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1 Introduction and aim of the thesis

Taxonomy is the science that classifies and identifies organism. Born from the human need of
naming organisms, the traditional taxonomy is based on morphological characters whose
differences are used for distinguishing taxa. Despite the unquestionable importance of
morphological taxonomy, some limits related to its use are well known, e.g. the operator
subjectivity in defining characters similarity, the long time needed for identifying certain
organisms, the difficulty in the identification of juvenile stages or partial organisms, and, in
particular in the last years, the decrease in the number of alfa-taxonomists (Rodman & Cody, 2003).
In order to find a way to overcome morphological taxonomy limits, others approaches to taxonomy
were looked for. After DNA discovery, taxonomists have taken advantages from information
provided by DNA data for identifying and delimiting species, and in particular in the last decades,
with the improving of molecular techniques, molecular taxonomy is become widely used.
For years, the most employed approach for molecularly identifying species has been DNAbarcoding (Hebert et al., 2003a), which relies on the idea that a nucleotide sequence can be used as
unique barcode for distinguishing a species. The success of this identification method has not been
the same for all taxonomic groups (Baker et al., 2009; Spooner, 2009; Kelly et al., 2011) since a
universal marker that allows to distinguish all living organisms is not yet discovered. The
application of this method is limited to the identification of the organisms for which a good genetic
marker, enough informative for discriminating at species level, has been found. Barcoding is widely
used for Metazoa, where most of the taxa can be identified using as marker a segment of the
cytochrome oxidase subunit 1 gene (cox1, Hebert et al., 2003b). Starting from barcode idea, it is
possible to reach the identification of an organism of unknown identity matching its barcode DNA
sequence with those of identified organisms registered in databases. Since within species there is
variability in the barcode sequences, and the databases are usually not so complete to include the
whole variability of the species, this match could not be a perfect match. For this reason, the
comparison among barcodes is based on nucleotide distances, and the more distant are two barcodes
the higher is the probability that they belong to different species. Hence the main question of
molecular identification through barcoding: “How similar two barcodes should be for being
considered as belonging to the same species?”. Focusing on cox1, many studies have been
performed for finding a standard value of nucleotide distance that could be used as threshold
between intra and interspecific nucleotide variability (Hebert et al., 2003a, Hebert et al., 2003b;
Hebert et al., 2004). Despite some tentative values have been proposed (e.g. 3% of nucleotide
divergence, Smith et al. 2005; the 10 times rule, Hebert et al. 2004), a universal threshold suitable
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for all groups of organisms cannot be found, due to their different evolutionary histories; even if
this it is routinely adopted in some groups of organisms, in particular bacteria and fungi. What can
be done to overcome the highlighted limitation is to find the most suitable threshold for each
organisms group analysing intra- and inter-specific nucleotide variability within it. As mentioned
before, the correct molecular identification of an organism is strongly dependent also from the
completeness, and equally important, from the accuracy of barcodes databases. For developing a
dataset of barcode sequences, after specimens collection, each individual is subject to
morphological species identification, subsequently to DNA-extraction and PCR targeting the
barcode segment; once obtained the barcode nucleotide sequence, it is labelled with the name of the
species it came from, and some test are performed for understanding if it is reliable for the
identification of the species. One of the most adopted ways for testing the efficiency of a barcode
dataset is to compare in pair all the de-novo produced sequences in order to check that it has the
close best match, in term of nucleotide distance, with a sequences identified as belonging to the
same species (Meier et al., 2006). Once the accuracy is assessed, the sequences can be registered in
on-line databases and be available for barcode users. In the last years, a plethora of data have been
developed and made available on-line in the major databases of cox1 sequences (NCBI
https://www.ncbi.nlm.nih.gov/; BOLD Ratnasingham & Hebert, 2007), leading to a strong
improvement of molecular based identification of metazoans using this marker.
Within the field of molecular taxonomy, another innovative approach to taxonomy is the use of
molecular information for the delimitation of species. Historically, molecular species delimitation
was performed for testing the presence of gene flow between populations comparing alloenzyme
variability (Porter, 1990; Good & Wake, 1992; Highton, 2000) or looking for the genotype profile
of species (Davis & Nixon, 1992). Nowadays, the majority of molecular species delimitation
studies exploit some bioinformatics algorithms, called species delimitation methods (Pons et al.,
2006; Puillandre et al. 2012; Reid & Carstens, 2012; Zhang et al., 2013; Kapli et al., 2017) that
allow researcher to infer hypothetic species starting from nucleotide sequences without any other
information about the analysed taxa. Species delimitation methods are mainly used for delimiting
species when others approaches are not effective (Lumley & Sperling 2010; Barley et al., 2013), for
performing fast survey of the diversity of a geographic area (Barraclough et al., 2009; GómezZurita et al., 2016) or as integration to other sources of information in new species descriptions
(Birky et al., 2011; Ekimova et al., 2016; Scarpa et al., 2017) or for species groups taxonomic
revisions (Stech et al., 2013; Montagna et al., 2016; Škaloud et al., 2016). Despite the use of
information coming from multiple gene markers (nuclear and mitochondrial) has been demonstrated
to improve molecular species delimitation (Rubinoff & Holland 2005; Dupuis et al., 2012), single6

