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The genus Diadegma is a well-known parasitoid group and some are known to have symbiotic virus,
polydnavirus (PDV). A novel IV was discovered from the calyx of Diadegma fenestrale female and
sequenced its genome. D. fenestrale has more than two hosts, including potato tuber moth (PTM) and
diamondback moth (DBM). D. fenestrale preferred PTM to DBM as hosts based on the oviposition and
survival rate. Nevertheless, the developmental period and morphology of D. fenestrale were not signif-
icantly different between PTM and DBM. We compared DfIV gene expression patterns between PTM and
DBM under various conditions to understand the phenomena. DfIV genes were more widely expressed in
PTM with large numbers than in DBM after parasitized by D. fenestrale, particularly at the initial point.
They showed differential expression patterns between two lepidopteran hosts. This DfIV gene expression
plasticity showed a dependency on the lepidopteran host species and parasitization time, suggesting that
it may contribute to increase the parasitoid survival rate. This might be one of the key elements that
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determine the symbiotic relationship between PDV and parasitoid.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Parasitoids occur in seven holometabolous orders of insects,
including Hymenoptera [1,2]. Complex procedures such as right
host choose, overcome the host immune response and adopt to or
regulate host physiology are involved in the successful parasitism
by insect parasitoids for the sake of the larval parasitoid [3]. Hy-
menoptera possess the largest number of parasitoid among the six
orders (Pennacchio and Strand, 2006). Certain parasitoids from the
Braconidae and Ichneumonidae families have developed an
extraordinary strategy to protect their egg and larva from the host's
immune responses [4]. These parasitoids employ several factors
that can regulate female reproductive system, including the venom,
ovarian proteins, and symbiotic virus, PDV. PDVs were first

Abbreviation: DfIV, Diadegma fenestrale Ichnovirus; PDV, polydnavirus; 1V, ich-
novirus; BV, bracovirus; PTM, potato tuber moth; DBM, diamondback moth; rep,
repeat element protein gene; cys-motif, cysteine motif protein gene; cys-rich,
cysteine rich protein gene; vankyrin, viral ankyrin; vinnexin, viral innexin.
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discovered from some parasitoid calyx fluid using electron micro-
scope and classified as a polydnaviridae 4 decades ago [5—8]. Pre-
vious studies reported that PDVs alone or in conjunction with other
factors actively suppress host immunity [9,10]. That means that
PDVs contribute to the survival of parasitoid in its hosts, such as
lepidopteran caterpillar [11].

Diadegma fenestrale is known as a generalist [12]. D. fenestrale
was initially collected from parasitized PTM infesting potato culti-
vation field in Jeju, Korea in May 2009. Moreover, it was also
collected from parasitized DBM infesting cabbage nearby potato
field. It has more than two lepidopteran hosts such as PTM and
DBM in Korea [13]. In earlier study, D. fenestrale ichnovirus (DfIV)
had already identified and sequenced its genome [14].

Nevertheless, the emergency rate of D. fenestrale in PTM larvae
was two-fold higher than that of DBM [13]. Therefore, this finding
led to ask following questions: why does D. fenestrale prefer PTM to
DBM and why is the parasitism success rate higher in PTM? To
understand this host preference, parasitism success rate of D. fen-
estrale, we characterized of PDV and its gene expression patterns.

The objective of this study were to compare the successful
parasitism rate difference of D. fenestrale on two lepidopteran host;
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to investigate the progressive transcriptional profiles of DfIV and its
hosts following parasitization; to compare the viral gene expres-
sion for parasitized or non-parasitized larval samples of PTM and
DBM. This study would contribute to the understanding of host-
specific gene expression patterns of PDV.

