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Abstract

Morphological identification and molecular study on the COI gene were simultaneously conducted on Anagrus

Haliday ‘atomus’ group individuals collected in the field in Italy or supplied from a UK biofactory. Females were

morphologically identified as A. atomus L. and A. parvus Soyka sensu Viggiani (¼A. ustulatus sensu Chiappini).

Alignment of COI gene sequences from this study permitted recognition of a total of 34 haplotypes.

Phylogenetic and network analyses of molecular data not only confirmed that A. atomus is a species distinct

from A. parvus, but also suggested that two species may be included within morphologically identified A. par-

vus. Different geographical distribution and frequency of haplotypes were also evidenced. For males consid-

ered in this study, morphometric analyses revealed a character that could be useful to discriminate A. atomus

from A. parvus. Both species were found in vineyards and surrounding vegetation, confirming the potential role

of spontaneous vegetation as a source of parasitoids for leafhopper control in vineyards.
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Anagrus Haliday (Hymenoptera: Mymaridae) includes extremely

small egg parasitoids mostly associated with leafhoppers

(Hemiptera: Cicadellidae) (Huber 1986; Wallof and Jervis 1987;

Arn�o et al. 1988; Matteucig and Viggiani 2008; Triapitsyn et al.

2010). Within the genus, two species groups (i.e., ‘incarnatus’ and

‘atomus’) have been recognized morphologically (Chiappini et al.

1996). Until a short time ago, inside the ‘atomus’ group only

Anagrus atomus (L.) and A. parvus Soyka sensu Viggiani (2014)

(¼A. ustulatus sensu Chiappini 1989) (hereafter A. parvus) had been

described for Italy (Chiappini et al. 1996; Floreani et al. 2006;

Viggiani et al. 2006), but recently also Anagrus lindberginae Nugnes

and Viggiani was described in Nugnes and Viggiani (2014). The lat-

ter species is exclusively associated with Quercus ilex (L.) and eggs

of the leafhopper Lindbergina aurovittata (Douglas), whereas

A. atomus and A. parvus emerge from other plant species (e.g., grape-

vines and Rubus L. spp.). Females of these latter species were distin-

guished on the basis of a morphological character (Chiappini et al.

1996) which, in most cases, is combined with a morphometric one

(Chiappini 1987; Floreani et al. 2006). However, morphological and

morphometric identifications of mymarid species can fail because

discriminant characters can be intermediate in some individuals

(Chiappini et al. 1999) or be influenced both by the host parasitized

(Huber and Rajakulendran 1988) and by the host plant from which

individuals emerge (Nugnes and Viggiani 2014). In general, identifi-

cation at species level of individuals belonging to Anagrus is often

difficult due to the paucity of diagnostic characters and morphologi-

cal variability within species (Triapitsyn et al. 2010). In the case of

A. atomus and A. parvus males, are morphologically indistinguish-

able (Viggiani 1970, 1989; Chiappini and Mazzoni 2000).

Regarding A. ustulatus there is also a misidentification problem,

since Viggiani (2014) recently proposed to refer A. ustulatus sensu

Chiappini et al. (1996) to A. parvus Soyka (Soyka 1955).

Sibling species are particularly frequent in extremely small

Hymenoptera parasitoids (Masner 1975; Stouthamer et al. 1999;

Borghuis et al. 2004). For example, Anagrus epos Girault has been

sub-divided into several different species, grouped in the A. epos spe-

cies complex (Triapitsyn 1998; Triapitsyn et al. 2010). In biological

control, the characterization of natural enemies is essential because

cryptic species may have different biological performances leading

to a variable ability to control a specific pest (DeBach and Rosen

1991; Nugnes and Viggiani 2014). For example, both A. atomus

and A. parvus can emerge from grapevine and bramble leaves
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(Chiappini 1987; Floreani et al. 2006; Viggiani et al. 2006), but in

Northern Italy on grapevines only A. atomus was associated with

the eggs of Empoasca vitis (G€othe) (Chiappini 1987; Zanolli and

Pavan 2011, 2013), whereas A. parvus emerged only from the eggs

of Zygina rhamni Ferrari (Zanolli and Pavan 2011). However, the

number of potential hosts for Anagrus spp. in Europe is large

(Huber 1986; Arn�o et al. 1988; Matteucig and Viggiani 2008). In

particular, on Rubus spp., considered an important source of

Anagrus spp. for biological control of leafhoppers in vineyards

(Arn�o et al. 1988; Cerutti et al. 1991; Ponti et al. 2005; Matteucig

and Viggiani 2008; Zanolli and Pavan 2011), the leafhoppers

Zygina Fieber spp., Ribautiana (Zachvatkin) spp., Edwadrsiana

rosae (L.), and Arboridia parvula (Boheman) were found to lay eggs.

Therefore, species limits based only on morphology and mor-

phometry may be difficult to assess without supporting data from

their biology, and from molecular and biochemical analyses. When

two sibling species are identified with molecular analysis, the molec-

ular results have a key role in making correct identifications, to-

gether with species identification based on morphological characters

that may be of variable taxonomic value (Triapitsyn et al. 2010). In

order to discriminate A. atomus and A. parvus, several enzymes

were tested, but loci with alternative fixed alleles have not yet been

detected (Cargnus and Pavan 2007). Taxonomic study of the two

Anagrus species on the basis of cuticular hydrocarbons showed two

distinct profiles that were largely, but not always, consistent with

classification based on morphology (Floreani et al. 2006). Among

the alternatives to morphological taxonomy, barcoding can help

identify the amount of biodiversity (Hebert et al. 2003) and how to

differentiate the species found (Kruse and Sperling 2002; Lin and

Wood 2002, MacDonald and Loxdale 2004). As mitochondrial

genes are weakly subject to recombination and are inherited mater-

nally with independent replication (Saccone et al. 1999), primers for

conserved regions of mitochondrial DNA (mtDNA) are valuable

tools for molecular systematic studies (Folmer et al. 1994; Simon

et al. 1994). For Chalcidoidea, the COI gene has been successfully

used at the species level to distinguish closely related species because

of its rapid rate of evolution (Barari et al. 2005; Monti et al. 2005;

Bernardo et al. 2008). Chiappini et al. (1999) distinguished four spe-

cies of Anagrus ‘incarnatus’ group using the Random amplified pol-

ymorphic DNA-Polymerase chain reaction (RAPD-PCR) technique.