marker species delimitations are currently frequent; in particular, species delimitation is often
performed on cox1 sequences (Dumas et al., 2015; Che et al., 2017), probably due to the efficiency
of the marker in discriminating at species level and to the high number of sequences already
available. For this reason, some of the most popular species delimitation methods have been
developed or become commonly applied on cox1 sequences (Puillandre et al. 2012; Kapli et al.,
2017; Fujisawa and Barraclough, 2013). Among them there are some of the so called nucleotidedistance based methods and coalescent-tree based methods; the first approach of species
delimitation starting from barcode sequences to be proposed was the use of a nucleotide distance
threshold, a value of nucleotide divergence that can be used to discriminate between intraspecific
and interspecific nucleotide variability (Hebert et al., 2003a; Meyer and Paulay, 2005). This method
relies on the barcoding gap concept (Meyer and Paulay, 2005), i.e. the presence of a gap in the
frequency distribution of nucleotide distances that is recognized as the point of transition between
intra- and inter-specific level. Basing on barcoding gap concept, an algorithm for species
delimitation named Automatic Barcode Gap Discovery was proposed (e.g. ABGD, Puillandre et al.
2012). ABGD automatically finds the distance at which the gap is located and consequently the
threshold value for delimiting species; the benefit respect to the use of the previously mentioned
distance threshold is that ABGD takes in account the possibility that multiple thresholds are present
among taxa. Differently from the previous methods, coalescent-tree based methods account for the
evolutionary relations among taxa in performing the delimitation. Starting from a dendrogram
inferred from nucleotide sequences, these methods aim to find a threshold between intraspecific and
interspecific branching basing on Yule/speciation and coalescent processes (Pons et al., 2006; Reid
& Carstens, 2012; Zhang et al., 2013; Kapli et al., 2017). The usefulness of species delimitation
methods is unquestioned, in particular thinking about how many taxonomic issues have been
resolved thanks to their application, but it is also known that the results they generate can be
sometimes influenced from features related to the analysed data. A bunch of studies on simulate
datasets have been performed for testing the impact on species delimitation analyses of some
factors, i.e. the effect of sampling scale, variation of the effective population size, of speciation rate
and mutation rate, marker length, evolutionary history of species considered and sampling size
(Lohse, 2009; Reid & Carstens, 2012; Esselstyn et al., 2012, Fujisawa & Barraclough, 2013;
Dellicour & Flot 2018); since only some of these factors are derivable from real data and few
studies were performed accounting for the influence of factors that can be planned in the study
experimental design, more effort is needed for defining how to make better use of molecular species
delimitation methods in practice.
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Species identification and delimitation methods can be considered more useful for studying the taxa
for which defining species limits is more complicated (Bruns et al., 2018); or that over time have
been poorly studied (Ceccarelli et al., 2011). Within Metazoa, one of such groups is insects; due to
the high diversity of insects, the taxa present in some geographic areas are almost unknown or the
taxonomy of others is conflictual. Within insects, also in groups that can be considered well studied,
often further investigations lead to new species discovery or taxonomic incongruences highlighted.
In this thesis, molecular taxonomy methods are applied and tested for efficiency on insects, with a
special focus on leaf beetles (Coleoptera, Chrysomelidae). Chrysomelidae is a species-rich family
of phytophagous Coleoptera that includes taxa with different ecology, both in term of exploited host
plants and specialization level (monophagy, oligophagy, polyphagy). Beside the importance of this
group in the study of biodiversity, it has also an economically relevant interest related to those
species that are pests of crops or ornamental plants (Kaygin et al., 2008; Zhao et al., 2008;
Sawadogo et al., 2015). Moreover, Chrysomelidae represents an excellent group for investigating
insect-host plant relation (Wang et al., 2018; Yıldız et al., 2019) or the evolution of trophic
specialization (Gikonyo et al., 2019; Salvi et al., 2019). Both applied and basic research can benefit
in exploring the taxonomy of these beetles using molecular tools.
In detail, in my thesis DNA-barcoding molecular identification approach is applied for developing
cox1 barcode libraries for Euro-Mediterranean Chrysomelidae identification and DNA-barcoding
tested for its efficiency in the identification of the species of the family. Moreover, the aspect of the
use of nucleotide distance thresholds for species molecular identification is better investigated,
developing and comparing specific thresholds for Chrysomelidae taxa in view of understanding the
error related to the use of a fixed threshold. The second part of this thesis consists in the application
of molecular species delimitation methods to other insects taxa with the aim of resolving their
taxonomic status in an integrative taxonomy framework. Finally, starting from concerns and issue
derived from the application of molecular species delimitation methods to different datasets,
partially related to the planning of an adequate experimental design and on the other hand also to
the biology of the analysed species, the influence of some dataset-related factors on species
delimitation efficiency was evaluated.
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2 Results
2.1 Research article
Barcoding of Chrysomelidae of Euro-Mediterranean area: efficiency and problematic species
Magoga, G., Sahin, D. C., Fontaneto, D. & Montagna, M. (2018) Barcoding of Chrysomelidae of
Euro-Mediterranean area: efficiency and problematic species. Scientific reports 8: 13398. doi:
10.1038/s41598-018-31545-9
2.1.1 Summary

