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Abstract

The introduction of the biological control agent Torymus sinensis Kamijo (Hymenoptera, Chalcidoidea, Torymidae) to control the
populations of the chestnut gall wasp Dryocosmus kuriphilus Yasumatsu (Hymenoptera, Cynipidae) is considered one of the suc-
cessful programs in biological control. The species was involved in interspecific hybridisation in Japan and the specimens imported
into Europe were derived from this hybrid lineage, showing signs of introgression. The discovery of mitochondrial haplotypes or
possible Enolase haplotypes from 7. beneficus or of specimens with shorter ovipositor does not necessarily imply that 7. beneficus
is present in Europe, only that the European specimens are of hybrid origin. Of the native European Torymus species associated
with D. kuriphilus, the molecular and morphometric results indicate Torymus notatus (Walker) as the closest species to 7. sinensis.
The two are part of the same species-group (cyaneus group), are nested together in the multivariate ratio analysis and are the clos-
est genetically based on all three nuclear markers: Enolase (1.5% divergence), Wingless (2%) and I7S2 (13%). However, on the
mitochondrial marker COI the closest species is Torymus rubi (Schrank) at 9.9% divergence. As such, T. notatus is the most likely
candidate for accidental interspecific hybridisation if this is to happen in Europe. We provide an illustrated identification key for the
European species of Torymus associated with D. kuriphilus, an important but lacking tool for biological control programs.
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1. Introduction

Within Chalcidoidea, the family Torymidae comprises
six subfamilies including around 1000 described species
(Jansta et al. 2018; Noyes 2019). Torymidae species have
different feeding strategies: most of them are ectoparasit-
oids of gall wasps (Cynipidae) and gall midges (Cecido-
myiidae), some are endoparasitoids of eggs or pupae of
Lepidoptera and Symphyta, and even fewer species are
phytophagous (Grissell 1995; Jansta et al. 2011, 2013,
2018). Since family Megastigmidae, previously a sub-
family of Torymidae and a group containing numerous
phytophagous species, was recently elevated to family
rank (Jansta et al. 2018), the torymids as currently under-
stood contain many fewer phytophagous species.

The genus Torymus Dalman (Toryminae) is a diverse
group with about 400 species, many of them being ecto-
parasitoids of gall makers (Cynipidae and Cecidomyii-
dae) (Grissell 1995; Graham and Gijswijt 1998; Noyes
2019). One of the best known and economically import-
ant species, Torymus sinensis Kamijo, has been used in
the last 50 years to control the invasive chestnut gall
wasp Dryocosmus kuriphilus Yasumatsu (Hymenoptera:
Cynipidae), native to China (Rieske 2007; Quacchia et al.
2008; Matosevic et al. 2015; Borowiec et al. 2018). Dryo-
cosmus kuriphilus was accidentally imported to Japan
in 1941 where it became a major pest of chestnut trees
(Murakami 1997), being afterwards detected in many
other countries. The chestnut gall wasp has a highly nega-
tive impact on the architecture of the tree and the produc-
tion of chestnuts with losses of approximately 50-80%
(Payne 1975; Battisti et al. 2014; Kenis et al. 2017), a loss
in basal area increment in chestnut coppices of 40-79%
(Marcolin et al. 2021), and it can even kill the trees, es-
pecially concurrently with other stress factors (Moriya et
al. 2003; Gehring et al. 2020). The introduction of 7. sin-
ensis has positive effects improving the health of chest-
nuts (Gehring et al. 2018), the first results being visible
even from the first year after the introduction (Colom-
bari and Battisti 2016; MatoSevi¢ et al. 2017; Borowiec
et al. 2018; Ferracini et al. 2018). An effective control is
achieved when parasitism rates reach about 80% (Geh-
ring et al. 2020), usually with significant recovery of tree
growth after 2—3 years (Marcolin et al. 2021) and nut pro-
duction recovery of about 50% in 3-5 years (Colombari
and Battisti 2017). Even if the efficiency is not the same
in all affected regions (Gil-Tapetado et al. 2023), this can
be considered a successful example of biological control
(Kenis et al. 2019).

In 1975 T sinensis was first introduced to Japan
(Murakami et al. 1977; Otake et al. 1984) and during
research on the native species attacking D. kuriphilus
in this country, another species was identified, i.e. Tory-
mus beneficus Yasumatsu et Kamijo, which is very close
morphologically, ecologically and genetically to 7. sin-
ensis (Moriya et al. 1988; Yara 2004; Yara 2006). Tor-
ymus beneficus was further subdivided into two strains
with different emergence periods (early-spring, TbE and
late-spring, TbL). Females of both strains can allegedly

be differentiated from 7. sinensis using the ratio between
ovipositor sheath length and the length of the thorax (i.e.
mesosoma) in lateral view (O/T ratio), but males can
only be separated using the emergence period (Otake
1987; Murakami 1988; Yara et al. 2000). A variation of
the above ratio is the ovipositor index, i.e. the ratio be-
tween lengths of ovipositor sheath and hind tibia, used
by Matsuo (2020) to separate the two species. However,
recent studies (Montagna et al. 2019; Viciriuc et al. 2021)
showed that the TbL strain of 7. beneficus and T. sinensis
are conspecific and that only TbE should be considered as
T. beneficus. The use of the O/T ratio to discriminate these
species (Yara 2004) is the starting point for this confusion
since values of this ratio overlap between the two species
(Viciriuc et al. 2021). Morphological differences between
the two taxa do exist but are very subtle and concern the
antenna length (Kamijo 1982; Viciriuc et al. 2021). The
antennal flagellum is comparatively longer in 7. benefi-
cus (Kamijo 1982), but likely because accurate measure-
ments of the antenna are difficult to achieve on air dried
specimens, it has been disregarded by all subsequent au-
thors. The separation between the two species was made
almost exclusively for female individuals using the O/T
ratio (Otake 1987; Yara et al. 2000; Yara 20006) even if the
length of the ovipositor can vary drastically in the same
species of Torymus, including between distinct genera-
tions (Askew 1965). Because T sinensis and T. beneficus
are so close, Viciriuc et al. (2021) discuss the taxonomic
status of 7. sinensis relative to 7. beneficus, but for the
stability of name usage, they recommend treating them
as distinct species.

First signs of hybridisation between 7. sinensis and
T. beneficus were observed under laboratory conditions
where fertile hybrid females could be produced (Mori-
ya et al. 1992, 2003). A few years later, hybrids between
these two species were detected at low frequency in the
field using malic enzyme as a molecular marker (Yara
et al. 2000). Whereas intraspecific hybridisation may
be intentionally used to increase efficiency of biological
control agents (BCA) (Benvenuto et al. 2012), for exam-
ple by altering their host preference and increasing fit-
ness (Mathenge et al. 2010), unintentional interspecific
hybridisation involving an introduced species as one of
the parents could affect native communities and/or reduce
the efficiency of the BCA (Fischer et al. 2015). For this
phenomenon to happen there are several requirements: to
be close species, to share the same habitat or have the
same reproduction period and the same host (Gibbs et al.
2011). Torymus sinensis and T. beneficus fulfil most of
these prerequisites.

In the case of T. sinensis and T. beneficus the shorter
ovipositor of 7. beneficus, as well as its lower fecundity,
may have represented a reproductive disadvantage (Mori-
ya et al. 1992, Viciriuc et al. 2021) and because of both
competition and introgression, 7. beneficus was displaced
by T sinensis in the areas where D. kurphilus was present
(Yara et al. 2007). Nowadays, T. beneficus is considered
as a rare species in Japan and only two individuals were
recently reported from Dryocosmus murakamii Ide and
Abe (Matsuo et al. 2021). For a review of the hybridisa-
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tion history, see Viciriuc et al. (2021). Besides this case,
there are only a few documented examples of interspe-
cific hybridisation between biological control agents and
native species (Naka et al. 2005, 2006; Davies et al. 2009;
Havill et al. 2012).