Inside Anagrus ‘atomus’ group, molecular analysis discriminated A.

parvus from the North American A. erythroneurae Trjapitzin and

Chiappini, which are not distinguishable based on morphological

characters, but it does not discriminate A. parvus from A. atomus

(de Le�on et al. 2008), which can be separated morphologically

(Chiappini et al. 1996).

The aims of this research were: 1) to study the phylogenetic rela-

tionships among A. atomus and A. parvus populations, on the basis

of COI gene sequences; 2) to compare molecular results with

discriminant morphological and morphometric characters, particu-

larly in male individuals, that are not currently distinguishable

morphologically.

Materials and Methods

Insect Collection
In total, 122 adult wasps, 101 females and 21 males, belonging

to the Anagrus ‘atomus’ group were used for molecular study

(Table 1). Most of them were also submitted to morphological and

morphometric analyses. In total, 112 out of 122 individuals emerged

in the laboratory from leaves of different woody plants collected in

12 open field Italian sites. The remaining 10 individuals were A.

atomus that emerged in the laboratory from leaf portions of Primula

L. sp. containing parasitized eggs of the leafhopper Hauptidia mar-

occana (Melichar), supplied by Biowise (Petworth, West Sussex,

UK). Another 10 males that emerged from grapevine leaves collected

in Friuli Venezia Giulia (FVG) were used exclusively for morpho-

metric analysis. These individuals were identified as A. atomus on

the basis of cuticular hydrocarbons (Floreani et al. 2006) or because

they emerged from E. vitis eggs, known to be parasitized only by

this species (Zanolli and Pavan 2013). All individuals were frozen as

soon as they emerged and stored at �80�C until used. Once removed

from the freezer, the parasitoids were soaked in ethanol at 95�C.

Under a dissecting microscope, the head of females and the genitalia

of males were dissected with fine pins from the rest of the body. All

instruments used for dissection were disinfected in alcohol and

flamed before processing each individual. Female head and male

genitalia were mounted on slides in Berlese’s medium and used for

morphological and morphometric analyses. The rest of the body

was processed for DNA extraction.

Morphological and Morphometric Analyses
To establish with certainty that Anagrus females belonged to the

‘atomus’ group the presence of three multiporous plate sensilla (mps) (¼
sensory ridges, of authors) on the antennal club was checked (Chiappini

et al. 1996). Females were also identified to species by the presence (A.

atomus) or absence (A. parvus) of one mps on F4 (Chiappini et al.

1996). Anagrus ‘atomus’ group males were separated from ‘incarnatus’

group males according to Chiappini and Mazzoni (2000).

For individuals belonging to the ‘atomus’ group morphometric

analyses were also conducted. For females, the length of club as well

as length of funicle segments F3 and F4 was measured and the ratio

between antennal club length and the combined length of F3 and F4

was calculated (Chiappini 1987; Floreani et al. 2006). For males,

lengths of the entire genitalia (Fig. 1a), phallobase (Fig. 1b) and digi-

tus (Fig. 1c) were measured (Gibson 1987; Chiappini and Mazzoni

2000; Floreani et al. 2006; Nugnes and Viggiani 2014).

Because of damage or loss of antennal segments during dissec-

tion only 91 out of 101 females were submitted to morphological

and morphometric analyses in addition to molecular analysis. Only

six out of eight UK males were submitted to morphometric measure-

ments because the whole body of two individuals was processed for

DNA extraction.

Data on measurements on female and male body-parts were

compared with a t-test (two groups in comparison) or ANOVA and

Tukey’s post-test (more than two groups in comparison). The statis-

tical analysis was performed with GraphPad Instat 3.1a for

Macintosh.

DNA Extraction
DNA extraction of 122 individuals was performed according to the

salting out protocol (Patwary et al., 1994) from each individual

adult wasp in 20 ll of lysis buffer (0.05 M Tris-HCl, 0.1 M EDTA).

To avoid cross contamination among samples, one sterile plastic

pestel for each insect was used. Each sample was crushed and then

incubated with 17.5 ll of SDS solution 10% and 2 ll of proteinase-

K (20 mg/ll) at 55�C overnight. The solution was treated with 2 ll

of RNAase at 37�C for 5–10 min. Proteins were then precipitated

out by adding 40 ll of NaCl saturated solution, hard shaking for

20 min and centrifuging for 30 min at 12,000 g, at 4�C. The DNA

was precipitated with ice-cold isopropanol and washed with 70%

ice-cold ethanol, then dried under vacuum and re-suspended in 20 ll
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TE (10 mM Tris pH 8.0, 0.1 mM EDTA). The extracted DNA was

stored in two equal parts, one placed at �20�C and the other at

�80� C until further use.