Leaf beetles (Coleoptera: Chrysomelidae), with more than 37,000 species worldwide and about
2,300 in the Euro-Mediterranean region, are an ecological and economical relevant family, making
their molecular identification of interest also in agriculture. This study, part of the Mediterranean
Chrysomelidae Barcoding project (www.c-bar.org), aims to: (i) develop a reference Cytochrome c
oxidase I (cox1) library for the molecular identification of the Euro-Mediterranean Chrysomelidae;
(ii) test the efficiency of DNA barcoding for leaf beetles identification; (iii) develop and compare
optimal thresholds for distance-based identifications estimated at family and subfamily level,
minimizing false positives and false negatives. Within this study, 889 cox1 nucleotide sequences of
261 species were provided; after the inclusion of information from other sources, a dataset of 7,237
sequences (542 species) was analysed. The average intra-interspecific distances were in the range of
those recorded for Coleoptera: 1.6–24%. The estimated barcoding efficiency (~94%) confirmed the
usefulness of this tool for Chrysomelidae identification. The few cases of failure were recorded for
closely related species (e.g., Cryptocephalus marginellus superspecies, Cryptocephalus violaceus Cryptocephalus duplicatus and some Altica species), even with morphologically different species
sharing the same cox1 haplotype. Different optimal thresholds were achieved for the tested
taxonomic levels, confirming that group-specific thresholds significantly improve molecular
identifications.

2.1.2 Manuscript

Introduction

Chrysomelidae, or leaf beetles, is one of the most species-rich families of Coleoptera. Leaf beetles
are distributed worldwide (except Antarctica) and inhabit almost all habitats presenting vegetation.
Leaf beetles include more than 37,000 species at global level belonging to more than 2,000 genera
12