To the best of our knowledge, all the European biolog-
ical control programs have been implemented using the
Japanese stock of 7. sinensis. The history of introduction
began in 2002 with the import of over 2000 specimens
to Italy from Japan (Quacchia et al. 2008) followed by
natural dispersal and by intentional releases of “italian
T’ sinensis” (Borowiec et al. 2014) from Italy to France.
Using molecular markers (COI and /752) Montagna et al.
(2019) established that the Italian populations of 7. sinen-
sis showed no signs of hybridisation, but later several 7.
sinensis specimens proving mitochondrial capture from
T. beneficus were found in France, Italy and Spain (Viciri-
uc et al. 2021, Gil-Tapetado et al. 2023). The morphology
of the Japanese and European 7. sinensis is likewise inter-
mediate between T sinensis and T. beneficus (Viciriuc et
al. 2021). However, this interspecific hybridisation seems
to have had no impact on 7. sinensis efficiency since
populations of D. kuriphilus are currently under control
(Borowiec et al. 2018; Muru et al. 2021).

In Europe, nine native species of Torymus have been
reported to be associated with galls of D. kuriphilus: Tor-
ymus auratus (Miller) (Speranza et al. 2009; Kos et al.
2015; Muru et al. 2021), Torymus erucarum (Schrank)
(Speranza et al. 2009), Torymus fastuosus Boheman (Kos
et al. 2021), Torymus flavipes (Walker) (Aebi et al. 2007;
Speranza et al. 2009; Kos et al. 2015), Torymus nobilis
Boheman (Kos et al. 2021), Torymus notatus (Walker)
(Gil-Tapetado et al. 2021), Torymus formosus (Walker)
(Kos et al. 2015), Torymus geranii (Walker) (Kos et al.
2015) and Torymus scutellaris (Walker) (Quacchia et al.
2012). No reproductive compatibility has however been
observed in laboratory crosses between 7. sinensis and
the tested native species such as 7. notatus and Torymus
cyaneus Walker (phylogenetically close to 7. sinensis),
or T auratus, Torymus affinis (Fonscolombe), 7. flavipes
and 7. geranii (phylogenetically distant from 7. sinensis)
(Quacchia et al. 2014; Ferracini et al. 2017, Gil-Tapetado
et al. 2023). It is noteworthy that 7. sinensis can also at-
tack nontarget oak galls, like those of Andricus aries (Gi-
raud), Andricus curvator Hartig, Andricus cydoniae Gi-
raud, Andricus inflator Hartig, Andricus kollari (Hartig),
Andricus lignicolus (Hartig), Andricus polycerus (Giraud)
and Biorhiza pallida (Olivier), but so far with a low para-
sitism rate of 0.1-9.1% (Pogolotti et al. 2019).

Since T. sinensis hybridized with T. beneficus in Japan
it was very important to confidently establish which Eu-
ropean species, if any, could be potential candidates for
interspecific hybridisation. So far, in interspecific labora-
tory crosses no attempted mating with European species
were reported (Quacchia et al. 2014; Ferracini et al. 2017;
Gil-Tapetado et al. 2023), while the use of the COI and
ITS2 molecular markers showed ambiguous results as to
which is the closest species to . sinensis (Montagna et
al. 2019) or identified T. notatus as the closest species
(Pogolotti et al. 2019; Gil-Tapetado et al. 2022). Even if

no signature of hybridisation between 7. sinensis and any
European Torymus has been observed to date in field-col-
lected individuals, monitoring should be continued. By
using two additional single copy nuclear genes for a mul-
tilocus phylogenetic reconstructions and a morphologi-
cal and morphometric analysis, the present study aims to
identify (i) the closest indigenous species that are poten-
tial candidates for interspecific hybridisation and (ii) the
native species of Torymus developing on D. kuriphilus
in France. Finally, to provide technical help for field sur-
veys, we also propose an illustrated identification key for
the species of Torymus that are known to develop in D.
kuriphilus galls in Europe.

2. Materials and methods

21. Sampling

Native parasitoids were obtained from 2011 to 2016 by
sampling galls of D. kuriphilus on Castanea sativa in
France. The galls were reared in bulk in outdoor cages,
under the meteorological conditions of Sophia Antipolis
(France) (Viciriuc et al. 2021). In this study, we used the
individuals of 7. sinensis obtained previously (Viciriuc et
al. 2021). We also sampled in 2021 in Fozieres, but with
very low success since D. kuriphilus was at extremely
low density. Also, to complete the molecular and mor-
phological datasets, galls of other Cynipinae species were
collected in France and Romania, as follows: sexual gen-
eration of B. pallida and asexual generation of Cynips
longiventris Hartig on Quercus spp. and Diplolepis rosae
(Linnaeus) on Rosa canina (Table S1). The parasitoids
were stored in 80% ethanol at —22°C to ensure a good
conservation of their DNA. All emerged Torymus adults
were identified using an unpublished key by Askew and
Thuroczy, as well as the keys of Graham and Gijswijt
(1999).

2.2. Molecular markers and workflow
Several individuals per species were chosen for the mo-
lecular analysis. DNA was isolated individually by in-
cubating whole specimens at 75°C for 3h and 95°C for
5 min using the prepGEM Insect kit (ZyGEM Hamilton,
New Zealand). This ensures that enough DNA leaches
into the solution, while the specimens remain in good
shape for the subsequent morphological identification and
morphometric analyses. After extraction the insects were
rinsed in water and stored in 80% ethanol for mounting
and morphological analysis.

The molecular analyses were based on four molecu-
lar markers: one mitochondrial (Cytochrome c oxidase I,
COI) and three nuclear (the protein-coding genes Wing-
less, Wg and Enolase, Eno, and the ribosomal internal
transcribed spacer 2, I7S2). The amplified region for Eno
includes both variable regions (introns) and conserved re-
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gions (exons). COI was amplified using two pairs of prim-
ers: the pair LCO1490 / HCO2198 developed by Folmer
et al. (1994) that amplifies the standard barcode region
(Herbert et al. 2003) and in case of failure the primers
COI pF2 / COI 2437d developed by Simon et al. (1994)
and modified by Kaartinen et al. (2010), which amplify
a fragment largely overlapping with the barcode region.
The resulted dataset was not trimmed even if the length
of COI sequences differed in the phylogenetic analyses
since most sequences were the standard barcode and trim-
ming would result in a much shorter alignment. For the
other markers we used: LepWgl and LepWg2 (Brower
and DeSalle 1998) for Wg; ITS2-F and ITS2-R2 (Yara
20006) for ITS2; ENOf3 and ENOr4 (Viciriuc et al. 2021)
for Eno. The conditions for amplification were the same
as in Viciriuc et al. (2021).

After visualisation of the amplified PCR products on a
QIA-excel Advanced System (Qiagen), they were sent to
Beckman Coulter Genomics (Stansted, U.K) or Genewiz
(Radolfzell, Germany) for purification and sequencing in
both directions.

2.3. Molecular data analysis

The sequences were assembled, and a consensus pro-
duced using the Staden package (Bonfield et al. 1995); to
exclude possible contaminants they were also compared
with sequences deposited on GenBank. Protein-coding
loci (COI, Wg and Eno exons) were aligned in MEGA
v.6.06 (Tamura et al. 2013) using the ClustalW algo-
rithm (Thompson et al. 1994) and were translated to
amino acid sequences to check for stop codons to detect
possible pseudogenes. For Eno we delimited the regions
corresponding to exons and introns as described in Vi-
ciriuc et al. (2021). The ITS2 sequences (that showed
numerous indels in interspecific comparisons) were
aligned using the E-INS-i algorithm in MAFFT v.7.475
(Katoh and Standley 2013) followed by minor manual
adjustments.

