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Abstract 

Torymus sinensis Kamijo is an alien parasitoid that is used in many areas of the world for biological 

control the Asian chestnut gall wasp, Dryocosmus kuriphilus Yasumatsu. In Italy, this parasitoid 

was imported from Japan in 2003 and subsequently multiplied and released throughout the country. 

In this study, a phylogenetic investigation was carried out on insects from three different sites in 

northern Tuscany (Italy). Moreover, the possible hybridization between T. sinensis and some native 

Torymus species was evaluated. The conserved region 18S rRNA gene and the hypervariable ITS2 

(Internal Transcribed Spacer 2) region of the ribosomal cistrone were selected as molecular 

markers. The DNA of individual adult insects was amplified with specific primers and the 

subsequent sequencing did not produce readable sequences. This led us to hypothesize that there 

might be more haplotypes inside a single insect. Consequently, the amplification products obtained 

previously were cloned. Sequencing the amplified products, after cloning, ruled out any 

hybridization between T. sinensis and the native Torymus species, and also confirmed the presence 

of two haplotypes for the Tuscan population of T. sinensis both for the region of the 18S rRNA 

gene as well as for the ITS2 region. 
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Introduction 1 

Since ancient times chestnut tree cultivation has played an important role in European silviculture 2 

from an economic and environmental point of view (Aebi et al. 2007, Conedera et al. 2004a and 3 

2004b), although this importance has changed over time and varies in different regions (Conedera et 4 

al. 2016). Many phytosanitary threats have affected the European chestnut cultivation. The most 5 

recent began in 2002 and was the Asian chestnut gall wasp (ACGW) Dryocosmus kuriphilus 6 

Yasumatsu, which was accidentally introduced from China into Europe. Already widespread in 7 

Korea, Japan and USA between the 1940s and 1970s (Gibbs et al. 2011), the first European record 8 

of ACGWs was in Piedmont (Italy) in 2002 (Brussino et al. 2002). From here, it spread out rapidly 9 

in Italy, and Turkey (Çetin et al. 2014, Avtzis et al. 2018).  10 

The damage caused by ACGWs, whose parthenogenetic females lay their eggs in both leaf and 11 

reproductive buds, is due to the gall development with consequent severe production losses and a 12 

reduction in the photosynthetic surface of the leaves. Resistant chestnut ecotypes or the chemical 13 

control (EFSA 2010) have been used to control ACGWs, but only the introduction of an alien 14 

parasitoid from China, Torymus sinensis Kamijo (TORYSI) has led to stable results.  15 

TORYSI is univoltine like its host, but a diapause of 12 months can occur in some larvae probably 16 

because of host deficiency (Ferracini et al. 2015). TORYSI has been introduced successfully into 17 

Japan and USA for the biological control of the ACGW (Gibbs et al. 2011). In 2005, TORYSI 18 

adults were first released in Piedmont (Quacchia et al. 2008) and then all over Italy (Quacchia et al. 19 

2014). The first release of TORYSI in Tuscany was in 2010, as part of a regional ACGW biological 20 

control project (Conti et al. 2014).  21 

The population of TORYSI introduced into Italy was imported from Japan, where in 1975 TORYSI 22 

was released to support the control activity exerted by a native torymid, T. beneficus Yasumatsu et 23 

Kamijo (Moriya et al. 2003). Later, using molecular markers (cytochrome oxidase subunit I [COI], 24 

ribosomal internal transcribed spacers 1 and 2 [ITS1 and ITS2]), Yara et al. (2007) demonstrated 25 



that in one specimen hybridization had occurred between a female of T. beneficus and a male of 26 

TORYSI. This suggests that the hybridization is possible although quite rare.  27 

DNA markers are used for assessing genetic diversity, identifying haplotypes and predicting 28 

migration and colonization (Salvato et al. 2002, Llewellyn et al. 2003, Margonari et al. 2004, Bosio 29 

et al. 2005, Behura 2006, Guo et al. 2017). Molecular markers are utilized to identify the phylogeny 30 

and biogeography of insect populations and to understand the means of evolution and evolutionary 31 

trajectories (Luque et al. 2002, Chatterjee and Mohandas 2003, Mohandas et al. 2004, Prasad et al. 32 

2004). The main applications of molecular markers are: mating, parentage and kinship, insect plant 33 

interaction, insect pathogen interaction and insect ecology study. Molecular analysis allows a 34 

sample to be identified independently of the sex and the stage of the biological cycle. DNA-based 35 

techniques have thus proved particularly useful in the study of the taxonomic and phylogenetic 36 

relationships of insects (Caterino et al. 2000). 37 

Many molecular markers have been used in various studies and several authors have reviewed the 38 

various marker techniques (Lehmann et al. 1997, Kuhner et al. 2000, Black et al. 2001, Nagaraju et 39 

al. 2001, Brumfield et al. 2003, Morin et al. 2004). 40 

Ribosomal DNA (rDNA) is the most widely used nuclear sequence in evolutionary analyses. 41 

