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ABSTRACT

Ichneumonidae are well-known parasitoids that attack the larvae or pupae of other insects. This study analyzed
whether the abdominal DNA of two ichneumonid wasps, Pimpla disparis and Theronia atalantae gestator, showed
the signature of the host species, Ivela auripes. Observations confirmed that these two ichneumonids were the
representative parasitoid species growing in the larvae of /. auripes. In addition, sequence analysis showed that the
mitochondrial cytochrome oxidase I gene of the host was amplified completely from the DNA extracted from the
gut tissues of the ichneumonids. Even after 96 h of adulthood, the host’s DNA traces did not disappear and were
amplified in many individuals. These results suggest a constructive first step for establishing of a host information

bank for ichneumonids in the future.
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INTRODUCTION

The order Hymenoptera is one of the largest taxa on Earth.
Species in this order either live alone or form elaborately de-
veloped eusocial colonies to reproduce and survive in close
interaction with other life forms in the ecosystems (Pilgrim et
al., 2008; Cardinal and Danforth, 2011). More than 146,000
species in this order have been recorded worldwide (Huber,
2009). In any part of the planet, hymenopteran species oc-
cupy important ecological positions with a profound impact
on the ecosystems and human life as pollinators, pests and
parasites or predators to other insects (Huber, 2009; Vilhelm-
sen and Turrisi, 2011). In particular, parasitic wasps have at-
tracted considerable attention from scientists in recent years,
because of their economic value, such as the potential for bio-
logical control applications (Quicke, 2015).

The most representative parasitoid wasps are species be-
longing to the superfamily Ichneumonoidea, where Ichneu-
monidae accounts for the highest proportion with 40 subfam-
ilies (Konigsmann, 1978; Gauld, 1984). Most species in this
family attack the pre-adult staged individuals of holometab-
olous insects or, occasionally, adult spiders (Quicke, 2015;

Takasuka et al., 2018). Parasitoid wasps (including Ichneu-
monidae) usually grow in the larva stage by feeding their
hosts. They seldom prey on insects after reaching adulthood
(Rougerie et al., 2011).

The ecological features of ichneumonids could be applied
to control some pests that damage crops, orchards, and for-
ests. A complete list of ichneumonid species parasitic to pests
must be obtained before such applications, even though the
research on the ecological relationship between parasitoid
wasps and the hosts is still in its infancy (Godfray, 1994).
Recently, molecular analysis was proposed to trace the signa-
ture of the hosts using multiple primer sets in genomic DNA
extracted from the guts of adult parasitoid wasps (molecu-
lar analysis of parasitoid linkages (MAPL); Rougerie et al.,
2011). Using MAPL, the hosts of many species can be listed
in a short time. On the other hand, it needs to be verified that
this method works effectively for all parasitoid wasps, and
this type of study has not been attempted on this taxon exist-
ing in East Asia.

This study examined whether the abdominal DNA of two
ichneumonid wasps, Pimpla disparis and Theronia atalantae
gestator, showed the signature of the host species, Ivela au-
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Table 1. Primer sequences used to amplify the mitochondrial COI sequences of parasitoid wasps and the host, Ivela auripes in this

study

Target Primer Primer sequence (5’-3") Reference
Parasitoid & Host (F) LepF1 ATTCAACCAATCATAAAGATATTGG Hebert et al. (2004)
Parasitoid (R) LepR1 TAAACTTCTGGATGTCCAAAAAATCA Hebert et al. (2004)
Host (R) MLepR1 CCTGTTCCAGCTCCA C Hajibabaei et al. (2006)

COI, mitochondrial cytochrome oxidase I.

ripes. Only the DNA traces of I. auripes should be detected
from the gut contents of the two ichneumonid wasps because
individuals of these two ichneumonid species were grown in-
side the pupae of /. auripes in the laboratory before becoming
adults. In addition, this study investigated whether the DNA
traces of I. auripes were detected across all growth stages,
namely, larval, pupal, and adult stages.

MATERIALS AND METHODS

Collection of specimens

The larvae of Ivela auripes usually migrate away from their
host plants to become pupae. More than 1,400 individuals
of last-instar larvae and pupae were collected from May to
June 2015 (Mt. Cheongryangsan, Bongwha-gun, South Ko-
rea) and 2020 (Mt. Danseoksan, Gyeongju-si, South Korea).
All I. auripes individuals collected were placed individually
in a labeled petri dish (diameter X height: 55 mm X 15 mm
with a mesh hole in the lid). As soon as adults of ichneu-
monid wasps emerged, they were transferred to a new petri
dish (diameter X height: 100 mm X42.8 mm with a mesh
hole in the lid) that was provided with a few drops of dis-
solved food (3 g of sodium, 11 g of carbohydrates and 11 g
of sugars in 100 mL purified water).

Detection of host DNA

Ichneumonid wasps from 1. auripes. Pimpla disparis and
Theronia atalantae gestator emerged directly from the pupae
of I. auripes were gathered to determine if the genetic traces
of 1. auripes could be found in gDNA extracted from gut con-
tents of ichneumonid wasps. The ichneumonids were placed
in 80% ethanol. The specimens were stored as dry samples
immediately after extracting the genomic DNA.