For all four markers we first obtained individual phy-
logenetic trees using RAXML-NG (Kozlov et al. 2019)
by performing 20 distinct maximum likelyhood searches
starting from 10 random and 10 parsimony-based starting
trees and selecting the best-scoring tree; confidence lev-
els of the observed clades were assessed with 1000 stan-
dard bootstrap iterations. For the phylogenetic analyses
data blocks were first defined based on assumed charac-
teristics of sites (Kainer and Lanfear 2015) as follows:
three data blocks each for COI and Wg (corresponding to
the first, second and third codon positions); four blocks
for Eno (three for the exon regions, with a distinct one
for each codon position, and the fourth for the introns);
ITS2 was treated as a single data block. The best parti-
tioning scheme was selected using PartitionFinder2 on R
(v.4.2.2) (Lanfear et al. 2017) using the greedy algorithm
(Lanfear et al. 2012) and branch lengths set to proportion-
ally linked.

After concatenation and model selection as described
above, the dataset was analysed with both a maximum

likelihood (ML) and a Bayesian inference (BI) method.
For maximum likelihood we used RAXML-NG as above.
Bayesian reconstruction was done using MrBayes v.3.2.7
(Ronquist et al. 2012). We ran two parallel analyses,
each with four Monte Carlo Markov chains, for a total of
2x10° generations, with trees and InLs sampled every 100
generations; all the estimated parameters were unlinked
across partitions except for branch lengths. The trace files
were examining in Tracer v.1.7.1 (Rambaut et al. 2018)
to ensure that all parameters and sample size values were
above 200. The first 25% from the cold chains were treat-
ed as burn-in and discarded. The phylogenetic trees were
edited with Fig Tree v.1.4.2 and Adobe Illustrator. P-dis-
tances between taxa were calculated using MEGA v.6.06
with uniform rates among sites and pairwise deletion of
missing data.

Besides the newly generated sequences, we used those
of T. sinensis, T. auratus and T. geranii previously pub-
lished by Viciriuc et al. (2021) and the /752 sequences
for T beneficus with accession numbers AB200270 and
AB200271 from Yara (2006) as well as LC579763 from
Matsuo et al. (2021). For the specimens of 7. sinensis with
heterozygous SNPs (one specimens for Wg and four for
Eno), these were coded with N. For a specimen heterozy-
gous for a two nucleotides indel in the /752 sequence, we
kept the longest sequence. We used as outgroup sequenc-
es of Glyphomerus stigma (Fabricius) from the subfamily
Glyphomerinae obtained in this study plus sequences of
two species from the subfamily Toryminae in the genera
Pseudotorymus Masi and Senegalella Risbec [available
from Jansta et al. (2018) under GenBank accession num-
bers MF956204 and MF956379 for COI; MF955908 and
MF955957 for Wg].

2.4. Morphological characterisation

To ensure that specimens do not collapse, as frequently
happens in specimens with a thin exoskeleton especially
after DNA extraction, they were dried using a hexam-
ethyldisalizane (HMDS) protocol (Cowan 1995; Heraty
and Hawks 1998). Measurements for species identifica-
tion and morphometric analyses were made either using
a Keyence VHX-2000 microscope or a Leica M205C
stereomicroscope equipped with a DFC 500 digital cam-
era and illuminated with a LED5000 HDI light source.
For the antennae and the head in dorsal view the mea-
surements were made from photographs using Image J
(Schindelin et al. 2015). The images for the identifica-
tion key made with the Leica M205C microscope were
processed as described in Fusu and Polaszek (2017), and
those made with the Keyence VHX-5000 were not pro-
cessed. The same characters as in Viciriuc et al. (2021)
were used and consisted of 18 measurements for females
(Table S2) and 23 for the males (Table S3), to complete
the previous dataset. We mainly used specimens of Tory-
mus species collected on D. kuriphilus in France (T au-
ratus, T. flavipes, T. geranii, T. notatus, T. sinensis), but
also T affinis and T. cyaneus phylogenetically related to
T. sinensis.
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Table 1. Collection years for native Torymus species reared from fresh (GV) and dry (GS) galls of Dryocosmus kuriphilus.

2011 2012 2013 2014 2015 2016
T auratus GV GS GV GS GV GS GS GS GV GS
T. flavipes GV GV GV — — GV
T. geranii — — GV — — —
T. notatus — GS GS — GS GV
T. rubi — — — — — GS
To have a broader view and to complete the identi- 3. Results

fication key of the European Torymus species attack-
ing D. kuriphilus, we added the species that have not
been identified in France but are reported from this host
elsewhere in Europe. They come from the personal col-
lection of RRA as follows: T. fastuosus, T. nobilis, T.
formosus, T. erucarum and T. scutellaris (Table S4) and
were used only for the key. We also used four female
and four male paratypes of 7. beneficus as detailed in
Viciriuc et al. (2021). The terms for describing the type
of sculpture follow Gibson (2009) and Gibson and Fusu
(2016), while morphological terms, the method of mea-
surement and orientation of the anatomical parts follow
Graham and Giswijt (1998). To ensure correct interpre-
tation, observations of sculpture were made using dif-
fuse light as explained in Fusu et al. (2018) and Talamas
et al. (2017).

2.5. Morphometric analysis

Since principal component analysis (PCA) in its com-
monly used form is known to be affected by size-related
statistical artefacts (Berner 2011), we used instead the
multivariate ratio analysis (MRA) of Baur and Leuen-
berger (2011). This method allows both the detection of
the effect of size and the direct interpretation of the re-
sults from PCA and linear discriminant analysis (LDA) in
terms of body ratios. These tools have been recently used
to disentangle cryptic species complexes or very similar
species in several groups of Hymenoptera (Léaszl6 and
Tothmérész 2013; Baur et al. 2014; Fusu 2017; Gebiola
et al. 2017; Borowiec et al. 2019; Triapitsin et al. 2020;
Laszl6 et al. 2021; Prebus 2021). The steps of the anal-
ysis were as described in Viciriuc et al. (2021) and the
analyses were conducted using R v.4.1.2 (R Core Team
2021) using the R-scripts from Baur and Leuenberger
(2011).

2.6. Abbreviations of morphological

terms

ful—fu3 — first to third funicular segments; O/T — the ra-
tio between the length of ovipositor sheath and mesosoma
(‘“thorax’ in Otake 1987); OI — ovipositor index, the ratio
between the length of ovipositor sheath and hind tibia;
OOL - ocellocular line.

3.1. Native Torymus parasitoids

We have identified five species of Torymus attacking D.
kuriphilus in France: T. auratus, T. flavipes, T. geranii,
T notatus and T. rubi (Schrank), the latter species being
reported for the first time from D. kuriphilus (a single fe-
male obtained in 2016 from dry galls). Moreover, during
the additional collecting of indigenous gall wasps, one
male specimen of 7. sinensis was reared from the sexual
generation of B. pallida. Torymus auratus and T. flavipes
were identified since the first year of the survey (2011),
the first species being recovered from both dry and fresh
galls, while the second only from fresh galls. Torymus
geranii was recovered from fresh galls in 2013, while T.
notatus was recovered from dry galls starting from 2012
but only in 2015 from dry galls (Table 1). The most re-
cent survey in 2021 in Fozieres (France) did not yield any
native Torymus. Because the frequency of D. kuriphilus
galls in this region is currently very low, only four mon-
ocular galls were found during a 12 hours search. This is
very low compared to some regions such as Dordogne
when in 2021 it was still plentiful of galls (R.R. Askew,
unpublished data).

3.2. Molecular discrimination

between Torymus species

Six taxa have been successfully amplified and sequenced
for the four different molecular markers (COI, Wg, Eno
and I/7S2): T. notatus, T. cyaneus, T. rubi, T. flavipes, T.
bedeguaris and Glyphomerus stigma. For T. sinensis, T.
auratus and T. geranii we used the sequences from our
previous study (Viciriuc et al. 2021). For all phylogenetic
reconstructions the best models and partitioning schemes
are presented in Table 2.