2. Materials and methods
2.1. Parasitoid and lepidopteran hosts

The field collected D. fenestrale was reared and maintained in
the HARI insect rearing room. D. fenestrale was reared on PTM and
DBM hosts in plastic cages under the laboratory conditions. Third
instar PTM or DBM larvae (5 and 3 days from the egg hatching,
respectively) were exposed to D. fenestrale in cage for 24 h and
parasitized hosts were reared in the same laboratory condition
until adult parasitoid emergence. The emerged D. fenestrale adults
were collected every day and allowed to mate for 24 h before use
for parasitization. The PTM were also maintained in an open-type
cylindrical plastic cage along with a filter paper on the top for
oviposition. The PTM eggs attached to the filter paper were trans-
ferred to plastic with potato tuber or plant. PTM was reared in the
same cage until adult stage. The third instar larva was separated to
use as a parasitoid host.

The DBM larvae were collected from cabbage fields in Daeg-
wallyeong, Korea in 2007 and maintained in the laboratory con-
dition. DBM Larval was reared in Napa cabbage. DBM pupae were
collected and held in an open-type cylindrical plastic cage with
crumpled aluminum foil treated with cabbage extract solution for
oviposition.

2.2. Development and morphology of D. fenestrale in two
lepidopteran hosts

PTM and DBM 3rd instar larvae were exposed to D. fenestrale for
24 h by placing the larvae into the cages. After parasitization, > 30
larvae of PTM and DBM were collected and reared in a single in-
dividual dish to check the individual developmental period until
adult emergence. The developmental periods and morphology of D.
fenestrale were observed after dissection of PTM and DBM larva
under stereomicroscope (Leica M205C) and photographed with a
DFC450 camera system (Leica, Wetzlar, Germany) on a daily basis.
All experiments were replicated three times for each PTM and DBM.
Developmental time between the treatments were compared by T-
test (P < 0.05 SAS 9.1, SAS institute Inc., Cary, NC, USA).

2.3. Comparisons of parasitism and survival rate of D. fenestrale

Comparisons of parasitism and survival rate of D. fenestrale be-
tween PTM and DBM was performed as wasp rearing methods as
described above. In brief, 100 individual of 3rd instar larvae of PTM
and DBM were exposed to D. fenestrale (30 pairs) for 24 h into the
cages respectively. After parasitization, 30 larvae were randomly
collected and dissected under a stereomicroscope (Leica M205C)
for analysis of parasitism rate. Similarly, 30 larvae were also
randomly picked up and reared in each cages to check the survival
rate until D. fenestrale emergence. All experiments were replicated
for three times.

2.4. DfIV gene expression comparisons between two lepidopteran
hosts

After parasitization period (24 h after adult emergence), >70
larvae of parasitized, DfIV injected by parasitoid without parasiti-
zation, parasitized and unparasitized lepidopteran hosts were

randomly selected 6 days after parasitization and dissected lepi-
dopteran host to collect tissues only on slide glass, not parasitoid
egg or larva. Lepidopteran larval stage was divided into six cate-
gories based on the parasitoid development. Sample larvae named
with 1-6 denoted that D. fenestrale stages as 1 — egg, 2 — 1st instar,
3 —2nd instar, 4 — 3rd instar, 5 — early 4th instar and 6 — 4th instar.
The samples were prepared from all the larval instars were sampled
from three treatment groups: unparasitized, parasitized and un-
parasitized but DfIV injected by D. fenestrale. In total, 18 RNA
samples were prepared from larval stage (6 steps based on D. fen-
estrale developmental stages) each host with 3 treatments. Addi-
tionally a pupa and adult samples were prepared from two
treatments; unparasitized and un-parasitized but DfIV injected by
D. fenestrale. Totally 22 RNA samples were prepared from each host.
For qrtPCR, 45 samples were used. Finally, respective host samples
were prepared, total RNA was extracted from these samples with
suitable volume of TRI reagent (MRC, Cincinnati, OH, USA) ac-
cording to the manufacture's protocols. Gene expression analysis
was performed by DELTAgene™ assays system (Fluidigm, South
San Francisco, CA, USA) with qrtPCR primer sets (Supplementary
Table 1). Quantitative analysis was conducted by relative quantifi-
cation method modified from the original concept of 2-AAct
methods [15]. All samples were independently prepared three
times and DELTAgene™ assays data was analyzed Fluidigm real
time PCR analysis program (Fluidigm).