Detection of host DNA through developmental stages. Ive-
la auripes individuals were monitored to check for the genetic
signature of the host at various developmental stages of para-
sitoid wasps. Adults of P. disparis (n=>50) that emerged from
1. auripes were placed randomly in a freezer at —20°C after O,
24,48, 72 or 96 h. How long the traces of the host remained
after adulthood could be determined by comparing these five
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treatment groups. In addition, /. auripes pupae were dissect-
ed and 17 larvae and pupae of P. disparis growing were ob-
tained and stored in 80% ethanol. These 17 individuals were
also compared with the adults from the five treatment groups
separated by time. The genomic DNA was extracted and ana-
lyzed from all these 67 individuals.

Genetic analysis. The total genomic DNA was extracted
from the body of individuals with wings and legs removed us-
ing a QIAamp DNA Micro Kit (Qiagen, Valencia, CA, USA).
Each PCR was performed in a 30-uL volume consisting of 15
uL of a commercial premixure solution (Solg 2 X Tag PCR
Pre-Mix: 0.5 X Band Doctor with dye, Tag DNA polymerase
[(5 U/uL)], 10 X Taq Reaction Buffer [(with 25 mM MgCl)],
10 mM each dNTP Mix; Solgent, Daejeon, Korea), 1 pLL of
DNA template, 2 pL of primer set (10 pmol) and 12 uL of
DNase free water. Three primer sequences were used to am-
plify two different products, one for the COI (mitochondrial
cytochrome oxidase I) partial sequence of parasitoid wasps
(LF/LR; 700 bp) and the other for the COI partial sequence
of the host (LF/MLR; 300 bp) (Table 1). The thermocycling
profile was composed of an initial predenaturation at 94°C for
5 min, 35 cycles of a denaturation for 1 min at 94°C, anneal-
ing for 1 min at 50°C and extension for 1 min at 72°C, and
a final extension for 5 min at 72°C. The amplified fragments
were cleaned using a PCR purification kit (Solgent) and were
sent to Solgent for the commercial sequencing analysis. The
sequences were aligned, rechecked through BLAST search-
ing and examined against the inferred reading frame for the
corresponding proteins using the ClustalW implemented in
MEGAG6 (Tamura et al., 2013). A neighbor-joining tree was
reconstructed based on the genetic distance calculated using
the Kimura-2-parameter (K2P) model using MEGAG6. The
level of node support was assessed by bootstrapping with
1,000 pseudoreplicates.

RESULTS

Parasitic rate of Ivela auripes
Of the 330 pupae of I. auripes monitored, 52 (16%) were
allegorized as (not parasitic) adults and 154 (46%) died as
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Parasitoid flies

Fig. 1. Relative frequency of growing taxa parasitic to Ivela auripes (n=124). The individuals (green) with parasitoids, excluding
those that died (blue) or were allegorized as adults (orange), were parasitized by parasitoid flies or (ichneumonid or chalcidid)

wasps.

Theronia atalantae gestator (LF/MLR)
Theronia atalantae gestator (LF/MLR)
99 | Pimpla disparis (LF/MLR)
Pimpla disparis (LF/MLR)
Pimpla disparis (LF/MLR)
Ivela auripes (LF/MLR)

100 ¢ Tyeronia atalantae gestator (LF/LR)
Theronia atalantae gestator (LF/LR)

Pimpla disparis (LF/LR) -

Fig. 2. Phylogenetic clustering pattern using the neighbor-joining algorithm of the sequences shown when gDNA samples of Ivela
auripes, Pimpla disparis, and Theronia atalantae gestator were amplified using two pairs of primers (LF/LR and LF/MLR). The scien-
tific names of species included in the clades refer to the gDNA samples used.

pupae. From the remaining 124, 81 parasitoid flies (24%),
38 ichneumonids (12%), and five chalcidid wasps (2%)
emerged (Fig. 1).

Detection of host DNA from gut content of
reared ichneumonid wasps

The guts of Pimpla disparis and Theronia atalantae gestator
individuals that emerged from Ivela auripes were used in
genetic analysis to examine the signature of the host DNA.
Ivela auripes individuals were also analyzed for compari-
son. Successful amplification was achieved in I. auripes, P.
disparis, and T. a. gestator using the LF/MLR primer set,
which was designed to detect the host species sequences. All
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the amplified sequences were the same and were grouped
into one clade with very low K2P distance values (Fig. 2;
pink), indicating these sequences could be considered those
of I. auripes. In the case of amplification using the LF/LR
primer set, the unique sequences of P. disparis (blue) or T. a.
gestator (green) were amplified and allocated into separate
clades (Fig. 2).