Thanks to its high rate of evolution, the ITS regions flanking the 18S, 5.8S and 28S regions, ITS1 42 

and ITS2, have been used in phylogenetic inference for closely related taxa (Miller et al. 1996) and 43 

phylogeographical and other population genetic studies (Navajas et al.1998, Ji et al. 2003, Volkov 44 

et al. 2003, Long et al. 2004, Mahendran et al. 2006, Yara 2006, Kumar et al. 2018, Li et al. 2018). 45 

The aim of this paper was to investigate the phylogeny of T. sinensis by comparing ITS2 sequences. 46 

We also investigated whether TORYSI populations in Tuscany (Italy) have undergone 47 

hybridization with native species belonging to the same genus.  48 

 49 

Materials and Methods 50 

Study sites 51 



Three sites in northern Tuscany (Italy) were chosen for the samplings of ACGW galls (Fig. 1): 52 

Fosdinovo (FOS), Capezzano Monte (CAPE) and Catagnana-Barga (CATA). Two of these sites, 53 

Fosdinovo and Capezzano Monte, face the Mar Ligure coast while Catagnana-Barga is in a valley 54 

of the river Serchio. The Apuanian Alps separate Fosdinovo and Capezzano Monte from 55 

Catagnana-Barga. 56 

 57 

Insect collection 58 

 In order to collect specimens of ACGW parasitoids, about 400 undisclosed galls were collected 59 

between 3 and 9 March 2016 in each of the three sites.  60 

The galls were split into four plastic containers with a holed lid for each sampling site and 61 

maintained at room temperature and humidity. Twice a week, until mid May, the containers were 62 

monitored to observe parasitoid emergence. The specimens were captured, placed individually into 63 

a vial, labelled and frozen (-20°C). Given that TORYSI adults were the most common specimens, 64 

50 of them were separated from the other parasitoids and labelled according to their origin with the 65 

following abbreviations: FOSX (Fosdinovo), CAPEX (Capezzano Monte), CATAX (Catagnana-66 

Barga) where X is a literal and/or numeric code of the isolate. These individuals made up the stock 67 

for genetic analysis. 68 

Dichotomous keys were used to identify the species of parasitoids (Askew, 1961; Gibson and Fusu, 69 

2016; Graham, 1969; Vere and Gijswijt, 1998; Zerova, 1978) as well as for the comparison with 70 

type material available in the Department of Agriculture, Food and Environment (DAFE), 71 

University of Pisa and the Department of Agriculture, Food, Environment and Forestry (DAFEF), 72 

University of Florence. 73 

 74 

DNA extraction 75 

Genomic DNA was extracted from individual insects using the Quick-DNA Miniprep Plus Kit 76 

(Zymo Research, USA) following the manufacturer’s instructions. The concentration of each DNA 77 



sample was measured using a WPA biowave DNA spectrophotometer (Biochrom Ltd., Cambridge, 78 

England), and their integrity was evaluated by agarose gel electrophoresis. The DNA was stored at -79 

20°C. 80 

 81 

PCR primer design 82 

The primer pairs for identifying the haplotypes of the partial region of 18S rDNA (To18SA and 83 

To18SB), were designed from nucleotide sequences (acc. Nos. MH543348 and MH5433489) using 84 

Primer3 software (Applied Biosystems) as reported in Table 1. The primers for ITS2  were 85 

constructed in homologous regions, after CLUSTALW (Thompson et al., 1994) multi-alignment of 86 

sequences selected by BLASTN analysis of Torymus sinensis genes for 5.8S rRNA, ITS2, 28S 87 

rRNA, partial and complete sequence, isolate: CK15 (acc. no. AB200273); Trichogramma minutum 88 

TmMS16 ITS1, 5.8S ribosomal RNA gene, and ITS2, complete sequence (acc. no. AY374440); 89 

Leptocybe invasa voucher Li_CN_1 5.8S ribosomal RNA gene, partial sequence; ITS2, complete 90 

sequence; and 28S ribosomal RNA gene, partial sequence (acc. no. KP143962); Quadrastichus 91 

mendeli 5.8S ribosomal RNA gene, partial sequence; ITS2, complete sequence and 28S ribosomal 92 