3. Results
3.1. Developmental period of D. fenestrale in two lepidopteran hosts

The rate of parasitism was 10—30 % against PTM in the field
condition when surveyed in the potato fields, Jeju, Korea, from 2010
to 2012 but that of DBM was lower than 10%. The parasitism rates
were dramatically increased in a laboratory condition up to 70% in
both cases of PTM and DBM. This was likely to be due to the pro-
vided optimal oviposition time point the parasitoid to lepidopteran
hosts (5 and 3 days after hatching, respectively) [13].

Even though, the developmental periods of D. fenestrale were
significantly different (p > 0.05, T-test) between PTM and DBM
during larval stage. However, sum of developmental periods in
larval and pupal stages were almost identical (Fig. 1). That means,
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Fig. 1. Developmental periods two lepidopteran hosts, P. xylostella (DBM) and P.
operculella (PTM) which parasite or not from D. fenestrale (Df). Larva: parasitoid
oviposition point (early 3rd instar larva) to cocoon forming, Pupa: cocoon forming to
emergence and Larva - Pupa: sum of two stage periods. All experiments were repli-
cated three times in both PTM and DBM (n = 30 in each replicate). Error bar means
standard deviation. ‘*’ represents significantly difference (P > 0.05, T-test, SAS).
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PTM was extended few days in larval stage otherwise, pupal stage
in DBM after parasitization.

3.2. Morphology, parasitism and survival rate of D. fenestrale

D. fenestrale was dissected from two hosts and their develop-
mental and morphological characteristics were compared for better
understanding of D. fenestrale developmental physiology in two
hosts. Nevertheless, there was no difference in morphology and
developmental periods (Fig. 1) of D. fenestrale regardless of its hosts.
Newly deposited eggs were white and arcuate (Fig. 2A). After
maturation with segmentation (Fig. 2B), about two days after
oviposition, 1st instar larva was hatched from egg (Fig. 2C). In this
study, four larval instars were recognizable, which is consistent
with the results of Diadegma semiclausum [16]. Larva had three
thoracic segments, and 10 abdominal segments. In the first three
instars, they had an enlarged head with tapered body and cauda
(Fig. 2D—F). The body was colorless and transparent in the 1st
instar, with only some trachea visible in white (Fig. 2D). In the 2nd
instar, the tracheal system was visible through the integument; the
gut was visible, and its color turned from yellow (Fig. 2E). In the 3rd
instar, body size increased and the gut was filled with digested host
tissue. Simultaneously, the cauda shortened but still significantly
remained (Fig. 2F). The 2nd and 3rd instars also could be distin-
guished by their head shape; only 2nd instar had a node in their
head. At the 4th instar stage, the spindle-shaped body was
dramatically enlarged and the cauda was almost undetectable
(Fig. 2G—I). At the 4th instar stage, parasitoid larvae consumed all
the organs and tissues of the host except the cuticle. Pupal stage
was divided into three stages. Approximately 8—9 days after
oviposition the late 4th instar larva began to spin (Fig. 2]—K). Body
became crumpled and turned yellow in the 1st pupal stage (Fig. 2L).
Eyes were observed and body cocoon color changed in the 2nd
pupal stage (Fig. 2M), where typical shape of wasp was observed
(Fig. 2N).

D. fenestrale was parasitized 91.8% in PTM and 73.3% in DBM, in
average (Fig. 3). D. fenestrale was survived 83.3% in PTM and 46.7%
in DBM, respectively. Oviposition rates were 3.4 + 0.7 and 1.4 + 0.4
eggs/larva in PTM and DBM, respectively. Therefore, PTM was a
better host in D. fenestrale survival.