Host detection efficiency comparison through
the level of growth

The larvae, pupae and adult individuals of various ages (0,
24,48, 72 and 96 h) (Table 2) were genetically analyzed to
determine how long the genetic traces of the host were de-
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Table 2. Amplification of host DNA in the different growth stages of Pimpla disparis

Adult

Target DNA Larva Pupa
Oh 24h 48 h 72h 96 h
Parasitoid O 4 6 10 10 10 10 10
(LF/LR) X 0 1 0 0 0 0 0
Double 3 3 0 0 0 0 0
Host @) 7 10 9 9 10 9 8
(LF/ML) X 0 0 0 1 0 1 2
Double 0 0 1 0 0 0 0

The gene amplification of the host was attempted using two different primer sets (LF/LR and LF/ML) in each of the larvae, pupa, and adult individuals (of

various ages; 0, 24, 48, 72 and 96 h).

O, successfully amplified; x, no amplified; double, two different sequences.

Fig. 3. Cases of hyperparasitism observed during our experiments.

tected after adulthood of P. disparis. The amplification of
the host DNA was almost complete in all stages of growth
(Table 2). In particular, the amplification efficiency did not
decrease significantly even if the time after adulthood was
long (Table 2). One peculiarity was that there were quite a
few cases where two different sequences were amplified in
the larvae and pupae when amplification was attempted us-
ing the LF/LR primer set (Table 2). Given that the detection
of the double sequences was only shown in larval and pupal
stages, this is probably because another parasitoid species
existed in the body of P. disparis (hyperparasitism).

DISCUSSION

There are more than 350,000 parasitoid wasp species worl-
wide (Gaston, 1991), which means more than seven times the
diversity of all vertebrates (Saunders and Ward, 2018). The
diversity may be much higher than what is known because
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new parasitoid wasp species are being reported continuously
and more species are predicted to be discovered (Saunders
and Ward, 2018). In contrast to the active research aimed at
understanding the taxonomic and phylogenetic diversity of
parasitoid wasps, their ecological diversity, particularly host
specificity, has received less attention (Forbes et al., 2018).
The diversity of hosts can be considered a major factor in the
speciation of parasitoid wasps considering that taxonomically
very similar parasitoid wasp species often lay eggs in differ-
ent hosts (Hopper et al., 2013). Hence, the failure to under-
stand the host specificity properly implies a poor grasp of the
evolutionary factors for the enormous diversity of parasitoid
wasps. Extensive information on the host specificity can also
open the way to biological control of various insect species
that damage agricultural plants (Brodeur, 2012). Ivela aurip-
es, which we used as a model host, also harms the sprouts
of Cornus controversa (Cornaceae), and feeding increases
significantly after the third instar larva (Kodani and Togashi,
1992).
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Breeding the pests of interest and looking at which par-
asitoid species are growing in hosts can also be a way to
increase information about the host specificity. On the other
hand, it is not feasible in terms of time and cost to individ-
ually rear host species, which exhibit greater diversity than
parasitoid wasps. This breeding method is not acceptable,
considering that many parasitoid species lay eggs in mul-
tiple species (Lachaud and Pérez-Lachaud, 2012; Zhao et
al., 2013; Wyckhuys et al., 2017), and the host specificity
of a species also varies geographically (Funk and Bernays,
2001). Furthermore, the possibility of hyperparasitism (Day,
1994) should be considered. If the accuracy can be guaran-
teed, tracking the signatures of the host(s) remaining in the
body of the parasitoid species is the most reliable method.
Moreover, it is possible to obtain a large amount of infor-
mation while encompassing the individual and geographic
variations of host specificity.

This analysis showed that several parasitoid species grew in
Ivela auripes and developed as adults. As is already known,
two ichneumonids, Pimpla disparis and Theronia atalantae
gestator, were found to be the main species laying in the lar-
vae of I. auripes, based on the frequency shown in the present
analysis. In MAPL analysis, the adults of these two species
carried the genetic signature of 1. auripes. Nevertheless, this
study was not designed simply to re-validate existing attempts
(Rougerie et al., 2011). In the present results, the genetic sig-
nature of the host was revealed in the individuals five days
after they became adults with no tendency to fade over time.
Further research will be needed to determine why the host
signature remains intact. This means that the host tissues are
more likely to remain in the mid-gut beyond the larval period.
In addition, it is less likely to be subjected to decomposition
reactions because there is little digestive activity in this mid-
gut after pupation.

When the larvae and pupae of P. disparis were analyzed
using the LF/LR primer set, sequences other than that of this
species are frequently found, probably due to hyperparasitism
of other species. There are numerous situations in which hy-
perparasitism occurred during the experiments (Fig. 3). Con-
sidering that the LF/LR primer set can be used effectively in
most Hymenoptera species, the presence of hyperparasitism
can be identified easily by examining the larvae and pupae of
ichneumonid species in this way. On the other hand, caution
is needed when judging hyperparasitism because epicuticles
constituting cocoons may contain the tissues of other insect
species.

Overall, the host species of P. disparis and T. a. gestator
could be predicted by amplifying of the host genomic DNA
extracted from the gut tissues. The hosts for many ichneumo-
nids are well-known (e.g., Yu et al., 2016). While these data
are vast, the reports for some taxa were constructed based
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solely on observations of only a few cases. Moreover, most
reports contain few precise findings of geographic variations
or host differences between related species. With the intro-
duction of MAPL, the information might be more extensive
and accurate. On the other hand, the construction of a gene
information bank of host species that can be identified only
by genetic analysis will be needed.
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