3.2.1. Cytochrome c oxidase |

This molecular marker allows the discrimination of all
Torymus species previously identified using morpho-
logical characters, with all conspecific specimens being
grouped with bootstrap values above 90%. As expected,
T. sinensis is divided in two groups, one with most indi-
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Table 2. The best substitution models and partitioning schemes for the phylogenetic analyses. The substitution models used for each

partition in maximum likelihood and Bayesian inference: F81 (Felsenstein 1981); GTR (Rodriguez et al. 1990); HKY (Hasegawa et
al. 1985); K80 (Kimura 1980); K81uf (Kimura 1981); SYM (Zharkikh 1994); TRN, TRNef (Tamura and Nei 1993); TIM (Posada

2003).
Substitution models and partition number
Gene Data block Single locus Multilocus phylogeny
RAXML-NG RAXML-NG MrBayes
I** codon position TRN+G #1 TRN+G GTR+G #1
col 2" codon position F81+1 #2 F81+1 F81+1 #2
3" codon position TIM+G #3 TIM+G GTR+G #3
1% codon position TRNef+] #1 HKY+ HKY+I #4
Wg 2™ codon position TRNef+I #1 HKY+I HKY+I #4
3" codon position K81luf+G #2 K81luf+G GTR+G #5
Exon, 1* codon position HKY+I #1 HKY+I HKY+I #4
Eno Exon, 2™ codon position K80+G #2 F81+1 F81+1 #6
Exon, 3™ codon position K80+G #2 HKY+G HKY+G #7
Intron HKY+I #3 HKY+I HKY+I #8
ITS2 Entire length F81+G #1 K80+G K80+G #9

viduals of 7. sinensis and the other with the few 7. sinen-
sis that harbour 7. beneficus (TbE) haplotypes, the two
being sister groups with a bootstrap of 99%. The sinen-
sis-beneficus cluster is sister (bootstrap value 73%) to one
that contains all other species of Torymus. The genetic
p-distance between the sequences of 7. sinensis and those
derived from 7. beneficus are the smallest, of only 5.8%.
The native species that are closest to 7. sinensis are T
rubi (9.9%), T. geranii (10.3%) and T. auratus (10.4%)
(Table S5A), with 7. notatus at 11.5%. The p-distances
between the analysed taxa vary from 8.8% (7. auratus —
T. geranii) to 15% (T. bedeguaris — T. cyaneus).

3.2.2. Wingless

The phylogenetic reconstruction (Figure S1) shows some
notable differences compared to the mitochondrial COLI:
the cluster 7. sinensis is not subdivided anymore and it is
part of a larger polytomy that include the other Torymus
species. This genetic marker cannot discriminate between
very close species such as T. auratus and 1. geranii, as
they are placed in the same molecular clade without clear
separation, though the two species do not share any hap-
lotypes. With a few exceptions, both internal and apical
nodes are well supported on this phylogeny compared to
COI, most nodes with values above 60%. The interspecif-
ic p-distance varies from 0.5% (7. auratus — T. geranii)
to 5.8% (T auratus — T. cyaneus) (Table S5B). With this
nuclear marker, 7 notatus (2%) and T. cyaneus (3.7%)
are the native species closest to 7. sinensis.

3.2.3. Enolase

This phylogeny differs from the two previous ones (Fig-
ure S3). Due to the introns (variable regions) the 7. sinen-
sis cluster is more subdivided and it is sister to 7. notatus
(86% bootstrap); the two species group with 7. cyaneus

(83% bootstrap). Torymus geranii is distinct from 7. au-
ratus. The values of the p-distance vary from 1.1% (T.
auratus — T. geranii) to 7.6% (T. cyaneus — T. flavipes).
Native species closest to 7. sinensis are T. notatus with
a p-value of 1.5% followed by 7. geranii and T. auratus
with 3.3% and 3.7%, respectively (Table S5C). Notably,
specimens 22158 and 22191 of T. sinensis are 1.3% di-
vergent from 21943 and several intraspecific pairwise
comparisons on Eno are 1.1%. This divergence is larger
or the same as the one between 7. auratus and T. geranii
and close to that between 7. sinensis and T. notatus (Ta-
ble S5C). These two divergent specimens have 7. sinensis
mitochondrial haplotypes while 21943 has T. beneficus
mitochondrial sequences (Figure S2).

3.2.4, ITS2

The bootstrap values show good support for the apical
nodes (> 93%; with the exception of 7. sinensis with
68%), but generally weak support (37-90%) for the inter-
nal nodes (Figure S4). The clade that contains 7. sinensis
and 7. beneficus is uniform and sister to 7. notatus but
the support is low. With this marker, 7. cyaneus is not
the closest to them, instead being basal to the clade that
includes T auratus, T. geranii (the two being distinct), 7.
rubi, T. bedeguaris and T. flavipes. For this marker, the
p-distance varies considerably: from only 3.4% between
T auratus and T. geranii to 25% between T. bedeguaris
and 7. cyaneus. Torymus notatus and T. cyaneus are the
closest species to 7. sinensis, with a p-distances of 13%
and 16.1%, respectively (Table S5D).

3.3. Multi-locus phylogeny

The topologies observed for each marker are consistent
enough to reconstruct a multi-locus phylogeny. As shown
in Fig. 1 the phylogenetic analysis using both methods al-
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lows unambiguous discrimination (bootstraps >99% and
posterior probability of 1) of each species of European
Torymus, providing a reliable basis for species delimita-
tion, morphological characterisation and identification of
diagnostic characters. Both phylogenies have the same
topology, except for some differences at intraspecific lev-
el. Torymus sinensis and T. notatus are sister species, the
two being grouped with 7. cyaneus, while all the other
Torymus species form a second clade.

3.4. Multivariate Ratio Analysis

For the females, we used the first three components that
accounted for 63.8% of the total variance of the dataset
(33.0%, 20.0% and 10.7% for the first, second and third
component, respectively), to perform the shape PCA.
The first component is the most discriminant, with four
native species of Torymus (T. affinis, T. auratus, T. ge-
ranii and T. cyaneus) that can be separated from each

7855 Torymus sinensis
22228 Torymus sinensis
22260 Torymus sinensis
17036 Torymus sinensis
34736 Torymus sinensis
28730 Torymus sinensis
34730 Torymus sinensis
17023 Torymus sinensis
- 20425 Torymus sinensis
7300 Torymus sinensis
28717 Torymus sinensis
22204 Torymus sinensis
28734 Torymus sinensis
7315 Torymus sinensis
28633 Torymus sinensis
28617 Torymus sinensis
28591 Torymus sinensis
28729 Torymus sinensis
22212 Torymus sinensis
20426 Torymus sinensis
-{ 11079 Torymus sinensis
_[‘ 22041 Torymus sinensis mtDNA Tb

100/1

22071 Torymus sinensis mtDNA Tb
21943 Torymus sinensis mtDNA Tb
11782 Torymus sinensis
22262 Torymus sinensis
11133 Torymus sinensis
L 22449 Torymus sinensis
34735 Torymus sinensis
334731 Torymus sinensis
34733 Torymus sinensis
22158 Torymus sinensis
{— 22191 Torymus sinensis
22185 Torymus notatus
28644 Torymus notatus
28639 Torymus notatus
22177 Torymus notatus
22167 Torymus notatus
28642 Torymus notatus

94/0.93

89/1

89/0.93

100/1

98/1 4100/1r 21922 Torymus cyaneus
21924 Torymus cyaneus

981

17209 Glyphomerus stigma
0.06

10011 17196 Torymus bedeguaris

[ 17192 Torymus bedeguaris
10011 28648 Torymus rubi
[ 17205 Torymus rubi

17161 Torymus geranii

971

1001

84/0.99 17190 Torymus geranii
7679 Torymus auratus
7620 Torymus auratus

45/0.45 | 17173 Torymus auratus

10011~ 17158 Torymus flavipes
17159 Torymus flavipes

GDEL3028 Pseudotorymus napi
PJAN1193 Senegalella sp.