3.3. DfIV gene expression comparisons between two lepidopteran
hosts

Various lepidopteran host samples with different develop-
mental stages were used and 49 genes were selected from the 120
DfIV genes (i.e., 28 reps, 8 cys-motifs, 7 vankyrins and 6 vinnexins).
These genes were selected based on either their nature of relative
over-expression after parasitization (e.g., vankyrin) or their well/
partially known expression patterns from other PDVs (e.g., rep,
vankyrin and vinnexin) [17—19]. All tested genes were not amplified
in unparasitized samples. Therefore, these samples were excluded
from the relative transcription analysis (Fig. 4). DfIV genes were
typically more expressed in PTM at the beginning of parasitization
and then their expression diminished. In contrast, some genes, such
as rep 11 and vankyrin 1, were continuously expressed throughout
the entire period of parasitization, particularly, in DBM larval stage.
Reps were differentially expressed in two hosts, particularly at 1 day
post-parasitization. Most reps were expressed in PTM, but only
some reps were expressed in DBM. In PTM, the expression levels of
reps decreased sequentially after parasitization except rep 7.
Contrast to PTM, however, there was low clear correlation between
the rep expression level and the time course of parasitization in
DBM. Cys-motif genes, particularly land 2 were also highly
expressed in PTM, but only cys-motif 1and 2 were lowly expressed

in DBM at one day after parasitization. In PTM, cys-motifs' expres-
sion levels were sequentially decreased after parasitization but cys-
motif 4, were highly expressed in DBM at late larval stages. Among
the 7 vankyrins, vankyrin 1 to 5 were continuously expressed over
parasitization. In particular, vankyrin 1 was mainly expressed in
both hosts. Among the 6 vinnexins, vinnexins 1 to 5 were constantly
expressed in PTM. Especially vinnexin 2 was mainly expressed in
both hosts. Vinnexin 2 was about 4 folds more expressed in PTM at 1
day post-parasitization than that of DBM.

From these results, it was clear that most of DfIV genes are
predominantly expressed at the initial stage of parasitization in
PTM. On the other hands, few genes were expressed at the initial
stage of parasitization in DBM and lower numbers of genes were
expressed rather continuously or at the late stage of parasitization
in DBM.

4. Discussion

Most parasitoid species identified as generalists are actually
complexes of closely related and relatively specialized taxa [20]. D.
fenestrale (Hymenoptera: Ichneumonidae: Campopleginae) ap-
pears to be a true generalist by parasitizing the PTM larvae as well
as DBM as hosts in both open field and laboratory condition [13,21].
Even though D. fenestrale can parasitize both PTM and DBM, they
are individually grouped from comprehensive phylogenetic tree in
Lepidoptera [22,23]. PTM and DBM were classified in Ditrysia and
divided in superfamily level, Gelechioidea and Yponomeutoidea,
respectively [24]. Evolutionary studies in Tachinidae (the most
species rich group of parasitic fly, Diptera) conclude that the
evolutionary flow in host ranges showed generalist to specialist
[20]. D. fenestrale parasitize both lepidopteran hosts, but their
parasitic rate (91.7% in PTM and 73.3% in DBM) and survival rate
(83.3% in PTM and 46.7% in DBM) were different two hosts. Here, I
have two questions. First, how D. fenestrale could be adopted in
different environmental condition inside of the host? Second, what
is the main factor that makes the difference in survival rate in two
lepidopteran hosts?

First, D. fenestrale could normally grow in two different hosts but
the host larval period after parasitization was extended for some
days in larval or pupal stages in PTM and DBM, respectively.
Therefore, this finding indicates that D. fenestrale can regulate the
developmental period of lepidopteran host for its own survival and
their maturation. These host development regulations were
controlled by Juvenile hormone (JH) synthesis from parasitoid
[25,26] and/or JH esterase (JHE) overexpression from PDV [27].
Until now, we did not analyzed JH and JHE concentration and ac-
tivity, but JH and/or JHE could be contribute to control the lepi-
dopteran host development for parasitoid.