(Jolivet et al., 2011). In the Palearctic region approximately 3,500 species have been described so
far (Konstantinov et al., 2009), and about 2,300 of them occur in the Euro-Mediterranean region
(Magoga et al., 2016; Blondel et al., 2010; Warchalowski, 2003). With few exceptions, leaf beetles
are phytophagous insects adapted to feed on plant species, including some of agricultural interest
(e.g., Diabrotica virgifera LeConte, 1868 and Leptinotarsa decemlineata Say, 1824). The speciesspecific strict association with the host plants makes leaf beetles an interesting group for
evolutionary studies (e.g. Futuyma & McCafferty, 1990; Chung et al., 2017) however, they have
received attention also due to their impact on agriculture (e.g. Sawadogo et al., 2015) and to their
use as biological control agents of invasive plants (Grevstad, 2006; Szűcs et al., 2012). The correct
identification of organisms is regarded to be essential in both applicative field and evolutionary
studies; yet, their taxonomy, based on morphological features, requires a high level of expertise that
could be reached only after years of study. In some cases, as for several species groups, the accurate
species identification of adults can only be achieved extracting genitalia (Montagna et al., 2013;
Sassi, 2014; Montagna et al., 2016). Therefore, preimaginal stages can be only rarely identified to
species level. Thus, approaches based on morphology may not be efficient for beetles identification
and become strongly time consuming especially in large scale studies, for example in biomonitoring
surveys for agricultural biocontrol.
DNA based approaches have emerged as useful tools for the identification of organisms (Hebert et
al., 2003; Hebert & Gregory, 2005) and the efficacy of the cytochrome oxidase subunit I (cox1)
marker in molecular identification of Coleoptera (including leaf beatles) was demonstrated (GarcíaRobledo et al., 2013; Lopes et al., 2015; Thormann et al., 2016). At present, on-line databases
harbour about 8,000 cox1 sequences assigned to approximately 1200 leaf beetles species
worldwide, roughly about 4% of the overall described species. We are still far from having a
reliable reference database, and most of the detailed barcoding studies for European leaf beetles
have been developed within limited geographic contexts (Hendrich et al., 2015; Pentinsaari et al.,
2014). In order to increase the number of barcoded species, including also the rare ones, large scale
biodiversity studies focused on leaf beetles inhabiting different biogeographic regions are needed.
The Mediterranean Chrysomelidae Barcoding project (C-bar, Magoga et al., 2016), started in 2009
and, involving many taxonomists and specialists of different subfamilies, aims to develop a
reference database of sequences for the molecular identification of leaf beetles inhabiting the EuroMediterranean region. In the present study, we analyse the dataset of cox1 gene sequences obtained
within the C-bar project with the purpose of: i) evaluate the efficiency of the DNA barcoding
dataset; ii) estimate the optimal intraspecific and interspecific thresholds for the identification of
leaf beetles species at different taxonomic level (i.e., family vs subfamily level).
13

Materials and methods

Ethics Statement
No species of Coleoptera Chrysomelidae are listed in national laws as protected or endangered. All
the specimens were collected between 2009-2013 in state-owned properties. The collection of these
invertebrates is not subjected to restriction by national or international laws and does not require
special permission. All the organisms were collected before the approval of Nagoya protocol
283/2014/UE.

Sample collection and identification
Leaf beetles were collected in sampling campaigns occurred from 2009 to 2013 in different
ecoregions of central and southern Europe and North Africa. The animals were collected using
different methods: from the vegetation by sweep net or by beating sheet, and directly by hand in
specific habitats. All the specimens were stored in absolute ethanol in order to preserve the genomic
DNA and preserved at -20°C. Specimen manipulation and dissection (when necessary) were
completed with the auxiliary use of a stereomicroscope Leica MS5, a compound microscope Zeiss
Axio Zoom V16, and images were acquired with the digital camera Zeiss Axiocam 506. The
specimens were morphologically identified by expert taxonomists. The nomenclature adopted in
this study follows that of the European Fauna (https://fauna-eu.org/).

DNA extraction, sequencing
DNA extractions were performed in two laboratories (the Biodiversity Institute of Ontario University of Guelph; the Laboratory of Molecular Entomology at Dipartimento di Scienze Agrarie
e Ambientali - Università degli Studi di Milano) adopting the following different protocols: i) DNA
extraction from one hind leg of the specimen, and ii) DNA extraction from the whole body, in both
cases using Qiagen DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) as reported in
Magoga et al., 2016.
After DNA extraction, the voucher specimens were dry mounted on pins in the case of whole body
DNA extraction, or preserved in absolute ethanol at -30°C in the case of DNA extraction from a
single leg. An aliquot of the extracted DNA was preserved in both laboratories at -80°C as
reference. The standard barcode region of the mitochondrial cox1 was amplified by PCR using
standard barcode primers LCO1490/HCO2198 (Folmer, 1994). In case of unsuccessful
amplifications, the alternative cox1 primers LepF1 / LepR1 were adopted to amplify the selected
region (Hebert, 2004). PCRs were performed in a volume of 25 μL reaction mix containing: 1X
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GoTaq reaction Buffer (10 mM Tris-HCl at pH 8.3, 50 mM KCl and 1.5 mM MgCl2), 0.2 mM of
each deoxynucleoside triphosphate, 0.5 pmol of each primer, 0.3 U of GoTaq DNA Polymerase and
10/20 ng of template DNA. The adopted thermal protocol is reported in Montagna et al., 2013.
Positive amplicons were directly sequenced on both strands using the marker-specific primers from
ABI technology (Applied Biosystems, Foster City, USA). Consensus sequences were obtained
editing electropherograms using Geneious R8 (Biomatters Ltd., Auckland, New Zealand. License
owned by Matteo Montagna). Spurious amplifications of cox1 sequences were checked using
Standard Nucleotide BLAST (Altschul et al., 1990). The presence of open reading frame was
verified