PCR Amplification, Sequencing, Phylogenetic, and

Network Analyses
A fragment of about 650 base pairs (bps) of the barcoding region

of the mtCOI gene was amplified using the primers forward

(HCO-1490) 50-GGTCAACAAATCATAAAGATATTGG-30 and

reverse (LCO-2198) 50-TAAACTTCAGGGTGACCAAAAAATCA-

30 (Folmer et al. 1994). DNA amplifications (PCRs) were performed

using 25 ll of total reaction volume containing: 1� PCR buffer,

1.5 mM MgCl2, 200 lM dNTPs, 1.25 U Go Taq Flexi DNA poly-

merase (Promega, Madison, WI), 0.4 lM of each primer and 1 ll

template. PCR cycles were carried out in MJ Mini (Bio-Rad,

Hercules, CA) thermalcycler using the following conditions: initial

denaturation at 94�C for 2 min, 40 cycles consisting of initial dena-

turation at 94�C for 1 min, annealing at 49�C for 1 min, extension

at 72�C for 1 min, and a final extension at 72�C for 5 min.

An aliquote (5 ll) of each PCR product was run on 1% (w/v)

agarose gel (Conda, Madrid, Spain) in 1X TAE buffer at 100 V in

horizontal electrophoresis cell Mini-Wide SubCell GT (Bio-Rad,

Hercules, CA) with Gene Ruler 1 Kb DNA Ladder (Fermentas,

Vilnius, Lithuania) and stained with the dye GelRed Nucleic Acid

Gel Stain (10,000�, Biotium, Hayward, CA).

The purification was performed using the commercial kit Wizard

SV Gel and PCR Clean-up System (Promega, Madison, WI), follow-

ing the manufacturer’s instructions.

The concentration of the purified products was determined using

the NanoDrop 1,000 Spectrophotometer (Thermo Scientific,

Wilmington, DE). Products were sequenced with a BigDye

Table 1. Individuals submitted to molecular, morphological and morphometric analyses differentiated for site, plant, and sex (M, male; F,

female)

Collection sites Host plant/leafhopper species Sex

Region (State) Locality Coordinates Acronym

West Sussex (UK) Petworth (biofactory) 50�560N, 0�400E UK Primula L. sp./H maroccana 2F, 8M

FVG (IT) Buttrio 46�000N, 13�210E FVG 1 Rubus L. spp. 11F

Vitis vinifera L. 1F

46�000N, 13�220E FVG 2 Rosa canina L. 4F

Rubus spp. 4F

V. vinifera 1F

46�000N, 13�220E FVG 3 Rubus spp. 3F

46�290N, 13�250E FVG 4 R. canina 8F

Rubus spp. 22F, 4M

V. vinifera 3F

46�000N, 13�250E FVG 5 Rubus spp. 5F

45�590N, 13�250E FVG 6 Rubus spp. 5F, 1M

Reana del Roiale 46�080N, 13�150E FVG 7 V. vinifera 5 M (*)

Martignacco 46�110N, 13�170E FVG 8 V. vinifera/E. vitis 5 M (**)

Lombardy (IT) Morsone 45�330N, 10�280E LOM V. vinifera 4F

Tuscany (IT) Greve in Chianti 43�330N, 11�180E TOS 1 Rubus spp. 10F, 1M

43�340N, 11�160E TOS 2 Rubus spp. 5F, 4M

43�330N, 11�180E TOS 3 Rubus spp. 8F, 2M

Umbria (IT) Gualdo Tadino 42�530N, 12�340E UMB 1 Rubus spp. 2F, 1M

42�480N, 12�290E UMB 2 Rubus spp. 3F

aIndividuals submitted to cuticular-hydrocarbon identification sensu Floreani et al. (2006).
bIndividuals emerged from E. vitis eggs from which only A. atomus was observed to emerge in north-eastern Italy.

Fig. 1. Male genitalia of Anagrus ‘atomus’ group. a, genitalia length; b, phallo-

base length; c, digitus length.
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Terminator v3.1 Cycle Sequencing Kit and POP-7 Polymer (Applied

Biosystems, Foster City, CA) on an AB 3730xl DNA Analyzer

(Applied Biosystems, Foster City, CA) (IGA laboratory, Udine, Italy).

Sequences were trimmed to the final length of 445 bp. All sequences

were verified by NCBI Basic Local Alignment Search Tool (BLAST)

and Barcode of Life Database species identification tools. All the iden-

tified haplotype sequences were also submitted to GenBank. Based on

results of the BLAST search in GenBank database 10 sequences of A.

parvus, 5 of A. atomus, and 5 of A. erythroneurae were found and

successively used as reference taxa for the sequence and phylogenetic

analyses. The mtCOI gene sequences of the 122 individuals processed

in this study and those obtained from GenBank were aligned using

BioEdit program (Hall 1999). The alignment permitted identification

of the different haplotypes. The genetic distances between and within

phylogenetic groups (clades) and pairwise genetic distances between

and among species were estimated under the Kimura 2-parameter

(K2P) distance model (Kimura 1980) with pairwise deletion in

MEGA version 5.1 (Tamura et al. 2011). Phylogenetic analyses were

performed with PAUP 4.0 for Power Mac G4 (Swofford 2003) using

the distance method with the neighbor joining (NJ) algorithm and the

maximum parsimony (MP) method (replicated 1,000 times). For both

methods a bootstrap analyses (500 replications) was used to estimate

the stability of the inferred phylogenetic groups (Felsenstein 1985).

Phylogenetic analyses were performed on 87 of 122 sequences

obtained in this study, eliminating identical sequences of some of the

individuals belonging to the most represented haplotypes (13 individ-

uals of haplotype No. 1, 8 individuals of haplotype No. 3, 8 individu-

als of haplotype No. 4, 3 individuals of haplotype No. 15, and 2

individuals of haplotype No. 32), together with the 20 sequences

obtained from GenBank (de Le�on et al. 2008). Gonatocerus trigutta-

tus Girault and Gonatocerus ashmeadi Girault (Mymaridae) were

used as outgroup in order to generate a rooted phylogenetic tree.