RNA gene, partial sequence (acc. no. KF879806); and Ooencyrtus pityocampae haplotype 2f 5.8S 93 

ribosomal RNA gene, partial sequence; ITS2, complete sequence and 28S ribosomal RNA gene, 94 

partial sequence (acc. no. KM527088) (Table 1). 95 

 96 

PCR amplification 97 

Amplification was carried out by conventional PCR in 20 μl reactions containing 1x 10X 98 

DreamTaq Buffer (Thermo Fisher Scientific, USA) 0.5 μM of each primer (Table 1), 1U of 99 

DreamTaq (Thermo Fisher Scientific, USA), and 20 ng of template DNA. PCR was run in a PCR 100 

system 2700 (Applied Biosystems, USA): Thermocycling consisted of an initial denaturation step at 101 

95°C (5 min), which was followed by cycles for: 102 

ToITS2 (95°C for 30 sec, 50°C for 40 sec and 72°C for 40 s) 40 cycles;  103 



To18SA (95°C for 30 sec, 54°C for 30 sec and 72°C for 30 s) 30 cycles;  104 

To18SB (95°C for 30 sec, 56°C for 30 sec and 72°C for 30 s) 30 cycles; 105 

final extension step at 72°C (10 min).  106 

All reactions were checked for amplification by gel electrophoresis. 107 

Amplified DNA sequences were directly inserted into a pGEM-T Easy Vector System (Promega, 108 

USA). Colony PCR was performed on putatively transformed colonies using M13Forward and 109 

M13Reverse as primers. The clones that showed inserts with different molecular weights using gel 110 

electrophoresis analyses were sequenced by automated sequencing (MWG Biotech, Ebersberg, 111 

Germany). The sequences were analysed using BLASTN (https://blast.ncbi.nlm.nih.gov/Blast.cgi) 112 

in order to identify them in the GeneBank. 113 

 114 

Phylogenetic analyses 115 

All sequences were multi-aligned using the CLUSTALW program (https://www.genome.jp/tools-116 

bin/clustalw). Phylogenetic trees were built using the MEGA7 program (Kumar et al. 2016). The 117 

evolutionary relationship was estimated based on the statistical model Neighbour-Joining (in 118 

MEGA7 program) with a bootstrap number equal to 1000. 119 

 120 

Results 121 

Gall parasitoids 122 

A total of 1048 parasitoids emerged from the galls collected in the three sites (Table 2). TORYSI 123 

was the most abundant species in the three sampling sites. The other species were polyphagous 124 

native parasitoids.  125 

 126 

DNA amplification with the universal primer 18S rRNA gene   127 

DNA of T. sinensis isolates 3 and 14, collected in Fosdinovo (FOS), were amplified with universal 128 

primer 18S rRNA gene and two different bands were highlighted, as shown in Fig. 2. 129 



The PCR products were cloned and sequenced.  The aligned sequences revealed two haplotypes, A 130 

and B, for the partial 18S rDNA gene, as shown in Fig. 3. 131 

Phylogenetic analysis of the sequences confirmed the occurrence of two clusters, the ToSA and 132 

ToSB haplotypes (Fig. 4). 133 

 134 

DNA amplification with the primer for Internal Transcribed Spacer 2 (ITS2) and sequences 135 

analysis 136 

DNA amplification products with primer ToITS2 (Table 2), extracted from T. sinensis collected at 137 

our three sites, and T. flavipes and T. auratus from Fosdinovo, were cloned and, after PCR colony 138 

screening, clones showing different molecular weights (Fig. 5) were sequenced. 139 

After sequence alignment, a phylogenetic tree (Fig. 6) was constructed using all the sequences 140 

obtained in this study along with the sequences of  T. sinensis, T. auratus and T. flavipes (from 141 

specimens collected in the study site), T. geranii (species with a Palearctic distribution collected 142 

from ACGW galls in several regions of Italy) and T. beneficus (Japanese species). The sequences of 143 

T. geranii and T. beneficus were retrieved from public databases. We used the ITS2 of Bombyx mori 144 

as the outgroup. 145 

All sequences isolated in this study belonged to one of two clusters, C and D. All individuals felt 146 

into one of the two clusters, except for the capeA isolate which showed ITS2 sequences from both 147 

clusters. 148 

 149 

Discussion 150 

The role of T. sinensis as the main parasitoid in ACSW galls was confirmed in the three study sites. 151 

However, despite the restricted time frame of the sampling, other native parasitoids also emerged. 152 

Many native parasitoids, especially all chalcidoidea hymenopterans, have adapted to the ACGW 153 

larvae in Italy as well as in other sites in Europe where the ACSW was introduced (Quacchia et al. 154 