Second, the parasitoid survival rate is the result of complicated
mechanism. There cases were reported in Campoletis sonorensis
with CsIV [28,29]. Host cellular immune responses to parasitoid
eggs appear to be important factor determining the level of success
of parasitism and restricting host range. For example, generalist C.
sonorensis parasitizes as many as 27 different lepidopteran species
[30]. However, the level of success for parasitism varies among host
species. C. sonorensis adults oviposit in lepidopteran larvae of
several species including those in which parasitoid development is
not successful. Hosts that do not support their development are
considered non-permissive to parasitism. The molecular basis for
successful parasitism or determination of host-range for most
parasitoids is not well understood. However, some cases were re-
ported that PDVs participate in host range determination. The one
of the cys-rich CsIV VHv1.4 was differentially expressed in their
lepidopteran hosts. Successful parasitism of C. sonorensis depends
on the CsIV VHv1.4 expression level and durability [29]. Therefore,
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Fig. 2. External morphology of egg, larva, pupa and cocoon of D. fenestrale. Egg; 24 h after oviposition (A, 1 day), before hatching (B, 1-2 days) hatching (C, 2 days), 1st instar larva
(D, 2 days), 2nd instar larva (E, 3days), 3rd instar larva (F, 4 days), 4th instar larva (G—I, 5—7 days), 1st pupal stage (J—L, 8—10 days), 2nd pupal stage (M, 11 days), 3rd pupal stage (N,
12 days after oviposition, respectively) dissected from parasitized DBM at different time points or cocoon. D. fenestrale cocoon was formed inside of pupal silk from DBM (O and R).
After remove the pupal silk, cocoon shape was identical to another D. fenestrale which grown from PTM. Scale bar = 0.05 mm (A—F) and 2 mm (G—K).
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we focused on the PDV gene expression patterns particularly four
main gene families (rep, cys-motif, vankyrin and vinnexin) which
contribute to defense in lepidopteran host's immune response or
replication. The function of the rep is not well known but it was
predicted to play an important role in viral cycles [17], cys-motif is
known to inhibit the host's cellular immune system in CsIV [31] and
vankyrin is known to inhibit the lepidopteran host's transcription
[32]. Vinnexin was known to create gap junctions in invertebrates
(innexin) and IVs [33,34]. To identify the relationship between the
survival rate and host preference of D. fenestrale and the DfIV
expression patterns in two lepidopteran hosts, gene expression
comparisons were conducted using two lepidopteran host samples
of various hosts' conditions. Based on the expression quantification
methods, DfIV gene expression levels were indirectly compared in
all tested conditions between PTM and DBM. Among these genes,
most DfIV genes were more expressed in PTM than DBM especially
within a day after parasitized. These initial responses were very
important to determine the success or fail of parasitism [35] and
also permissive or non-permissive host discrimination [36]. Taken
together, most of DfIV genes more expressed in PTM and these
expressed genes contribute to increase the survival rate. This is one
of the evidence that they have co-relationship between parasitoids
and PDVs.

ankyrin 1 -

. "
vinnexin 2
cys-motif 1, 2 |

Iy

= ]E; PTM-DAV_Adult
S [S;PmMOnv_Pupa

PTM-DfIV_3
TM-DIV_2
PTM-DfIV_1

cys-motif-6
vankyrin 2
vankyrin 3
vankyrin 4
vankyrin 5

..f. "‘

by R e
\OPTM-DAV 4
\

vinnexina 117y,
vinnexinS [11rpyy,

vinnexin 2
vinnexin 3
vinnexin6 1]

cys-motif -
vankyrin - -
vinnexin

cys-motif 4

vankyrin 1

L - '- =3 ==
- o~ .~ - === = -
E é; T © T = = = = JDBM-DAIV 5
25t £ £ £ T < DBM-DfIV_4
§ 5%%%‘:3 $ £S5 E 2 2 \Noewons
=585 § £8 2 3% % BM-DAV_2
*E 3§k £ DBM-DAV_1
cys-motif -
vankyrin

vinnexin

Fig. 4. qrtPCR results are shown in the relative transcript levels of DfIV rep, cys-motif, vankyrin and vinnexin gene families. Two groups (DfIV only, unparasitized but DfIV injected by
D. fenestrale; and parasitized) with six different larval samples (i.e., larva 1 to 6 stand for the D. fenestrale developmental stages of egg, 1st, 2nd, 3rd, early and middle 4th instar,
respectively, in each lepipdoptran host except the unparasitized group. Initial expression levels of DfIV genes were higher in PTM than that of DBM such as cys-motif 1 and 2,
vankyrin 1 and vinnexin 2. Quantitative analysis was conducted by relative quantification method modified from the original concept of 2722 methods.