Figure 1. Phylogenetic tree inferred using RAXML-NG based on a partitioned multilocus dataset. The reconstruction is based on
the sequences of individuals in this study with coverage for at least 3 markers. Bootstrap values and posterior probabilities from
an analysis in MrBayes are shown next to the nodes. mtDNA Tb — individuals with mitochondrial DNA derived from 7. beneficus.
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other and from 7. sinensis (Fig. 2A). A slight overlap is
nevertheless observed between females of 7. affinis and
T. auratus, and between those of 7. cyaneus and T. fla-
vipes. Along the second component, only 7. affinis was
clearly separated from the other native species, as well
as some 7. cyaneus and some 1. flavipes (Fig. 2B). The
two latter species are also the only ones that can be sep-
arated from 7. sinensis. Along the third component, only
some 7. cyaneus and some T. flavipes are discriminat-
ed from other species of Torymus (Fig. 2B). On all three
first components, females of 7. notatus are nested within
those of 7. sinensis.

For the males, the three first components accounted
for 65.2% of the total variance (36.3%, 20.2% and 8.7%
for the first, second and third component, respectively).
Along the first component, all native species (only par-
tially for 7. notatus) can be discriminated from 7. sinen-
sis but with a strong overlap between each other (Fig. 3).
Only 7. flavipes and some T. auratus and T. geranii can
be separated from 7. sinensis along the second compo-
nent. By using the LDA ratio extractor we obtained the
ratios listed in Table S6 that can be used to discriminate
T. sinensis from the native species associated with D. ku-
riphilus in Europe.
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Figure 2. Results of the multivariate ratio analysis (MRA) for females of several Torymus species. A Shape PCA of the first com-
ponent versus second component. B Shape PCA of the second component versus third component.
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3.5.

Key to the species of Torymus parasitizing D. kuriphilus in Europe

Mesoscutellum with frenum distinct, with or without frenal line, i.e. frenal area differently sculptured from the

rest of mesoscutellum and frequently glabrous (Fig. 4A, C—E) ...ccccciviiiiiininnniieeccceeteeeeeeee e 2
Mesoscutellum without frenal line and frenum indistinct, mesoscutellum uniformly sculptured and setose
(FIZ. AB) ettt ettt ettt bbbt bt b et bt e Rt b a ekt h et bbbttt r e 7
Surface of frenum entirely smooth, exceptionally with some weak striae posterolaterally (Fig. 4A, D, E)....... 3
Frenum entirely yet finely sculptured (Fig. 4C) ...c..ooiiiiiiiiiiieeeere ettt e 5

Mesoscutellum almost smooth except for piliferous punctures (Fig. 4A); body blue-green to blue, some-
times with violet iridescence (Fig. SE, F); ocelli large, OOL less than maximum diameter of posterior ocellus
LT ) ) T USRS T. cyaneus (Walker)

R
| affinis QN5

Figure 4. Mesoscutellum (A—E) and propodeum (F-J) in different species of Torymus.
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- Mesoscutellum sculptured, with interspaces between piliferous punctures mostly alutaceous (Fig. 4D, E); body
entirely green, with limited blue or coppery iridescence; ocelli moderate in size, OOL more than maximum
diameter of posterior 0CEIIUS (Fig. 6J)...cueiiriiiiiiiiieieie ettt 4

4(3) Both sexes: central area of propodeum with a pair of curved, submedian carinae delimiting a large and circular
median area (Fig. 4G); frenum usually smooth, rarely with weak striae posterolaterally (Fig. 4D). Female: only
one row of multiporous plate sensilla on each funicular segment; anellus only slightly transverse (Fig. 6A).
Male: at least the first five funicular segments longer than wide, with multiporous plate sensilla disposed in 2—3
rows on each segment (Fig. OF) ........cccoiiiiiiiiiieeeee e T. sinensis Kamijo (Fig. 7A, B)

- Both sexes: central area of propodeum with 2—3 irregular longitudinal carinae on each side of the midline (Fig.
4H); frenum medially smooth, but with superficial and fine reticulation posterolaterally (Fig. 4E). Female:

A affinis Q B affinis Q 3 v s pm

C auratus @ 1 mm D auratus & ; aS00ImE, ¢

E cyaneus ?

Figure 5. Habitus for Torymus affinis (A, B), T. auratus (C, D) and T cyaneus (E, F). The two T. auratus are not typical, the species
usually having the body more extensively green and yellow legs. The dark legs in the male reared from dry galls are characteristic
for the spring generation (Askew 1965: 222); the female was reared in the summer from green galls and has yellow legs.
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funicular segments with multiporous plate sensilla disposed in 2—-3 rows; anellus strongly transverse (Fig. 6C).
Male: funicular segments quadrate to weakly transverse, multiporous plate sensilla-hidden by numerous, dense
SEtAC (Fig. OB) oot T. fastuosus Boheman (Fig. 8C, D)

5(2) Both sexes: vertex with a sulcus connecting each lateral ocellus with the adjacent eye (better visible in males)
(Fig. 6K, L, arrows); mesoscutellum anterior of frenal line uniformly coriaceous-alutaceous. Female: ovipos-
itor sheath usually about twice as long as body; propodeum without or with only weakly visible carinae (Fig.
41). Male: propodeum with or without median carina (Fig. 4]) ............. T. affinis (Fonscolombe) (Fig. 5A, B)
[Rarely the ovipositor does not exceed the length of the body; to prevent confusion/misidentification with females of
T. sinensis, the propodeum should be checked — see couplet 4]

- Both sexes: vertex without a sulcus connecting each lateral ocellus with the adjacent eye, though sometimes with
a slight depression in that area (Fig. 6M); mesoscutellum anterior of frenal line coriaceous-alutaceous to partly
rugose. Female: ovipositor sheath shorter than body, but longer than gaster; propodeum with 1-3 longitudinal
carinae (more or less interrupted and oblique) (Fig. 4F) Male: propodeum with 1-3 longitudinal carinae ......... 6

6(5) Both sexes: fore wing with dark brown venation, evidently pigmented around stigmal vein and with some
diffuse infuscation mesally (better seen in females) (Fig. 9G); mesoscutellum anterior of frenal line coria-
ceous-alutaceous, gradually becoming rugose towards mesoscutum, piliferous punctures partly obliterated
(Fig. 4C). Female: anellus slightly transverse (Fig. 6F). Male: at least the first five funicular segments strongly
transverse, with multiporous plate sensilla disposed in 2—3 rows on each segment (Fig. 6G) .....ccccccecerinincnnne
....................................................................................................................... T. notatus (Walker) (Fig. 10A, B)
[T sinensis may occasionally key out here since a minority of individuals have weak sculpture on the frenum. They are
nevertheless easily differentiated by the characteristic propodeum of 7. sinensis — see couplet 4]

- Both sexes: fore wing with light brown venation, at most with very limited pigmentation adjacent to stigmal
vein (Fig. 9H); mesoscutellum anterior of frenal line entirely coriaceous, with piliferous punctures distinct
(Fig. 4E). Female: anellus twice as wide as long (Fig. 6C). Male: funicular segments quadrate, multiporous
plate sensilla not visible due to numerous setae disposed in several rows (Fig. 6B).......cccocveiinieiiiieniiieeen.
..................................................................................................................... T. fastuosus Boheman (Fig. 8C, D)
[This species has been introduced twice in the key because the interpretation of the sculpture on frenum can vary depending

on the magnification used]

H auratus &

200 ym 200 ym

L affinis

200 um 200 pym

Figure 6. Antenna (A—H) and head in dorsal view (I-M) in different species of Torymus. The arrows point to the sulcus connecting
the lateral ocellus with the eye orbit.
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(1)
;(6)
;(8)

10(8)

11(10)