2008, Matošević and Melika 2013). In fact, they have shifted to the new host and have aided T. 155 



sinensis in its role as a biological control. However, the parasitism rate of these native parasitoids, 156 

which are frequently associated with oak gall wasps, is generally low. The native parasitoids 157 

observed in the sampling include species already observed in other sites in Tuscany (Panzavolta et 158 

al. 2013, Panzavolta et al. 2018). 159 

For the phylogenetic investigations of T. sinensis, we used nuclear ribosomal DNA (rDNA) given 160 

that it is present in many copies in every species and is known to provide insights into the 161 

evolutionary history of different organisms (Nyaku et al. 2013, Costa et al. 2016, Zhang et al. 162 

2017).  163 

While the rRNA genes are conserved among the species, the intergenic spacers (ITS1 and 2) evolve 164 

rapidly and have been widely used for intraspecific analyses of diversity in numerous organisms, 165 

including animals and plants. The conserved region rDNA 18S has been extensively used for 166 

evaluating relationships among taxa (Gomulski et al. 2005, Fritz 2006, Nyaku et al. 2013, 167 

Venkatesan et al. 2016). 168 

The genetic analysis carried out on some of the TORYSI adults that had emerged from the galls, 169 

showed the presence of two haplotypes. No nucleotide difference within each cluster was found 170 

with the specific haplotype primers (To18SA and To18SB), differently from Nyaku et al. (2013) 171 

who found two variants of the 18S rDNA when they were working on Rotylenchulus reniformis, a 172 

plant parasitic nematode. 173 

The phylogenetic analysis using ITS2 sequences, showed that the specimens of T. sinensis that we 174 

isolated can be differentiated from the two native species of the same genus (T. auratus and T. 175 

flavipes) collected in our sampling sites.  This analysis also confirms that T. sinensis and T. 176 

beneficus belong to the same cluster, confirming the results of Montagna et al. (2018). This analysis 177 

also showed that all our isolates belonged to one of the two clusters, except for the capeA isolate 178 

which showed ITS2 sequences of both clusters (Supp. Fig. S1) 179 

These results suggest that, in the area of this study, T. sinensis imported to Italy did not hybridize 180 

with the native Torymus species, such as T. auratus and T. flavipes. In fact, none of our isolates 181 



share the ITS2 sequence with these species. However, this is also true for T. geranii, whose DNA 182 

sequence is in a data bank derived from specimens collected in two regions in the north of Italy 183 

(Piedmont and Liguria). The absence until now of hybridization with native species is a positive 184 

feature in the evaluation of the environmental impact of TORYSI. However, in order to minimize 185 

the environmental risks routine analyses for intentionally-introduced natural enemies should be 186 

carried out on a larger scale and implemented with other evaluations on behavioural aspects. For 187 

instance, the host range of TORYSI was recently demonstrated to be broader than that reported in 188 

the literature (Ferracini et al. 2015), since it is attracted by non-target hosts other than D. kuriphilus.   189 

 190 

Supplementary Data  191 

Supplementary data are available at Annals of the Entomological Society of America online. 192 

 193 

Acknowledgements 194 

Thanks are due to Prof. T. Panzavolta and Dr. M. Croci of DAFEF (University of Florence) and to 195 

Pier Luigi Scaramuzzino of DAFE (University of Pisa) for their helpful collaboration and support in 196 

parasitoid identification. 197 

 198 

Conflicts of Interest 199 

The authors declare no conflict of interest. 200 

 201 

References 202 

Aebi, A., K. Schönrogge, G. Melika, A. Quacchia, A. Alma, G. N. Stone. 2007. Native and 203 

introduced parasitoid attacking the invasive chestnut gall wasp Dryocosmus kuriphilus. EPPO Bull. 204 

37: 166-171.  205 



Askew R. R., 1961. A study of the biology of species of the genus Mesopolobus Westwood 206 

(Hymenoptera: Pteromalidae) associated with cynipid galls on oak. Transactions of the Royal 207 

Entomological Society of London, 113: 155-173.  208 

Avtzis, D. N., G. Melika, D. Matošević, D. Coyle. 2018. The Asian chestnut gall wasp 209 

Dryocosmus kuriphilus: a global invader and a successful case of classical biological control. J. 210 

Pest. Sci. https://doi.org/10.1007/s10340-018-1046-1 (in press) 211 

Behura, S. K. 2006. Molecular marker systems in insects: current trends and future avenues. Mol. 212 

Ecol. 15: 3087-3113. 213 

Black, W. C., C. F. Baer, M. F. Antolin, N. M. DuTeau. 2001. Population genomics: genome-214 

wide sampling of insect populations. Annu. Rev. Entomol. 46: 441-469. 215 

Bosio, C. F., L. C. Harrington, J. W. Jones, R. Sithiprasasna, D. E. Norris, T. W. Scott. 2005. 216 