584 J.I. Kim et al. / Biochemical and Biophysical Research Communications 459 (2015) 579—584

Acknowledgments

This work was carried out with the support of Cooperative
Research Program for Agriculture Science & Technology Develop-
ment (Project title: Development of eco-friendly control methods
of potato disease and insect, Project No. PJ008675) Rural Devel-
opment Administration, Republic of Korea.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.bbrc.2015.02.150.

Transparency document

Transparency document related to this article can be found
online at http://dx.doi.org/10.1016/j.bbrc.2015.02.150.

References

[1] H.CJ. Godfray, Parasitoids: Behavioral and Evolutionary Ecology, Princeton

Univ. Press, Princeton, NJ, 1994.

F. Pennacchio, M.R. Strand, Evolution of developmental strategies in parasitic

hymenoptera, Annu. Rev. Entomol. 51 (2006) 233—258.

[3] J. Brodeur, G. Boivin, Functional ecology of immature parasitoids, Annu. Rev.

Entomol. 49 (2004) 27—49.

[4] M.R. Strand, L.L. Pech, Immunological basis for compatibility in parasitoid-host

relationships, Annu. Rev. Entomol. 40 (1995) 31-56.

PJ. Krell, M.D. Summers, S.B. Vinson, Virus with a Multipartite Superhelical

DNA genome from the ichneumonid parasitoid Campoletis sonorensis, J. Virol.

43 (1982) 859—-870.

P.J. Krell, D.B. Stoltz, Virus-like particles in the ovary of an ichneumonid wasp:

purification and preliminary characterization, Virology 101 (1980) 408—418.

D.B. Stoltz, P. Krell, D. Cook, E.A. MacKinnon, C.J. Lucarotti, An unusual virus

from the parasitic wasp Cotesia melanoscela, Virology 162 (1988) 311—320.

D.B. Stoltz, S.B. Vinson, E.A. MacKinnon, Baculovirus-like particles in the

reproductive tracts of female parasitoid wasps, Can. ]. Microbiol. 22 (1976)

1013—-1023.

[9] K.M. Edson, S.B. Vinson, D.B. Stoltz, M.D. Summers, Virus in a parasitoid wasp:
suppression of the cellular immune response in the parasitoid's host, Science
211 (1981) 582—583.

[10] S.Luckhart, B.A. Webb, Interaction of a wasp ovarian protein and polydnavirus
in host immune suppression, Dev. Comp. Immunol. 20 (1996) 1-21.

[11] D.B. Stoltz, S.B. Vinson, Viruses and parasitism in insects, Adv. Virus Res. 24
(1979) 125-171.

[12] J.E. Hardy, Plutella maculipennis, Curt., its natural and biological control in
England, Bull. Entomol. Res. 29 (1938) 343—372.

[13] J.I. Kim, M. Kwon, J.S. Kim, Y.G. Lee, Development of Control and Diagnosis
Methods of Insect and Disease Pests on Potato, Annual report, Rural Devel-
opment Administration, 2012.

[14] ].I. Kim, Identification and Characterization of Diadegma fenestrale Ichnovirus
(DfIV) and Plasticity of its Genome Expression Patterns in Parasitized Hosts,
Department of Agricultural Biotechnology, Seoul National University, Seoul,
2013.

[15] M.W. Pfaffl, A new mathematical model for relative quantification in real-time
RT-PCR, Nucleic Acids Res. 29 (2001) e45.

[16] F. Huang, M. Shi, Y.F. Chen, Y.G. Ye, J.H. He, External morphology and devel-
opment of immature stages of Diadegma semiclausum (Hymenoptera: Ich-
neumonidae), animportant Endoparasitoid of Plutella xylostella (Lepidoptera:
Plutellidae), Ann. Entomol. Soc. Am. 102 (2009) 532—538.