Dorsal edge of hind coxa bare in basal half (Fig. 9B, D).....cccoooiiiiiiiiiee e 8
Dorsal edge of hind coxa with short setae in basal half (Fig. 9E)........ccoooiiiiiiiiie e 12
Gaster with a large, pale, rusty to testaceous subbasal area, especially visible in lateral view (Fig. 11F).......... 9
Gaster without a pale subbasal area (Fig. 8F) ......cc.coeiiiiiiiiiiiireccreeeet e 10
Both sexes: head and mesosoma mainly to entirely dark blue or violet (Fig. 11F). Female: ovipositor shorter
than body, OI 1.8-2.4 (Fig. 11E) ..ccciiiiiiiiiiriiieectcceceeeeeeee e T. nobilis Boheman
Both sexes: head and mesosoma greenish, often with extensive coppery and purple iridescence (Fig. 8B). Fe-
male: ovipositor longer than body, OI 3.8—4.1 (Fig. 8A) ...ccceveniveiiiiieiiiecceince T. erucarum (Schrank)
Longer spur of hind tibia more than half the length of basitarsus (0.6-0.63%) (Fig. 9C); body entirely bright
green to green-blue, with reduced golden iridescence (Fig. 8E, F)....cccocovevinininincncncnee T: flavipes (Walker)
Longer spur of hind tibia at most half the length of basitarsus (0.3-0.5x) (Fig. 9F); body usually less extensive-
ly green, with bronze, copper, purple or violet iridescence (Figs 10F, 11B)......cccccoeiirieninieniieiceeeeeeen 11

Both sexes: Lower mesepimeron large, anterior margin strongly convex (Fig. 9A arrow) and greatest diameter
about as long as mid coxa; gaster extensively purplish, with green iridescence confined to basal tergite (Fig.
11A, B). Female: OI 1.8=2.0 ..cc.couiiiiiriiiiieietctctceeteteeeeee et T. formosus (Walker)
Both sexes: Lower mesepimeron smaller, anterior margin almost straight (Fig. 9D arrow) and greatest diameter
shorter than mid coxa; gaster mainly bronze-purple, green iridescence sometimes more extensive (Fig. 10E, F).
Female: O6 2.7-3 ... .ottt ettt et a et esneenteeneenne e T. scutellaris (Walker)

A sinensis Q

Figure 7. Habitus for Torymus sinensis (A, B) and T. beneficus paratypes (C, D).
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12(7) Gaster greenish with violet reflections and pale reddish-yellow subbasal area, mesosoma coppery green
T I R D ) T RS STS T. geranii (Walker)
- Gaster without pale sub basal area, mesosoma green to bluiSh-green ...........ccoocveverieiinieiiiiene e 13
13(12) Female: OI 2.1-2.4 (Fig. 10C). Male: at least ful—fu3 quadrate (Fig. 6D)....... T. rubi (Schrank) (Fig. 10C, D)
- Female: OI 3.44.3 (Fig. 5C). Male: only ful quadrate, following funiculars very slightly transverse
(FIZe OH) ittt sttt ene T. auratus (Miiller) (Fig. 5D)

F flavipes & . 4 J

Figure 8. Habitus for Torymus erucarum (A, B), T. fastuosus (C, D) and 7. flavipes (E, F).
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3.6. Anupdated characterization of

Torymus sinensis

Torymus sinensis Kamijo

Chresonymy. Torymus sinensis Kamijo, 1982: 505-507.
Holotype §, Museum of the Institute of Zoology, Aca-
demia Sinica, Beijing, not examined. Type locality: Ta-
liuchuang, Tsunhua, Hopei, China. — Torymus sinen-
sis; Otake 1987: 601-609 (compared with 7. beneficus,
illustrated): Izawa et al. 1992: 58-60 (compared with
T. beneficus using allozymes); Grissel 1995: 287 (cat-
alogued); Yara et al. 2000: 201-206 (compared with T.
beneficus using morphology and allozymes); Yara 2004:

428-432 (compared with 7. beneficus using morphology
and DNA); Yara 2006: 18-19 (compared with 7. benefi-
cus using DNA); Yara and Kunimi 2009: 278-279 (com-
pared with 7. beneficus using DNA); Quacchia et al.
2014: 107, 110 (interspecific crosses); Ferracini et al.
2017: 447, 449-450 (interspecific crosses); Montagna
et al. 2019: 334-341 (compared with 7. beneficus using
DNA); Pogolotti et al. 2019: 5—6 (compared with Tory-
mus spp. using DNA); Viviani et al. 2019: 5-7 (compared
with Torymus spp. using DNA); Matsuo 2020: 403, 408,
433-434 (compared with 7. beneficus, keyed, illustrated);
Matsuo et al. 2021: 457-459 (compared with 7. beneficus
using morphology and DNA); Gil Tapetado et al. 2022:
106—-110 (compared with 7. cyaneus and T. notatus us-
ing DNA); Viciriuc et al. 2021: 5-13 (compared with

Figure 9. Lower mesepimeron (A, D), hind coxa (B, E), spurs of the hind tibia and basitarsus (C, F) and fore wing (G, H) in differ-
ent species of Torymus. The arrows point to the anterior margin of the lower mesepimeron.
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T. beneficus, taxonomy); Gil-Tapetado et al. 2023: 6-9
(compared with T. beneficus and T. notatus using DNA,
interspecific crosses).

Diagnosis. Both sexes: Head (Fig. 12A, B) and meso-
soma (Fig. 12E, F) from green to blue, occasionally with
coppery reflections; gaster usually concolorous with me-
sosoma (Fig. 7A, B), sometimes mostly brown with green
to blue reflections in smaller specimens, where body co-
lour is generally less metallic and darker; scape yellowish
brown, darker apically, sometimes completely darkened.
Fore wing hyaline with brown venation (Fig. 12C, D).
Coxae and femora from dark brown to concolorous with
mesosoma; hind tibia less strongly darkened, usually
more or less infuscate but not dark brown, occasional-
ly yellow; fore and mid tibiae mostly yellow. In smaller

A notatus ?

individuals the body colour is less metallic and darker.
Scutellum immediately anterior of the frenal line aluta-
ceous, more strongly sculptured or even strigose on the
anterior half, frenum smooth and bare, rarely with weak
striae posterolaterally; in some small specimens scutel-
lum almost completely smooth. Propodeum with a pair
of distinct and curved submedian carinae (Fig. 12G, H),
present irrespective of body size; propodeum with or
without smaller additional carinae laterad of the central
pair. Female: ovipositor index 1.2-2.7.

Remarks. In this study, we analysed several hundred
specimens of 7. sinensis collected from different geo-
graphical areas in both Europe and Asia and the most
variable character of European individuals was found to
be the body colour.

B notatus &

D rubi &

Figure 10. Habitus for Torymus notatus (A, B), T rubi (C, D) and T scutellaris (E, F).
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Besides the characters given in the key, females of T.
sinensis differ from those of 7. affinis that sometimes can
have a shorter ovipositor, in having the hind coxa bare in
basal half (hind coxa with short setae in basal halfin 7. af-
finis). From T. notatus, besides the more obvious charac-
ters used in the key, 7. sinensis differs in some less obvi-
ous ratios obtained in the LDA analysis: width of the first

funicular segment and length of greatest spur for females,
and width of the first funicular segment and length of the
short spur for males (Table S6).