Genetic structure of Aedes aegypti populations in Thailand using mitochondrial DNA. Am J Trop. 217 

Med. Hyg. 72: 434-442. 218 

Brumfield, R. T., P. Beerli, D. A. Nickerson, S. V. Edwards. 2003. Single nucleotide 219 

polymorphisms (SNPs) as markers in phylogeography. Trends Ecol. Evol. 18: 249-256. 220 

Brussino, G., G. Bosio, M. Baudino, R. Giordano, F. Ramello, G. Melika. 2002. Pericoloso 221 

insetto esotico per il castagno europeo. Inf. Agrar. 37: 59-61 222 

Caterino, M. S., S. Cho, F. A. H. Sperling. 2000. The current state of insect molecular systematic: 223 

a thriving tower of Babel. Annu. Rev. Entomol. 45: 1-54.  224 

Çetin, G., E. Orman, Z. Polat. 2014. First record of the Oriental chestnut gall wasp, Dryocosmus 225 

kuriphilus Yasumatsu (Hymenoptera: Cynipidae) in Turkey. Plant. Prot. Bull. 54: 303-309. 226 

Chatterjee, S. N., and T. P. Mohandas. 2003. Identification of ISSR markers associated with 227 

productivity traits in silkworm, Bombyx mori L. Genome. 46: 438-447. 228 

Conedera, M., M. C. Manetti, F. Giudici, E. Amorini. 2004a. Distribution and economic 229 

potential of the Sweet chestnut (Castanea sativa Mill.) in Europe. Ecol. Mediterr. 30: 179-193. 230 



Conedera, M., P. Krebs, W. Tinner, M. Pradella, D. Torriani. 2004b. The cultivation of 231 

Castanea sativa Mill. in Europe: from its origin to its diffusion on a continental scale. Veg. Hist. 232 

Archaeobot. 13: 161-179. 233 

Conedera, M, W. Tinner, P. Krebs, D. de Rigo, G. Caudullo. 2016. Castanea sativa in Europe: 234 

distribution, habitat, usage and threats. In J. San-Miguel-Ayanz, D. de Rigo, G. Caudullo, T. 235 

Houston Durrant, A. Mauri (eds.), European Atlas of Forest Tree Species. Publication Office of the 236 

European Union, LU. 237 

Conti, L., A. Guidotti, M. Monti, F. Pennacchio, V. Racanelli, R. Russu, F. Sorbetti Guerri. 238 

2016. Caratteristiche progettuali, costruttive e funzionali di strutture sperimentali di stoccaggio e di 239 

moltiplicazione di Torymus sinensis. Atti Gior. Fitopatolog. 1: 449-458 240 

Costa, J., M. D. Bargues, V. L. Neiva, G. G. Lawrence, M. Gumiel, G. Genova Oliveira, P. 241 

Cabello, M. M. Lima, E. Dotson, D. W. Jr. Provance, C. E. Almeida, L. Mateo, S. Mas-Coma, 242 

J. P. Dujardin. 2016. Phenotypic variability confirmed by nuclear ribosomal DNA suggests a 243 

possible natural hybrid zone of Triatoma brasiliensis species complex. Infect. Genet. Evol. 37: 77-244 

87 245 

EFSA Panel on Plant Health (PLH). 2010. Risk assessment of the oriental chestnut gall wasp, 246 

Dryocosmus kuriphilus for the EU territory on request from the European Commission. EFSA 247 

Journal. 8: 1619 248 

Ferracini, C., E. Ferrari, M. A. Saladini, M. Pontini, M. Corradetti, A. Alma. 2015. Non-target 249 

host risk assessment for the parasitoid Torymus sinensis. BioControl. 60: 583-594. 250 

Fritz, A. H. 2006. Sequence Analysis of Nuclear rDNA of Anastrepha suspensa. Ann. Entomol. 251 

Soc. Am. 99: 369-373.  252 

Gibbs, M., K. Schönrogge, A. Alma, G. Melika, A. Quacchia, G. N. Stone, A. Aebi. 2011. 253 

Torymus sinensis: a viable management option for the biological control of Dryocosmus kuriphilus 254 

in Europe? BioControl. 56: 527-538. 255 



Gibson, G.A.P., L. Fusu. 2016. Revision of the Palaearctic species of Eupelmus (Eupelmus) 256 

Dalman (Hymenoptera: Chalcidoidea: Eupelmidae). Zootaxa 4081: 1-331.  257 

Gomulski, L. M., R. Meiswinkel, J. Delécoll, M. Goffredo, G. Gasperi. 2005. Phylogenetic 258 

relationships of the subgenus Avaritia Fox, 1955 including Culicoides obsoletus (Diptera, 259 