Sequences were also used to construct phylogenetic networks,

which are more appropriate to display close genetic relationships

(Clement et al. 2000). The mitochondrial haplotype network was

constructed using TCS 1.21 program (Clement et al. 2000). This cre-

ates a haplotype network using statistical parsimony (SP), which

outputs the 95% plausible set of the most parsimonious linkages

among haplotypes (Templeton et al. 1992).

Results

Morphological and Morphometric Analyses of Females
On the basis of female morphology 72 females belonged to A. parvus

and 17 to A. atomus. Two individuals did not belong with certainty to

either of the two species considered because they had the mps on F4

only on one of the two antennae (7 h A. sp. FVG 4v and 9e 31 09 A.

parvus FVG 5rv). Both these individuals were collected in FVG, one

from grapevine and one from bramble. All the females from Central

Italy (N. 28) were morphologically identified as A. parvus, whereas

among the females from FVG and Lombardy both species were found.

Morphometric analysis showed significant differences between A.

parvus and A. atomus females for all the four characters considered, but

only for two of these: F4 length and the ratio of club/(F3þF4), was there

no overlap between the value ranges (Table 2). The two intermediate

females showed morphometric characters one of A. atomus (7h A sp.

FVG 4v) and one of A. parvus (9e 31 09 A. parvus FVG 5rv).

Sequencing and Phylogenetic Analyses
Sequencing of the mtCOI partial gene generated 445-bp sequence

fragments from all the individuals tested, after trimming a portion

of 30 end due to high background signals. The mean frequency of

each nucleotide in the mtCOI partial gene sequences was the follow-

ing [T (U) 45.4%, C 11.5%, A 30.5%, and G 12.7%] showing a

bias of AþT. The AþT content at the third, second, and first codon

positions were 97.8, 59.3, and 70.5%, respectively. The nucleotide

C was the lowest (0.7%) and the T the highest (53%) at the third

codon position. The 445-bp COI sequences were 70.1–80.9% AþT

rich and 23.6–26.1% CþG rich.

MP and NJ phylogenetic analyses conducted on COI partial

gene sequences obtained from this study and from GenBank allow-

ing us to distinguish four clades (Figs. 2 and 3). All individuals of

this study belonged to clades 1, 2, and 4. Therefore, no individuals

clustered together with those of clade 3 in which all the individuals

of A. erythroneurae from GenBank clustered. In clades 1 and 2 all

females that we identified morphologically as A. parvus in our study

(N. 72) clustered together. In clade 4 all individuals of A. atomus

identified morphologically from our study clustered together with

A. atomus sequences retrieved from GenBank. Among the morpho-

logically identified A. ustulatus (¼ parvus) from GenBank, the

majority clustered in clade 4, whereas only two haplotypes clustered

in clade 1. In the correspondence between morphological and

genetic identifications of individuals from this study, there were

three exceptions for clade 1, in which also three individuals morpho-

logically identified as A. atomus (8g A. parvus FVG1rv haplotype

No. 27, 9a A. parvus FVG1rv apl No. 27 and 9e A. parvus FVG2rv

apl No. 2) clustered. The three individuals morphologically identi-

fied as A. atomus disagreed with molecular results, even when con-

sidering the morphometric identification. The two individuals with

intermediate characters (7 h A spp FVG4v apl No. 2 and 9e 31 09 A.

parvus FVG5rv apl No. 13) clustered in clade 1 and one of the two

individuals disagreed with molecular results even when considering

the morphometric analysis (7 h A spp FVG4v apl No. 2).

Alignment of the sequences obtained from this study demon-

strated that a total of 34 haplotypes were recognized out of 122

Anagrus spp. individuals. In particular, 5, 15, and 14 haplotypes

were identified for clades 1, 2, and 4, respectively (Supp Table 1

[online only]). The mtCOI partial gene sequences from one represen-

tative individual of each haplotype have been submitted to

GenBank; the accession numbers have been reported in Supp

Table 1 [online only].

Sequences of the 34 haplotypes found in this study and the 20

sequences retrieved from GenBank for the Anagrus ‘atomus’ group

were aligned and compared in Supp Table 2 [online only], reporting

the individuated 22 nucleotide positions which allowed discrimina-

tion among Anagrus spp. haplotypes belonging to different clades.

Most of the substitutions were silent. Fifteen positions of nucleotides

substitutions were identified and allowed to discriminate all the indi-

viduals of one clade from those of the other clades (clade-specific

nucleotides). These substitutions were identified as 13 transitions

(Nos. 063, 120, 138, 144, 192, 204, 213, 237, 243, 420, 435, 438,

and 444) and 2 transversions (Nos. 054 and 381). In particular, four

positions (Nos. 120, 192, 243, and 381) allowed discrimination of

haplotypes from A. parvus (clade 2), two positions (Nos. 054 and

237) are specific for haplotypes of A. parvus (clade 1), eight posi-

tions (Nos. 063, 144, 204, 213, 420, 435, 438, and 444) for A.

atomus (clade 4), and one position (No. 138) for A. erythroneurae

(clade 3). Among the remaining seven positions, one position (No.

147) is shared between haplotypes from A. parvus-clade 1 and A.

erythroneurae-clade 3. Three positions (Nos. 051, 252, and 375)

were identified as specific for all Italian A. atomus haplotypes from

this study, for the Italian individuals from the literature (de Le�on

et al. 2008), except for haplotype EU015025 A. atomus hapl 3, and
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for one individual from the UK (8UK). For the same three positions

3 UK haplotypes showed the presence of the nucleotide ‘A’ instead

of the nucleotide ‘G’, typical of the Italian A. atomus individuals.