for

the

obtained

sequences

by

using

the

on-line

tool

EMBOSS

Transeq

(http://www.ebi.ac.uk/Tools/st/emboss_transeq/), then sequences were aligned at codon level using
MUSCLE (Edgar, 2004) in MEGA 6.06 (Tamura et al., 2013). Consensus sequences were
deposited in the Bold Systems (Ratnasingham, 2007) and in the European Nucleotide Archive to
make them available for future studies (accession numbers reported in Tab. S1).

Sequence mining and dataset development
Accession numbers of orthologous sequences belonging to European and Mediterranean Leaf
Beatles species were recovered from previously published DNA barcoding studies (Hendrich et al.,
2015; Gómez-Rodríguez et al., 2015; Pentinsaari et al., 2014) and used to download the
corresponding nucleotide sequences from public repositories (i.e., BOLD and GeneBank); this
operation was completed using the R 3.3.3 (R Core Team, 2017) library ape v4.1 (Popescu et al.,
2012) and rentrez v1.1.0 (Winter, 2017).
Overall a total of 6,348 cox1 gene sequences were retrieved from public repositories. These
nucleotide sequences and those obtained in the present study were organised in two datasets: i)
dataset DS1, composed only by the nucleotide sequences developed in this study; ii) dataset DS2,
composed by the sequences mined from online databases plus dataset DS1. We keep separated the
two datasets in order to evaluate the efficiency of the here developed dataset, and to estimate the
barcoding efficiency for the whole family using all available cox1 sequences (DS2).
Taxonomy was standardised checking for the presence of synonymous names and assigning only
one name (the accepted one following European Fauna https://fauna-eu.org/ nomenclature) to each
species. DS1 and DS2 were also split in sub-datasets in order to obtain datasets including only one
leaf beetles subfamily each. Only subfamily level datasets consisting of at least 2 species were
retained. The procedure led to obtain datasets for the following ten subfamilies: Alticinae,
Cassidinae, Chrysomelinae, Criocerinae, Cryptocephalinae, Donaciinae, Eumolpinae, Galerucinae,
Hispinae and Orsodacninae.
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Bioinformatic analyses
For all the morphologically identified species of DS1 and DS2, intraspecific and interspecific
nucleotide divergences were calculated starting from a pairwise distance matrix developed using R
library spider v1.1-5 (Brown et al., 2012) adopting Kimura-two parameters as substitution model
(K2P) (Kimura, 1980). With the same R package a Threshold optimisation analysis was performed
on DS1, DS2 and on each subfamily-level dataset in order to calculate the value of nucleotide
distance (optimal threshold; OT) that minimises the error related to molecular identification. This
error is caused by the discordance between morphological and molecular identification and is called
cumulative error (CE), calculated as the sum of the number of false positives (FP, conspecifics with
a value of nucleotide divergence higher than the threshold value) plus the number of false negatives
(FN, heterospecifics with a value of nucleotide divergence lower than the threshold value) (Meyer
& Paulay, 2005) Differences in CE values estimated at family and subfamily level were assessed
using Student t test. The efficiency of molecular identification was estimated performing Best Close
Match analyses, defined by Meier et al. 2006, on DS1 and DS2 (family level). The method
compares each sequence of dataset with the others included in it and checks if the best matches (i.e.,
pairs of sequences with the lowest values of nucleotide distance) are between sequences of
organisms morphologically identified as the same species. Each best match results in one of the
following four states: “correct”, when the two closest sequences under the defined threshold belong
to the same species; “incorrect”, the opposite situation; “ambiguous”, when the closest match is
represented by more than one species; and, “no id” when no match is recorded under the chosen
threshold.
For some groups of closely related species, where several misidentifications were observed,
minimum-spanning haplotype networks (Bandelt et al., 1999) were reconstructed using PopArt
(Leigh, 2015).