Ceratopogonidae) in Italy based on internal transcribed spacer 2 ribosomal DNA sequences. Syst. 260 

Entomol. 30: 619-631.  261 

Graham, M.W.R. de V. 1969. The Pteromalidae of north-western Europe. Bulletin of the British 262 

Museum of Natural History "Entomology”, Supplement, 16: 1-908.  263 

Guo, J., Z. Wang, F. Francis. 2017. Use of molecular markers for entomological diversity 264 

assessment and their application in population study of aphids. Entomol. Faun.-Faun. Entomol. 70: 265 

49-62. 266 

Ji, Y., D. Zhang, L. He. 2003. Evolutionary conservation and versatility of a new set of primers for 267 

amplifying the ribosomal internal transcribed spacer regions in insects and other invertebrates. Mol. 268 

Ecol. Notes. 3: 581-585.  269 

Kuhner, M. K., P. Beerli, J. Yamat, J. Felsenstein. 2000. The usefulness of single nucleotide 270 

polymorphism data for estimating population parameters. Genetics. 156: 439-447. 271 

Kumar, S., G. Stecher, K. Tamura. 2016. MEGA7: Molecular Evolutionary Genetics Analysis 272 

version 7.0 for bigger datasets. Mol. Biol. Evol. 33: 1870-1874. 273 

Kumar, L., P. Shankar, V. Kulkarni. 2018. Analyses of the internal transcribed rDNA spacers 274 

(ITS1 and ITS2) of Indian weevils of Odoiporus longicollis (Olivier) reveal gene flow between 275 

locations. Int. J. Trop. Insect. Sc. 38: 313-329.  276 

Lehmann, T., N. J. Besansky, W. A. Hawley, T. G. Fahey, L. Kamau, F. H. Collins. 1997. 277 

Microgeographic structure of Anopheles gambiae in western Kenya based on mtDNA and 278 

microsatellite loci. Mol. Ecol. 6: 243-255. 279 



Li, Z. B., G. H. Liu, T. Y. Cheng. 2018. Molecular characterization of hard tick Haemaphysalis 280 

longicornis from China by sequences of the internal transcribed spacers of ribosomal DNA. Exp. 281 

Appl. Acarol. 74: 171-176. 282 

Llewellyn, K. S., H. D. Loxdale, R. Harrington, C. P. Brookes, S. J. Clark, P. Sunnucks. 2003. 283 

Migration and genetic structure of the grain aphid (Sitobion avenae) in Britain related to climate 284 

and clonal fluctuation as revealed using microsatellites. Mol. Ecol. 12: 21-34. 285 

Long, C., N. Kakiusci, A. Takahasci, K. Komatsu, S. Cai, M. Mikage. 2004. Phylogenetic 286 

analysis of the DNA sequence of non-coding region of nuclear ribosomal DNA and chloroplast of 287 

Ephedra plants in China. Planta. Med. 70: 1080-1084. 288 

Luque, C., L. Legal, H. Staudter, C. Ger, M. Wink. 2002. ISSR (Inter Simple Sequence Repeats) 289 

as genetic markers in Noctuids (Lepidoptera). Hereditas. 136: 251-253. 290 

Mahendran, B., S. K. Ghosh, S. C. Kundu. 2006. Molecular phylogeny of silk producing insects 291 

based on internal transcribed spacer DNA. J. Biochem. Mol. Biol. 39: 522-529. 292 

Margonari, C. S., C. L. Fortes-Dias, E. S. Dias. 2004. Genetic variability in geographical 293 

populations of Lutzomyia whitmani elucidated by RAPD-PCR. J. Med. Entomol. 41: 187-192. 294 

Matošević, D., and G. Melika. 2013. Recruitment of native parasitoids to a new invasive host: first 295 

results of Dryocosmus kuriphilus parasitoid assemblage in Croatia. B. Insectol. 66: 231-238. 296 

Miller, B. R., M. B. Crabtree, H. M. Savage. 1996. Phylogeny of fourteen Culex mosquito 297 

species, including the Culex pipiens complex, inferred from the internal transcribed spacers of 298 

ribosomal DNA. Insect. Mol. Biol. 5: 93-107.  299 

Mohandas, T. P., B. N. Sethuraman, B. Saratchandra, S. N. Chatterjee. 2004. Molecular 300 

genetics approach for identifying markers associated with yield traits in the silkworm, Bombyx mori 301 

using RFLP-STS primers. Genetica. 122: 185-197. 302 

Montagna, M., E. Gonella, V. Mereghetti, G. Magoga, E. Ferrari, M. Pontini, C. Ferracini 303 

and A. Alma. 2018. Molecular species delimitation of the Asian chestnut gall wasp biocontrol 304 



agent released in Italy. Insect. Syst. Evol. 2018: 1-19. doi: https://doi.org/10.1163/1876312X-305 