However, the closest species to 7. sinensis (Fig. 7A, B)
is T. beneficus (Fig. 7C, D), which is endemic to Japan.
The two can be differentiated using the ratio of antennal
flagellum (combined length of anellus, funiculars and cla-

F nobilis &

Figure 11. Habitus for Torymus formosus (A, B), T. geranii (C, D) and T. nobilis (E, F).
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va) to head width (Kamijo 1982), and ovipositor sheath
and hind tibia (Matsuo 2020). Differences in the length of
individual funicular segments were also found by Viciri-
uc et al. (2021), but they failed to find a difference when
using the entire length of the flagellum. Presumably this

is because it is difficult to accurately measure the anten-
na which is usually more or less curved in dry mounted
specimens. Our new measurements indicate that the ra-
tio given by Kamijo (1982) is accurate. It is 1.22—1.34 in
four female paratypes and 1.75-1.77 in four male para-

Figure 12. Torymus sinensis, head in frontal view: female (A), male (B); fore wing: female (C), male (D); mesosoma: female
(E), male (F); propodeum: female (G), male (H); mesosoma in teratological specimens: male 22204 (I), male 28598 (J), female
28629 (K).
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types of T. beneficus [repository and label details given
in Viciriuc et al. (2021)], and 1.13-1.16 and 1.51-1.69 in
eight females and two males of 7. sinensis from China, re-
spectively. For the European or Japanese specimens this
ratio cannot be used because the values for the females
correspond to both species (1.17-1.25 in four females
from France) and for the males this ratio corresponds
to T beneficus (1.64—1.86 in five males). This confirms
their intermediate morphology between 7. sinensis and T.
beneficus (Viciriuc et al. 2021).

The length of the ovipositor comparatively with the
mesosoma (“thorax”) cannot be used as originally pro-
posed by Kamijo (1982) when he described 7. sinensis and
used afterwards by many authors following Otake (1987).
Even if T beneficus has a comparatively shorter ovipos-
itor than 7. sinensis, the latter species is too variable, in-
cluding in China, its original distribution area (Yara 2004;
Viciriuc et al. 2021). Recently, Matsuo (2020) proposed
a separation based on the ovipositor index (the ratio be-
tween the length of ovipositor sheath and hind tibia). For
the four female paratypes of 7. beneficus this is 1.61-2.06
and for the seven females of 7. sinensis from China it is
2.14-2.42. In Europe the interval of the ovipositor index
overlaps that of the two species (Viciriuc et al. 2021).
Basically, only native 7. sinensis and T. beneficus can be
discriminated from each other, but not the specimens used
for biological control in Japan or imported from Japan to
Europe, due to their intermediate characteristics.

Teratological specimens. During the morphological
study of T sinensis collected on D. kuriphilus we found
a few specimens (two males and a female out of several
hundred examined) that have malformations on the me-
sosoma. If such specimens are found in the future they
could be misidentified, especially if the modifications
are on the propodeum. The male with the molecular code
22204 (length 2 mm; Fig. 12I), collected in San Loren-
zo (France) in 2015, has the central part of the frenum
rugose, and the propodeum has two pair of submedian
carinae instead of one pair. The male 28598 (2.16 mm;
Fig. 12J), collected in St. Georges les Bains (France) in
2016, has teratological modifications in the structure of
mesoscutum and mesoscutellum: the mesoscutal median
lobe is transverse and has a U-shaped depression; the me-
soscutellum has a longitudinal depression along midline
and its posterior margin is strongly emarginated. The fe-
male 28629 (3.1 mm; Fig. 12K), collected in Prigorieux
(France) in 2016, has modifications in the structure of the
pronotum, mesoscutum and scutellum: the pronotum has
a median groove in its posterior half; the mesoscutal me-
dian lobe is transverse and has a U-shaped depression; the
frenum has an unusual longitudinal notch; the posterior
margin of the mesoscutellum is emarginated.

Biology. Torymus sinensis is most frequently reared from
galls of D. kuriphilus on Castanea crenata and C. molis-
sima in Asia, C. dentata in North America, and C. sativa
in Europe; with a low incidence it may be reared from
other non-target gall wasps (Ferracini et al. 2017; Gil-Ta-
petado et al. 2023).

The species has one generation per year. In southern
France the adults start to emerge in mid-February and
emergence continues to early-May, but some individuals
emerge from June to August (Borowiec et al. 2018). A
diapause as larva of 12 months was identified in Italy in
some cases (Picciau et al. 2017).

Distribution. Native to China and introduced to Ja-
pan (Murakami et al. 1977), USA (Rieske 2007), Italy
(Quacchia et al. 2008), France (Borowiec et al. 2014),
Spain (Nieves-Aldrey et al. 2019), Croatia, Hungary, Slo-
venia (Matosevi¢ et al. 2015), Portugal (Amorim et al.
2022) and Turkey (Ipekdal et al. 2017).

4, Discussion

We investigated the phylogenetic relationships between 7.
sinensis and several indigenous species of Torymus, that
share a similar ecology or morphology, using information
from three nuclear and one mitochondrial marker. Our
results confirm that 7. notatus, and to a lesser extent 7.
cyaneus, are the native species that are phylogenetically
closest to the “beneficus-sinensis” complex, and that the
T. cyaneus species-group as defined using morphological
characters is monophyletic at least concerning the species
included in our analysis. The results of our phylogenetic
analysis confirm those of Gil-Tapetado et al. (2022), the
only notable difference between the two phylogenies be-
ing the position of 7. flavipes and the absence of 7. affinis
from our tree. The same closeness, even overlap, between
T. sinensis and T. notatus is highlighted by the morpho-
metric analyses. Also, the limited available data seem to
indicate a vicariant distribution of 7. beneficus in Japan,
T. sinensis in China and T. notatus in Europe (Graham
and Gijswijt 1998). As estimated by Gil-Tapetado et al.
(2022) the divergence between 7. sinensis and T. notatus
took place 7.9 million years ago (though the 95% highest
posterior density credibility interval is rather large).

The large variability within the European 7. sinensis
on Enolase (maximum pairwise distance of 1.3%), larg-
er than the divergence between 7. auratus and T. geranii
(1.1%) and close to that between 7. sinensis and 1. no-
tatus (1.5%) is unexpected. A possible explanation for
the presence of such divergent haplotypes is that some
of them are the result of introgression, being derived
from 7. beneficus. These most divergent haplotypes were
identified in France, with specimens 22158 and 22191
equivalent to haplotype H10, and 21943 to haplotype H7
in Viciriuc et al. (2021). However, because the genetic
makeup of 7. beneficus is unknown, one can only spec-
ulate that H10 might originate from this species—H7 is
definitely from 7. sinensis being identified also in China
(Viciriuc et al. 2021). Specimen 21943 has a T. beneficus
mitochondrial haplotype. As in the case of the discovery
of mitochondrial haplotypes from 7. beneficus in France,
Italy and Spain (Viciriuc et al. 2021; Gil-Tapetado et al.
2023) or of specimens with shorter ovipositor (Viciriuc et
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al. 2021), this does not necessarily imply that 7° beneficus
is present in Europe, only that the European specimens
are of hybrid origin, the result of introgression that took
place in Japan.

Future interspecific hybridisation in Europe could be
favoured by competition for the same host, since this will
increase the frequency of interactions between species. In
the last years the number of D. kuriphilus galls in several
areas of France dropped drastically, even where in pre-
vious years the pest had a significant impact. This could
lead in the first stage to more interspecific competition
for the native hosts and, since 7. sinensis is numerically
reduced due to the lack of its specific host, to an increased
risk of hybridizing with other close species. The rarity of
conspecific individuals increases the frequency of hetero-
specific crosses (Hubbs 1955, Wirtz 1999). This is not
necessarily deleterious for the biological control agent,
since it could also increase the fitness of 7. sinensis (e.g.
Lynch 1991). On the other hand, interspecific competi-
tion or hybridisation can be a threat for the native popu-
lations of Torymus.

Five native species parasitizing D. kuriphilus have
been identified so far in France: T. auratus, T. flavipes, T.
geranii, T notatus and T. rubi. Of these, T. rubi was found
to attack D. kuriphilus for the first time. Even though
the usual host appears to be Diastrophus rubi (Bouche)
(Cynipidae) this species is not monophagous, being also
a parasitoid in galls of other species of Cynipidae (Askew
et al. 2006), and also of Cecidomyiidae and Curculioni-
dae (Graham and Gijswijt 1998). Because it is a polyph-
agous species, and only one individual was identified on
D. kuriphilus, it is highly likely that this species is not in
competition with 7. sinensis for this host.