2

[5

[6

17

[8

[17] L. Galibert, G. Devauchelle, F. Cousserans, J. Rocher, P. Cerutti, M. Barat-Houari,
P. Fournier, A.N. Volkoff, Members of the Hyposoter didymator Ichnovirus
repeat element gene family are differentially expressed in Spodoptera frugi-
perda, Virol. J. 3 (2006) 48.

[18] G. Clavijo, T. Doremus, M. Ravallec, M.A. Mannucci, V. Jouan, A.N. Volkoff,
I. Darboux, Multigenic families in Ichnovirus: a tissue and host specificity
study through expression analysis of vankyrins from Hyposoter didymator
Ichnovirus, PLoS One 6 (2011) e27522.

[19] M. Turnbull, B. Webb, Perspectives on polydnavirus origins and evolution,
Adv. Virus Res. 58 (2002) 203—254.

[20] J.O. Stireman 3rd, The evolution of generalization? Parasitoid flies and the
perils of inferring host range evolution from phylogenies, ]. Evol. Biol. 18
(2005) 325—-336.

[21] J.K. Choi, J.I. Kim, M. Kwon, ]. Lee, Description of the Diadegma fenestrale
(Hymenoptera: Ichneumonidae: campopleginae) attacking the potato tuber
moth, Phthorimaea operculella (Lep.: Gelechiidae) new to Korea, Anim. Syst.
Evol. Divers. 29 (2013) 70—73.

[22] M. Heikkila, L. Kaila, M. Mutanen, C. Pena, N. Wahlberg, Cretaceous origin and
repeated tertiary diversification of the redefined butterflies, Proc. Biol. Sci. 279
(2012) 1093—1099.

[23] M. Mutanen, N. Wahlberg, L. Kaila, Comprehensive gene and taxon coverage
elucidates radiation patterns in moths and butterflies, Proc. Biol. Sci. 277
(2010) 2839—2848.

[24] N.P. Kristensen, M. Scoble, O. Karsholt, Lepidoptera phylogeny and system-
atics: the state of inventorying moth and butterfly diversity, Zootaxa 1668
(2007) 699—747.

[25] S.Li, P. Falabella, I. Kuriachan, S.B. Vinson, D.W. Borst, C. Malva, F. Pennacchio,
Juvenile hormone synthesis, metabolism, and resulting haemolymph titre in
Heliothis virescens larvae parasitized by Toxoneuron nigriceps, J. Insect
Physiol. 49 (2003) 1021—-1030.

[26] C. Schafellner, R.C. Marktl, C. Nussbaumer, A. Schopf, Parasitism-induced ef-
fects of Glyptapanteles liparidis (Hym., Braconidae) on the juvenile hormone
titer of its host, Lymantria dispar: the role of the parasitoid larvae, ]. Insect
Physiol. 50 (2004) 1181—-1189.

[27] M. Cusson, M. Laforge, D. Miller, C. Cloutier, D. Stoltz, Functional significance
of parasitism-induced suppression of juvenile hormone esterase activity in
developmentally delayed Choristoneura fumiferana larvae, Gen. Comp.
Endocrinol. 117 (2000) 343—354.

[28] B.A. Webb, L. Cui, Relationships between polydnavirus genomes and viral
gene expression, J. Insect Physiol. 44 (1998) 785—793.

[29] L. Cui, AL Soldevila, B.A. Webb, Relationships between polydnavirus gene
expression and host range of the parasitoid wasp Campoletis sonorensis,
J. Insect Physiol. 46 (2000) 1397—1407.

[30] P.D. Lingren, R.J. Guerra, J.W. Nickelsen, C. White, Host and host age prefer-
ence of Campoletis perdistinctus, J. Econ. Entomol. 63 (1970) 518—-522.

[31] X. Li, B.A. Webb, Apparent functional role for a cysteine-rich polydnavirus
protein in suppression of the insect cellular immune response, J. Virol. 68
(1994) 7482—7489.

[32] J.A. Kroemer, B.A. Webb, Ikappabeta-related vankyrin genes in the Campoletis
sonorensis ichnovirus: temporal and tissue-specific patterns of expression in
parasitized Heliothis virescens lepidopteran hosts, J. Virol. 79 (2005)
7617-7628.