00002188. 306 

Morin, A. P., G. Luikart, R. K. Wayne. 2004. SNPs in ecology, evolution and conservation. 307 

Trends Ecol. Evol. 19: 208-216. 308 

Moriya, S., M. Shiga, I. Adachi. 2003. Classical biological control of the chestnut gall wasp in 309 

Japan, pp 407-415. In R.G. Van Driesche (Eds.), Proceedings, Symposium: Biological Control of 310 

Arthropods, 14-18 January 2002, Honolulu, HI. USDA Forest Service, Morgantown, USA. 311 

Nagaraju, J., K. D. Reddy, G. M. Nagaraja, B. N. Sethuraman. 2001. Comparison of multilocus 312 

RFLPs and PCR based marker systems for genetic analysis of the silkworm, Bombyx mori. 313 

Heredity. 86: 588-597. 314 

Navajas, M., J. Lagnel, J. Gutierrez, P. Boursot. 1998. Species wide homogeneity of nuclear 315 

ribosomal ITS2 sequences in the spider mite Tetranychus urticae contrasts with extensive 316 

mitochondrial COI polymorphism. Heredity. 80: 742-752. 317 

Nyaku, S. T., V. R. Sripathi, R. V. Kantety, Y. Q. Gu, K. Lawrence, G. C. Sharma. 2013. 318 

Characterization of the Two Intra-Individual Sequence Variants in the 18S rRNA Gene in the Plant 319 

Parasitic Nematode, Rotylenchulus reniformis. Plos One. 8: e60891. 320 

Panzavolta, T., U. Bernardo, M. Bracalini, P. Cascone, F. Croci, M. Gebiola, L. Iodice, R. 321 

Tiberi, E. Guerrieri. 2013. Native parasitoids associated with Dryocosmus kuriphilus in Tuscany, 322 

Italy. B. Insectol. 66: 195-201.  323 

Panzavolta, T., F. Croci, M. Bracalini, G. Melika, S. Benedettelli, F. G. Tellini, R. Tiberi. 324 

2018. Population Dynamics of Native Parasitoids Associated with the Asian Chestnut Gall Wasp 325 

(Dryocosmus kuriphilus) in Italy. Psyche. 2018: 1-13. 326 

Prasad, M. D., M. Muthulakshmi, M. Madhu, S. Archak, S. G. Razafimandimbison, K. Mita, 327 

J. Nagaraju, E. A. Kellogg, B. Bremer. 2004. Recent origin and phylogenetic utility of divergent 328 

ITS putative pseudogenes: a case study from Naucleeae (Rubiaceae). Syst. Biol. 53: 177-92. 329 



Quacchia, A., S. Moriya, R. Askew, K. Schönrogge. 2014. Torymus sinensis: Biology, host range 330 

and hybridization. Acta. Hort. 1043: 105-111. 331 

Quacchia, A., S. Moriya, G. Bosio, I. Scapin, A. Alma. 2008. Rearing, release and settlement 332 

prospect in Italy of Torymus sinensis, the biological control agent of the chestnut gall wasp 333 

Dryocosmus kuriphilus. BioControl. 53: 829-839. 334 

Salvato, P., A. Battisti, S. Concato, L. Masutti, T. Patarnello, L. Zane. 2002. Genetic 335 

differentiation in the winter pine processionary moth (Thaumetopoea pityocampa-wilkinsoni 336 

complex), inferred by AFLP and mitochondrial DNA markers. Mol. Ecol. 11: 2435-2444. 337 

Thompson, J. D., D. G. Higgins, T. J. Gibson 1994. CLUSTAL W: improving the sensitivity of 338 

progressive multiple sequence alignment through sequence weighting, position-specific gap 339 

penalties and weight matrix choice. Nucleic Acids Res. 22: 4673-80. 340 

Venkatesan, T., R. P. More, R. Baskar, S. K. Jalali, Y. Lalitha, C. R. Ballal. 2016. 341 

Differentiation of some indigenous and exotic trichogrammatids (Hymenoptera: 342 

Trichogrammatidae) from India based on Internal transcribed spacer-2 and cytochrome oxidase-I 343 

markers and their phylogenetic relationship. Biol. Control. 101: 130-137. 344 

Vere, de M. W. R., and M. J. Gijswijt. 1998. Revision of the European species of Torymus 345 