This was also verified for all the Italian haplotypes of A. ustulatus

(¼ parvus) from literature clustering in clade 4 (de Le�on et al. 2008).

Finally, the three positions Nos. 159, 165, and 318 represented quite

conserved sites at least among haplotypes of A. parvus (clades 1 and

2) and A. erythroneurae (clade 3), together with other 11 nucleotide

positions (Nos. 051, 063, 144, 204, 213, 252, 375, 420, 435, 438,

and 444), demonstrating their high genetic similarity. Considering

the Italian Anagrus spp. individuals from this study 11 nucleotides

substitutions were able to differentiate A. parvus individuals from

A. atomus ones. In particular, eight were transitions (Nos. 063, 144,

204, 213, 420, 435, 438, and 444) and three transversions (Nos.

051, 252, and 375).

Levels of genetic divergence in the mtCOI partial gene among

clades as percentage sequence divergence (%) are shown in Table 3.

The intra-clade distance was on average <1% for clades 1–3, but

close to 3% for clade 4 demonstrating that the highest genetic dis-

tance occurred among individuals of this latter clade. For inter-clade

distance, clades 1 and 3 showed the lowest genetic distance whereas

clades 3 and 4 demonstrated the highest genetic distance. The inter-

clade genetic distance was higher between clades 1 and 2, than both

the latter and clade 3.

MP phylogenetic analysis generated 172 parsimonious trees.

Among all analyzed sequences, 327 nucleotide positions were con-

served sites (73.5%) and 118 nucleotide positions were variable

(26.5%): 76 were parsimony-informative (17.1%) and 42 were not

informative (singleton positions) (9.4%). One of the MP trees is

shown in Figure 2 and the NJ tree in Figure 3. Overall, the MP and

NJ phylogenetic trees showed similar topologies with two major

branches supported by relatively high values (>70%) and four main

phylogenetic groups or clades supported by moderate to high boot-

strap values (Figs. 2 and 3). In particular branch 1 included the

clades 1–3 (bootstrap values of 73, 89, and 80% respectively in MP

tree and 60, 100, and 99%, respectively in NJ tree). In branch 2,

especially of the MP tree, two monophyletic groups were observed

but not supported by high bootstrap values (Fig. 2).

Haplotype Distribution in Relation to Geographic Area

and Plant Host
A different geographical distribution of individuals and haplotypes

was found between and within the two clades (1 and 2) associated

with morphologically identified A. parvus (Fig. 2; Supp Table 1

[online only]). Clade 1 grouped most of the individuals (49 out of

62) and haplotypes (5 out of 8) from FVG and only 1 of 30 individu-

als from Tuscany. All five haplotypes of clade 1 were detected in

FVG. Clade 2 grouped almost all the individuals from central Italy

(22 from Tuscany and 6 from Umbria), 13 individuals from FVG

and one individual from Lombardy. In clade 2, 12 of 15 haplotypes

were obtained from individuals sampled in central Italy.

Anagrus atomus (clade 4) was detected in FVG, Lombardy and

UK, but none of the 14 haplotypes was shared between the two

Italian areas (Lombardy and FVG), and between these and UK. One

of the two monophyletic groups of this clade included all the indi-

viduals of the Italian A. atomus from this study (N. 8) and from

GenBank (N. 5), and one A. atomus from UK. The other group

included several Italian individuals of A. ustulatus from GenBank

(N. 8) and the majority of A. atomus individuals from UK (N. 7).

A different frequency of haplotypes was also observed in the 13

sites (Supp Table 1 [online only]). For clade 1, the most representa-

tive haplotypes were haplotype No. 1 and No. 3. The five haplo-

types of this clade were presented at least in two sites and haplotype

No. 1 was detected in all FVG sites and in Tuscany. For clade 2, the

most frequent haplotype was haplotype No. 4 present in all three

sites of Tuscany but also in five out of six sites of FVG. In this clade

9 haplotypes out of 15 were present in only one site. All the other

haplotypes in clade 2 included especially individuals from central

Italy; among them, haplotype No. 15 was one of the most frequent.

All haplotypes of clade 4 (A. atomus) including Italian individuals

were little represented, whereas haplotype No. 32 was the most fre-

quent among UK haplotypes.

Concerning association of the haplotypes with the plant hosts

collected we observed that in clade 1, haplotypes Nos. 1 and 3 were

the most frequent both on Rubus sp. and Rosa canina L. and haplo-

type No. 2 was shared by all three host plants sampled (Supp Table

1 [online only]). In clade 2, haplotype No. 4 was the most frequent

both in FVG, where it was shared by all three the sampled host

plants, and in Tuscany. In clade 4, Italian haplotype No. 10 was

shared by all three host plants sampled (Supp Table 1 [online only]).

Network Analysis of Haplotypes
For A. parvus, applying SP criterion to the mitochondrial (COI)

dataset resulted in two distinct and unconnected sub-networks, sep-

arated by 10 mutational steps which were beyond the 95% proba-

bility limit for connecting haplotypes with the TCS program. The

two distinct networks could only be joined at the 93% probability

level (Fig. 4). Sub-networks I and II corresponded respectively to

clades 1 and 2, resolved in the phylogenetic trees (Fig. 2). For sub-

network I the analysis showed five closely related haplotypes all

from FVG. Only the most frequent haplotype No. 1 was also shared

by an individual from Tuscany. In sub-network II, it was found that

some haplotypes grouped in a star-like shape with the haplotypes

coalescing to haplotype No. 4 (from FVG and Tuscany) and in most

cases they were connected by a single mutational step. This network

included one haplotype from Lombardy and all the four haplotypes

retrieved from Umbria, two of which were shared with Tuscany

(haplotypes Nos. 18 and 22).