[33] N.K. Marziano, D.K. Hasegawa, P. Phelan, M.\W. Turnbull, Functional in-
teractions between polydnavirus and host cellular innexins, J. Virol. 85 (2011)
10222-10229.

[34] P. Phelan, J.P. Bacon, J.A. Davies, LA. Stebbings, M.G. Todman, L. Avery,
R.A. Baines, T.M. Barnes, C. Ford, S. Hekimi, R. Lee, J.E. Shaw, T.A. Starich,
K.D. Curtin, Y.A. Sun, RJ. Wyman, Innexins: a family of invertebrate gap-
junction proteins, Trends Genet. 14 (1998) 348—349.

[35] B.A. Webb, Polydnavirus Biology, Genome Structure, and Evolution, Plenum
Press, New York, 1998.

[36] T. Doremus, F. Cousserans, G. Gyapay, V. Jouan, P. Milano, E. Wajnberg,
I. Darboux, F.L. Consoli, A.N. Volkoff, Extensive transcription analysis of the
Hyposoter didymator Ichnovirus genome in permissive and non-permissive
lepidopteran host species, PLoS One 9 (2014) e104072.


http://dx.doi.org/10.1016/j.bbrc.2015.02.150
http://dx.doi.org/10.1016/j.bbrc.2015.02.150
http://dx.doi.org/10.1016/j.bbrc.2015.02.150
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref1
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref1
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref2
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref2
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref2
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref3
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref3
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref3
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref4
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref4
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref4
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref5
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref5
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref5
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref5
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref6
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref6
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref6
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref7
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref7
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref7
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref8
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref8
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref8
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref8
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref9
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref9
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref9
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref9
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref10
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref10
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref10
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref11
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref11
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref11
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref12
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref12
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref12
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref13
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref13
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref13
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref14
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref14
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref14
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref14
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref15
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref15
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref16
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref16
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref16
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref16
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref16
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref17
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref17
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref17
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref17
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref18
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref18
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref18
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref18
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref19
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref19
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref19
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref20
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref20
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref20
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref20
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref21
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref21
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref21
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref21
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref21
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref22
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref22
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref22
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref22
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref23
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref23
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref23
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref23
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref24
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref24
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref24
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref24
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref25
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref25
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref25
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref25
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref25
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref26
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref26
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref26
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref26
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref26
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref27
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref27
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref27
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref27
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref27
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref28
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref28
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref28
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref29
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref29
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref29
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref29
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref30
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref30
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref30
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref31
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref31
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref31
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref31
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref32
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref32
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref32
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref32
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref32
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref33
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref33
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref33
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref33
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref34
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref34
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref34
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref34
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref34
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref35
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref35
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref36
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref36
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref36
http://refhub.elsevier.com/S0006-291X(15)00397-6/sref36

	Parasitism and survival rate of Diadegma fenestrale (Hymenoptera: Ichneumonidae) and DfIV gene expression patterns in two l ...
	1. Introduction
	2. Materials and methods
	2.1. Parasitoid and lepidopteran hosts
	2.2. Development and morphology of D. fenestrale in two lepidopteran hosts
	2.3. Comparisons of parasitism and survival rate of D. fenestrale
	2.4. DfIV gene expression comparisons between two lepidopteran hosts

	3. Results
	3.1. Developmental period of D. fenestrale in two lepidopteran hosts
	3.2. Morphology, parasitism and survival rate of D. fenestrale
	3.3. DfIV gene expression comparisons between two lepidopteran hosts

	4. Discussion
	Acknowledgments
	Appendix A. Supplementary data
	Transparency document
	References


