 
dead LdMNPV-infected caterpillars in diff erent groups of experiment: 1, 2 – vi-
rus + water; 3, 4 – virus + oligo(A); M – DNA ladder (1 kb) + 1,500; 5, 6 – oligo-
BIR; 7, 8 – oligoRING; 9, 10 – Oligo-IAP; HF – higher fraction of genomic DNA
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insecticides, as well as unravel possible ways to mod-
ify the baculovirus genomes to enhance their effect 
against the insect pests. Th e results indicate the pos-
sibility of using both antisense Oligo-IAP fragments of 
the LdMNPV IAP3 gene and LdMNPV preparations 
(one following the other) to control gypsy moth and to 
encourage this principle in plant protection against in-
sect pests. Since LdMNPV is known to be transmitted 
transovarially (Oberemok 2008b; Bakhvalov et al. 2012), 
this approach could be useful in places where LdMNPV 
was used the previous year. Th us, alternation of LdM-
NPV preparations (fi rst year) and antisense fragments 
of vIAP genes (second year) could be applied.

We see one more promising applications of this ap-
proach in medicine for treatment of cancers caused by 
viruses where we could trigger apoptosis in cancer cells 
using antisense Oligo-IAP fragments of cancer viruses 
(for example, Epstein-Barr virus). 
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Fig. S1. Electrophoregram of DNA amplifi -
cation products of gypsy moth: K – control; 
M – DNA ladder (1 kb); 1–10 – DNA spectra of 
diff erent individuals + primers for detection of 
LdMNPV; V (positive control) – LdMNPV (“VI-
RIN-NSh”, Kyrgyzstan) + primers for detection 
of LdMNPV; F – fragment of LdMNPV genome 
524 bp long
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