Table 2. Morphometric analyses on morphological identified females of A. atomus and A. parvus

Characters A. atomus A. parvus t–test

No. 17 No. 72

Average 6 SD min, max Average 6 SD min, max

club length (lm) 104.15 6 6.22 95.0, 117.5 100.53 6 4.63 90.0, 115.62 t87¼ 2.71, P¼ 0.0081

F3 length (lm) 47.68 6 4.78 38.75, 55.0 36.03 6 3.23 27.5, 42.5 t87¼ 12.11, P< 0.0001

F4 length (lm) 57.39 6 3.17 51.88, 62.5 40.73 6 3.36 33.13, 50.0 t87¼ 18.06, P< 0.0001

ratio club/(F3þ F4) 0.99 6 0.06 0.89, 1.08 1.32 6 0.09 1.17, 1.58 t87¼ 13.73, P< 0.0001
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Fig. 2. Most parsimonious phylogram out of 172 trees of relationships among Anagrus spp. populations inferred from ribosomal COI partial sequences [A. parvus

sensu Viggiani (2014) (¼A. ustulatus sensu Chiappini 1989]. Bootstrap values are shown above respective branches for nodes with >50% bootstrap support (500

replicates).
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1989). Bootstrap values are shown above respective branches for nodes with >50% bootstrap support (500 replicates).
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For A. atomus the network obtained showed presence of two dis-

tinct genetic groups corresponding to precise geographic areas and

separated from each other by five mutational steps (Fig. 5). The first

group included only haplotypes from the UK whereas the second

group included all the Italian haplotypes (from FVG and Lombardy)

and one haplotype from the UK.

Morphometric Analysis of Males
Morphometric analysis of the aedeagus of individuals belonging to

A. atomus or A. parvus identified on the basis of the molecular study

showed highly significant differences for both phallobase and digitus

lengths (Fig. 6). However, only for the digitus length was no over-

lapping between the measured ranges observed. Individuals identi-

fied as A. atomus, on the basis of cuticular hydrocarbons or because

they emerged from E. vitis eggs, showed the same range in digitus

length as for molecular-identified A. atomus individuals. The ratios

of genitalia/digitus, pallobase/digitus, and genitalia/phallobase were

not discriminant values (data not reported).

Discussion

Morphological Identification of Females and Its Limits
Morphological identification of the Anagrus spp. females considered

in this study confirmed the presence of two distinct taxa within the

‘atomus’ group (Chiappini et al. 1996; Floreani et al. 2006; de Le�on

et al. 2008). The two taxa were clearly separated using morphomet-

ric characteristics of the antenna. For both A. atomus and A. parvus,

the average lengths of F4 and F3 and the values of the ratio of club/

(F3þF4) were similar to that reported in Chiappini (1987) and

Nugnes and Viggiani (2014).

COI phylogenetic analysis clustered our Anagrus individuals in

two major branches (A. parvus branch and A. atomus branch) sup-

ported by high bootstrap values, in most but not all cases in agree-

ment with morphological and morphometric identifications. An

overall correct identification rate of only 96.3% was observed

because 3 of 89 females showed morphological and morphometric

characters of A. atomus but clustered in the A. parvus branch. An

inverse problem of identification was observed for individuals from

southern Italy morphologically identified as A. ustulatus (¼ parvus)

by de Le�on et al. (2008). Only a few of these individuals clustered in

the A. parvus branch in our study whereas most of them clustered in

the A. atomus branch. Another identification problem was repre-

sented by the two individuals that showed an mps on F4 in only one

antenna and they clustered in the A. parvus branch. These hybrid-

like individuals showing intermediate taxonomic characters were

observed also by Chiappini et al. (1999). The presence of these indi-

viduals could, e.g., indicate that we are in presence of recently

diverged sister species (Montgomery et al. 2011), but in this study

we were not able to detect hybrid individuals because the COI gene

is maternally inherited. Probably these individuals showed variable

characters within intraspecific variations. Therefore, the morpholog-

ical and morphometric tools used for Anagrus species identification

do not always solve with certainty the problem of species separation

for female individuals.

The same identification problem was found with Anagrus spp.

when comparing hydrocarbon profiles with morphological and mor-

phometric data (Floreani et al. 2006). Some contradictions were

observed in particular for female individuals emerged from Rubus

spp. Comparing cuticular hydrocarbons could be a more efficient

method than genetic methods (saving time and money) to discrimi-

nate species, but it is necessary to verify if cuticular hydrocarbons

analysis is coherent with genetic analysis. For this purpose, the same

individuals should be submitted to both hydrocarbon analysis and

genetic analysis.

Morphometric Identification of Males
For male individuals considered in this study, morphometric analysis

permitted recognition of a distinct character (i.e. length of digitus)

able to discriminate between individuals belonging, respectively; to

A. atomus and A. parvus identified using molecular analyses.

Moreover, this study also highlighted for males a perfect corre-

spondence between cuticular hydrocarbons analyses and the mor-

phometric character. Comparing the measures recorded in this study

with those of Nugnes and Viggiani (2014), our genitalia length was

greater for A. atomus and slightly greater for A. parvus, and our

phallobase length was slightly greater for A. atomus. However, we

have to consider that, since the digitus length is a morphometric

character, it cannot be excluded that some big A. parvus individuals

might have a big digitus as well as some tiny A. atomus individuals

might have tiny digitus comparable to those of A. parvus.