Dalman (Hymenoptera: Torymidae). Zool. Verhandel. 317: 1-202.  346 

Volkov, R. A., I. I. Panchuk, L. H. Borysiuk, M. B. Borysiuk. 2003. Plant rDNA: organisation, 347 

evolution, and using. Tsitol. Genet. 37: 72-78. 348 

Yara, K. 2006. Identification of Torymus sinensis and T. beneficus (Hymenoptera: Torymidae), 349 

introduced and indigenous parasitoids of the chestnut gall wasp Dryocosmus kuriphilus 350 

(Hymenoptera: Cynipidae), using the ribosomal ITS2 region. Biol. Control. 36: 15-21. 351 

Yara, K., T. Sasawaki, Y. Kunimi. 2007. Displacement of Torymus beneficus (Hymenoptera: 352 

Torymidae) by T. sinensis, an indigenous and introduced parasitoid of the chestnut gall wasp, 353 

Dryocosmus kuriphilus (Hymenoptera: Cynipidae), in Japanese chestnut fields: Possible 354 

involvement in hybridization. Biol. Control. 42: 148-154.  355 



Zerova, M. D. 1978. Family Eurytomidae. – In: Medvedev G.S. (ed.): Keys to the Insects of the 356 

European Part of the USSR, Vol. III Hymenoptera, Part II. USSR Academy of Sciences, Zoological 357 

Institute. Nauka, Leningrad, 594-650. (In Russian; translated by Amerind Publishing, New Delhi, 358 

1987). 359 

Zhang, X., J. Y. Duan, Z. Q. Wang, P. Jiang, R. D. Liu, J. Cui. 2017. Using the small subunit of 360 

nuclear ribosomal DNA to reveal the phylogenetic position of the plerocercoid larvae of Spirometra 361 

tapeworms. Exp. Parasitol. 175: 1-7. 362 

 363 

Table legends 364 

Table 1. List of Torymus sinensis specific primer sequences used in PCR assays. 365 

 366 

Table 2. Species and number of parasitoids emerged from the ACGW galls in 2016 367 

 368 

Figure legends 369 

Fig. 1. Google map of the study sites: FOS=Fosdinovo, CAPE=Capezzano Monte, CATA= 370 

Catagnana-Barga.  371 

 372 

Fig. 2. Electrophoretic analysis of PCR products of T. sinensis isolates 3 and 14 (fos3, fos14) with 373 

the universal primer 18S rRNA gene  374 

 375 

Fig. 3. Alignment of 18S rRNA gene sequences: Haplotype A (ToSA) and Haplotype B (ToSB) of 376 

T. sinensis collected in Fosdinovo (FOS). 377 

 378 

Fig. 4. Molecular phylogenetic relationship between haplotypes of sequences of T. sinensis: FOS, 379 

collected in Fosdinovo, CAPE, collected in Capezzano Monte and CATA, collected in Catagnana-380 

Barga. In the molecular phylogenetic relationship, X, Y and Z represent respectively: the 381 



provenance of sample (X), its name (Y) and the clone (Z) (for example capesnow1 is  provenance 382 

“cape”, the sample “snow” and the clone “1”). The molecular phylogenetic relationship between 383 

haplotypes was estimated on the basis of a Neighbour-Joining statistical model. The numbers by the 384 

nodes represent the bootstrap support percentage, estimated with 1000 replicates in MEGA7. In the 385 

tree, the branches of two haplotypes (A and B) are highlighted respectively in red and green. The 386 

sequence of Bombyx mori was used as an outgroup. 387 

 388 

Fig. 5. Electrophoresis of PCR colony screening of 12 colonies 389 

 390 

Fig. 6. Molecular phylogenetic relationship among sequences of T. sinensis: FOS, collected in 391 

Fosdinovo, CAPE, collected in Capezzano Monte and CATA, collected in Catagnana-Barga, TA: T. 392 

auratus, TB: T. beneficus; TF: T. flavipes, TG: T. geranii, TS: T. sinensis sequence from the gene 393 

bank. TA14_2gb|LT821706|, TA14_1gb|LT821705|, TG15Q_1gb|LT821715|, 394 

TG12C_1gb|LT821714|, TSgb|LT821666| in the gene bank were from Italy, the remaining 395 

specimens came from Japan.  396 

In the aligment, X, Y and Z represent respectively: the provenance of sample (X), its name (Y) and 397 

the clone (Z) (for example cape1A5 is  provenance “cape”, the sample “1A” and the clone “5”). In 398 

the tree, the sequences from the database are highlighted in red, and the branches of two haplotypes 399 

C and D are highlighted respectively in blue and pink. The evolutionary relationship was estimated 400 

by the statistical neighbor-joining model and the bootstrap was estimated with 1000 replications 401 

with the MEGA7 program. The sequence of Bombyx mori was used as an outgroup. Asterisks 402 

represent a bootstrap of more than 50%. 403 