Our phylogenetic and morphological data indicate
that only 7' notatus, which can also parasitise D. kurip-
hilus, may have potential for hybridisation with the bi-
ological control agent 7. sinensis. Both species are part
of the cyaneus group and are also the closest genetically
based on all three nuclear markers: Eno (1.5%), Wg (2%)
and /752 (13%), but less so on the mitochondrial marker
COI (11.5%). However, comparatively, the values of the
p-distance for the closest species of Torymus included in
our analyses, 7. auratus and T. geranii, are even smaller:
Eno (1.1%), Wg (0.5%), ITS2 (3.4%) and COI (8.8%).
Yet they function as two distinct species after years of
coevolution and are not suspected of hybridizing even if
they share the same host. The only species that hybridized
with 7. sinensis was T. beneficus and this happened in Ja-
pan. The genetic distances in this case are known only for
COI (5.8%) and ITS2 (0.27%) (Viciriuc et al. 2021) and
they are even smaller than for the pair 7" auratus and T.
geranii. At the same time, the flight periods for 7 sinensis
and T notatus are almost synchronous, even though the
peak of emergence for T notatus is one month earlier than
that of T sinensis (Pogolotti et al. 2019).

The other four native species found on D. kuriphilus in
France cannot be candidates for hybridisation, since they
are not part of the same species-group (the cyaneus spe-
cies-group) as 7. sinensis. On the other hand, 7. fastuosus
was also identified in galls of D. kuriphilus; it belongs to

the same species-group and is morphologically very close
to 7. sinensis (in the identification key they are placed in
the same couplet), but it seems to be a rarer species. If in-
teractions between 7. sinensis and the indigenous species
of Torymus were to take place while 7. sinensis searches
to attack a non-target cynipid gall wasp, hybridisation is
more likely only in the case of T. affinis and T. cyaneus,
both polyphagous and thus with increased likelihood of
encountering 7. sinensis. However, interaction between
these species has been studied (Ferracini et al. 2017,
Gil-Tapetado et al. 2023) but only courtship dance with
or without antennal contact was observed, without any
mating attempts.

Another potential problem could be generated by the
numerical reduction of the main host of 7. sinensis, re-
ported in several European countries. Will in this case 7.
sinensis change its behaviour? Recently at several sites in
northern Italy, probably due to a warmer winter, Ferracini
et al. (2022), observed a loss of synchronisation between
T’ sinensis and D. kuriphilus. This happened because in-
dividuals of 7. sinensis emerged earlier resulting in a low-
er rate of parasitism than in previous years. This may be
the explanation of the different densities of D. kuriphilus
populations in France, that can be confirmed only after a
re-evaluation of the degree of the current impact. On the
one hand, this would increase the risk of meeting with
indigenous parasitoids, especially with 7. notatus, and it
could also lead to an increase in parasitism of non-target
hosts available in the respective period, for example the
sexual generations of species of Cynipini.
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and author(s) are credited.
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Table S4

Authors: Viciriuc I-M, Mitroiu M-D, Askew RR, Ris N, Fusu L, Borowiec N (2023)

Data type: .pdf

Explanation note: Collection information for Torymus erucarum, T. fastuosus, T. formosus, T. nobilis and T. scutel-
laris.

Copyright notice: This dataset is made available under the Open Database License (http://opendatacommons.org/
licenses/odbl/1.0). The Open Database License (ODbL) is a license agreement intended to allow users to freely
share, modify, and use this Dataset while maintaining this same freedom for others, provided that the original source
and author(s) are credited.

Link: https://doi.org/10.3897/asp.81.e98141.suppl4
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Table S5A-D

Authors: Viciriuc I-M, Mitroiu M-D, Askew RR, Ris N, Fusu L, Borowiec N (2023)

Data type: .pdf

Explanation note: Pairwise distance matrix (p-distance, %) for Cytochrome c oxidase I (A), Wingless (B), Eno-
lase (C) and ITS2 (D).

Copyright notice: This dataset is made available under the Open Database License (http://opendatacommons.org/
licenses/odbl/1.0). The Open Database License (ODbL) is a license agreement intended to allow users to freely
share, modify, and use this Dataset while maintaining this same freedom for others, provided that the original source
and author(s) are credited.

Link: https://doi.org/10.3897/asp.81.e98141.suppl5
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Table S6

Authors: Viciriuc I-M, Mitroiu M-D, Askew RR, Ris N, Fusu L, Borowiec N (2023)

Data type: .pdf

Explanation note: Best ratios found by the LDA ratio extractor for separating females and males of 7. sinensis and
the close species of Torymus.

Copyright notice: This dataset is made available under the Open Database License (http://opendatacommons.org/
licenses/odbl/1.0). The Open Database License (ODbL) is a license agreement intended to allow users to freely
share, modify, and use this Dataset while maintaining this same freedom for others, provided that the original source
and author(s) are credited.

Link: https://doi.org/10.3897/asp.81.e98141.suppl6
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Figure S1

Authors: Viciriuc I-M, Mitroiu M-D, Askew RR, Ris N, Fusu L, Borowiec N (2023)

Data type: .pdf

Explanation note: COI phylogenetic tree inferred in RAXML-NG. mtDNA Tb — individuals with mitochondrial DNA
derived from Torymus beneficus.

Copyright notice: This dataset is made available under the Open Database License (http://opendatacommons.org/
licenses/odbl/1.0). The Open Database License (ODbL) is a license agreement intended to allow users to freely
share, modify, and use this Dataset while maintaining this same freedom for others, provided that the original source
and author(s) are credited.

Link: https://doi.org/10.3897/asp.81.e98141.suppl7
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Figure S2

Authors: Viciriuc I-M, Mitroiu M-D, Askew RR, Ris N, Fusu L, Borowiec N (2023)

Data type: .pdf

Explanation note: Wingless phylogenetic tree inferred in RAXML-NG. mtDNA Tb — individuals with mitochondrial
DNA derived from Torymus beneficus.

Copyright notice: This dataset is made available under the Open Database License (http://opendatacommons.org/
licenses/odbl/1.0). The Open Database License (ODbL) is a license agreement intended to allow users to freely
share, modify, and use this Dataset while maintaining this same freedom for others, provided that the original source
and author(s) are credited.

Link: https://doi.org/10.3897/asp.81.e98141.suppl8
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Figure S3

Authors: Viciriuc I-M, Mitroiu M-D, Askew RR, Ris N, Fusu L, Borowiec N (2023)

Data type: .pdf

Explanation note: Enolase phylogenetic tree inferred in RAXML-NG. mtDNA Tb — individuals with mitochondrial
DNA derived from Torymus beneficus.

Copyright notice: This dataset is made available under the Open Database License (http://opendatacommons.org/
licenses/odbl/1.0). The Open Database License (ODbL) is a license agreement intended to allow users to freely
share, modify, and use this Dataset while maintaining this same freedom for others, provided that the original source
and author(s) are credited.

Link: https://doi.org/10.3897/asp.81.e98141.suppl9
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Figure S4

Authors: Viciriuc I-M, Mitroiu M-D, Askew RR, Ris N, Fusu L, Borowiec N (2023)

Data type: .pdf

Explanation note: /752 phylogenetic tree inferred in RAXML-NG. mtDNA Tb — individuals with mitochondrial DNA
derived from T beneficus.

Copyright notice: This dataset is made available under the Open Database License (http://opendatacommons.org/
licenses/odbl/1.0). The Open Database License (ODbL) is a license agreement intended to allow users to freely
share, modify, and use this Dataset while maintaining this same freedom for others, provided that the original source
and author(s) are credited.

Link: https://doi.org/10.3897/asp.81.e98141.suppl10
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