Unfortunately, characters based on ratios do not allow discrimina-

tion between the two species. In favor of the goodness of discrimi-

nant character, there’s the fact that the individuals measured came

from many localities. However, since it is know that morphometric

characters can be influenced by the host parasitized (Huber and

Rajakulendran 1988), further investigations are necessary to make

sure that this character allows to discriminate with certainty the

males of the two species. Moreover, it must be considered that for

females morphological and morphometric identification also gives a

low margin of error.

Major Clades Inferred from Phylogenetic Analysis on

COI Gene
Phylogenetic analyses on COI partial gene sequence allowed descrip-

tion of a higher diversity among all our individuals than morpholog-

ical and morphometric analyses. Within the A. parvus branch three

different clades supported by high bootstrap values were distin-

guished: two of them (clades 1 and 2) corresponding to the morpho-

logically identified A. parvus individuals and the third (clade 3)

corresponding to A. erythroneurae individuals from GenBank. Also

Table 3. Pairwise percent nucleotide differences in a 445 bp fragment of COI mtDNA sequences calculated by the K2P model (min, max,

average) within and between the four individuated clades of the atomus group individuals

Species Clade Clade percentage nucleotide difference: min–max (average)

1 2 3 4

A. parvus 1 0–1.59% (0.79)

A. parvus 2 2.28–4.16% (3.22) 0–1.60% (0.8)

A. erythroneurae 3 1.59–3.21% (2.4) 1.82–3.22% (2.52) 0.23–1.37% (0.8)

A. atomus 4 4.17–6.82% (5.49) 3.69–6.57% (5.13) 3.59-7.08% (5.33) 0–5.62% (2.81)
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within the A. atomus branch, two different clusters were distin-

guished especially in the MP tree but not supported by high boot-

strap values; therefore in this case the whole branch corresponded to

clade 4. Overall, on the basis of these results we conclude that the

two A. parvus clades and A. erythroneurae clade are phylogeneti-

cally closely related, and quite distinct from A. atomus.

The mean intraspecific COI differences of Anagrus spp. individu-

als in this report showed lower intra-clade variations, ranging from

H1 H27

H13
H2

H3

H15

H4
H16

H17

H14

H26

H5

H20

H25

H24

H23

H18

H19

Friuli VG

Tuscany

Umbria

Lombardy

I)

II)

H21

H22

Fig. 4. A. parvus haplotypes network realized by TCS 1.21. Two unconnected sub-networks (I and II) were obtained (95%, connection limit¼9). Each haplotype is

represented by a circle, with the area of the circle proportional to its frequency. Numbers denote haplotype reported in Supp Table 1 [online only]. Each line rep-

resents a single mutation while small white circle symbolize intermediate missing or unsampled haplotypes.
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0.79 to 2.81%, than that reported for other hymenopteran insects,

which generally ranges from 0.60 to 5.50% (Danforth et al. 1998,

Cognato 2006).

Comparing the mean genetic difference among the three clades

in the A. parvus branch, the results showed the distance between

clades 1 and 2 is greater than that between the A. erythroneurae

clade 3 and each of clades 1 and 2. These results suggested the possi-

bility that clades 1 and 2 represent two distinct species, in agreement

with the criteria of Cognato (2006). Moreover, the presence of two

unconnected networks, obtained from the network analyses with

95% parsimony connection limit which has been proposed for des-

ignating operational species based on DNA sequences data (Hart

and Sunday 2007) supported the two-species hypothesis. However,

the morphometric analysis of flagellar characters (club length, F3

length, F4 length, and ratio of club/F3þF4) carried out separately

on individuals from clades 1 and 2 did not show any statistical sig-

nificant differences (P�0.13; data not reported); therefore, these

characters are not useful for discriminating individuals belonging to

the two clades, if the two-species hypothesis was true. Further mor-

phological and molecular analyses of other genomic regions (e.g.

ITS2) may allow validate this hypothesis (de Le�on et al. 2008).

In Italy, research by Nugnes and Viggiani (2014) had revealed

that within the morphologically identified A. parvus there were two

species distinguishable on the basis of morphometric characters.

This confirms that within morphologically identified A. parvus

more species could be included. The genetic differences between the

A. parvus clades 1 and 2 cannot be attributed to different collection

localities since haplotypes belonging to the both clades were

detected in the same sites. The two clades cannot even be associated

with different host plants from which the parasitoid wasps emerged,

H33

H32

H34

H8

H31

H12

H30
H11

H10

H9

H6 H7

H28

H29

Friuli VG

Lombardy

UK

Fig. 5. A. atomus haplotypes realized by TCS 1.21. Each haplotype is represented by a circle, with the area of the circle proportional to its frequency. Numbers

denote haplotype identifier presented in Supp Table 1 [online only]. Each line represents a single mutation while small white circle symbolize intermediate miss-

ing or unsampled haplotypes.
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as reported in other studies Nugnes and Viggiani (2014), since indi-

viduals of both clades emerged from Rubus spp. It is very likely that

these individuals clustered in two different clades because they

emerged from eggs of different leafhopper species. The fact that only

one individual from Tuscany clustered in clade 1 supports this latter

hypothesis. Because the morphometric characters of the antennae

considered in this study did not allow us to distinguish the individu-

als belonging to the two clades, in the future it would be interesting

to investigate other characters (e.g., ovipositor length/fore tibia

length ratio) reported in literature for Anagrus spp. (Triapitsyn et al.

2010; Nugnes and Viggiani 2014).

Considering the A. atomus branch, the high intra-clade genetic

distance (on average 2.81%) is due to the presence of the two clus-

ters that can be distinguished especially in the MP tree even if they

are not supported by high bootstrap values (Fig. 2). One cluster

grouped all Italian individuals from this study, from the study by de

Le�on et al. (2008) and one UK individual. Regarding the individuals

from the study by de Le�on et al. (2008) one haplotype (EU15025 A.

atomus haplotype No. 3) showed a high divergence underlined by

the different nucleotides in the three positions (Nos. 051, 252, and

375). The other cluster grouped UK A. atomus individuals (‘UK’

cluster) and morphologically identified A. ustulatus (¼ parvus)

Fig. 6. Genitalia, phallobase and digitus lengths (average 6 SD) of A. parvus and A. atomus male genitalia. For A. atomus three different identification criteria are

considered (molecular, cuticular hydrocarbons and specific leafhopper host). Inside each column the number of individuals measured is reported. ANOVA genita-

lia (F3,31¼7.68, P<0.001); ANOVA phallobase (F3,31¼12.35, P< 0.0001); ANOVA digitus (F3,31¼35.90, P< 0.0001). Capital letters indicate difference at 0.01 levels

for the three characters at Tukey test.
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individuals in the study by de Le�on et al. (2008). UK A. atomus indi-

viduals presented a low genetic divergence and formed a monophy-

letic group with high bootstrap values within this cluster. UK A.

atomus individuals were reared on the leafhopper H. maroccana in

a biofactory. However, in the UK o one haplotype was recorded

clustering with the ‘Italian’ haplotypes. Probably, in the biofactory,

selective pressure favors individuals belonging to the ‘UK’ cluster,

but the periodical introduction of wild strains of the parasitoid in

the rearing has determined that one individual clustered with the

‘Italian’ haplotypes. The parsimony network analysis of the sequen-

ces belonging to A. atomus (Fig. 5) showed a unique network dis-

tinct from the A. parvus sub-networks (Fig. 4). Nevertheless, five

mutational steps separated the closely related UK haplotypes from

the rest of the ‘Italian’ haplotypes. The Italian portion of the net-

work was highly reticulated with all haplotypes connected to each

other, frequently by up to three mutational steps, except for one

haplotype from Lombardy (No. 29) which was separated by five

mutational steps.

The possibility that both morphological species, A. parvus and

A. atomus, represent a complex of species, each one associated with

different leafhopper species, is reflected not only in the new species

identified by Nugnes and Viggiani (2014) within the ‘atomus’ group

but also in the complex of species recognized in North America

within A. epos (Triapitsyn et al. 2010).

Variability in Nucleotide Composition Within ‘atomus’

Group
COI partial gene sequence analysis showed that, in regards to

nucleotide composition, the collected populations had a high per-

centage of AþT content which is characteristic of Hymenoptera and

similar to other values reported (Crozier et al. 1989; Jermiin and

Crozier 1994; Dowton and Austin 1997; Whitfield and Cameron

1998; Baer et al. 2004; Wei et al. 2010). Moreover, the strongest A/

T bias was found in the third position (Danforth et al. 1998).

Although the geographical coverage of our sampling of Anagrus

individuals of ‘atomus’ group was not widespread, the mtDNA

results showed diverse haplotypes. In particular, 34 haplotypes were

recognized among the 122 individuals analyzed. This suggests the

presence of a high level of molecular polymorphism, in agreement

with that reported for Anagrus spp. by Chiappini et al. (1999) and

for other Hymenopteran parasitoids belonging to Anaphes Haliday

(Landry et al. 1993) and Trichogramma Westwood (Vanlerberghe-

Masutti 1994). From our study, most of the polymorphisms in the

populations were shown to be neutral mutations.

Sequence analyses permitted us also to determine that each dis-

tinct clade is characterized by a series of clade-specific nucleotides

(or diagnostic nucleotides). Clade-specific nucleotides are useful for

molecular identification of the different species and can be used to

corroborate morphological identification of field-collected individu-

als. Molecular identification is recommended especially when limita-

tions of a morphological based identification have been recognized

for members of a certain species complex.

In conclusion, our results from the inferred phylogenetic trees,

genetic networks and the sequence analysis based on partial

COI gene showed that this sequence can successfully elucidate

the relationships of closely related species and also potentially

discriminate new ones. Therefore, we confirm the validity of COI

as a genetic marker for discrimination of closely related species

(Monti et al. 2005; Sha et al. 2006) and also for molecular identifi-

cation of field-collected specimens on the bases of diagnostic

nucleotides.

Implication of this Study on Grapevine Leafhopper

Control
In each clade, there is one haplotype whose individuals emerged

from both grapevines and the two plants in the hedgerows (haplo-

type No. 2 for clade 1, haplotype No. 4 for clade 2, and haplotype

No. 10 for clade 4). This confirms the role of vegetation surrounding

vineyards in the biological control of grapevine leafhoppers.

Parasitoid individuals emerged from Rubus sp. or R. canina can col-

onize grapevines in spring (Cerutti et al. 1991; Ponti et al. 2005). In

early autumn, the same plants can be sites where Anagrus females

emerging from grapevines can lay over-wintering eggs (Zanolli and

Pavan 2011).

As E. vitis is the only leafhopper capable of causing economic

damage to grapevines in Europe, and is parasitized only by A.

atomus, so molecular identification of the parasitoid might be con-

ducted on leafhopper eggs laid in plant species surrounding vine-

yards. If a given plant species is host to many leafhopper species, it

would be desirable to conduct molecular identification of both leaf-

hopper and parasitoid. In this way we can know not only the plants

but also the leafhopper species as potential sources of A. atomus for

E. vitis biocontrol in vineyards. It is also possible to know what leaf-

hopper species is parasitized by an Anagrus species by marking and

exposing to parasitization leafhopper eggs laid on a plant by identi-

fied females (Zanolli and Pavan 2013). This knowledge is crucial to

set up conservation biological control strategies based on habitat

management.

Supplementary Data

Supplementary data are available at Journal of Insect Science online.
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