Data availability
All the cox1 sequences and the metadata associated with the organisms processed in this study are
available in Bold Systems, European Nucleotide Archive and Supplementary Table S1 and S3.
Voucher specimens are deposited into M.M. private collection.
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Figure 1. Collection sites of the individuals analysed in this study. Sampling localities of the
individuals processed in this study (light blue dots) and whose barcodes were mined from online
databases (orange dots). Map developed using R libraries ggmap (Kahle & Wickham, 2013),
ggplot2 (Wickham, 2009), ggsn (Baquero, 2017) background image downloaded using the cited
libraries from Google Imagery©2018 TerraMetrics.
Results

General features
The dataset developed in this study (i.e., DS1) consists of 889 cox1 sequences (average 654 bp
[range: 494-658]), with a base composition of A = 29.4%; C = 19.6%; G = 16.1%; T = 34.9%. The
dataset includes sequences of 261 leaf beetles species, the 11.4% of the Euro-Mediterranean species
(74 singletons), belonging to 64 genera collected from ten countries within the Euro-Mediterranean
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region (Fig. 1; Table S1). Out of the 261 barcoded species, cox1 sequences of 52 species were not
already present in any online repository (Table S4).
Dataset DS2, consisting of the previously available sequences with the addition of DS1, is
composed by 7,237 cox1 sequences (average 652 bp [range: 460-658]); with a base composition of
A=29.6%; C=18.7%; G=16.1%; T=35.5%. In DS2 the cox1 sequences of 542 species (~24% of the
Euro-Mediterranean fauna) sampled in 19 different countries of Europe and North Africa are
included (Fig. 1; Table S5).
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Figure 2. Boxplots of K2P inter-intraspecific pairwise nucleotide distances inferred from DS1 (a)
and DS2 (b) datasets. Estimated intraspecific (orange) and interspecific (cadet blue) nucleotide
distances are reported for each dataset at family and subfamily levels; optimal thresholds are
reported as percentage and indicated by the red horizontal lines; below each bar the number of
sequences (N) and of species (n) are reported. Above the bars datasets identifiers are reported.
Morphospecies intra-interspecific nucleotide distance
The distributions of intraspecific and interspecific pairwise nucleotide distances overlap, thus
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resulting in the absence of a clear barcode gap in both family-level datasets (Fig. S1). The mean
intraspecific nucleotide distance, estimated with the K2P nucleotide substitution model, resulted in
2% [0-20.6] for dataset DS1 and 1.6% [0-27.6] for DS2 (Fig. S1). The exceptionally high maximum
value of the intraspecific nucleotide distance in DS1 of 20.6% is the result of the comparisons
between sequences of two Lachnaia tristigma (Lacordaire, 1848) populations, both collected in
France in the Alpes-de-Haute-Provence department. The interspecific nucleotide distance resulted
in 25.1% [0-37.1%] in the case of DS1 and of 24% [0-43.2%] in the case of DS2 (Fig. S1).
Noteworthy, 0 or close to 0 values of nucleotide distance were recovered between specimens
belonging to different species (Fig. S1); among others, exemplar cases are represented by:
Cryptocephalus violaceus Laicharting, 1781 - Cryptocephalus duplicatus Suffrian, 1845; Lachnaia
italica Weise, 1881 - Lachnaia tristigma; members of Cryptocephalus marginellus Olivier, 1791
species complex, and of the Cryptocephalus hypochaeridis (Linnaeus 1758) species complex. In
detail, specimens of C. duplicatus collected in Turkey and of C. violaceus collected in Greece
possessed the same cox1 haplotype; within the Cryptocephalus marginellus complex, notable is the
case of Cryptocephalus renatae Sassi, 2001 collected in Savona province having only ~0.6% of
nucleotide distance from C. marginellus collected in a geographically close locality (Nice, FR) and
of the Cryptocephalus eridani Sassi, 2001 having ~0.4% from Cryptocephalus hennigi Sassi, 2011,
both collected in Cuneo province. The cox1 haplotype network of C. marginellus complex (Fig. 3A)
confirms the previous results and shows that the currently known species in the group are not well
distinguished as species clusters; the only exceptions are represented by Cryptocephalus zoiai Sassi,
2001 and Cryptocephalus aquitanus Sassi, 2001, unambiguously separated from the other species
(Fig. 3A). In addition, within the subfamily of Alticinae some specimens belonging to the following
eight out of 14 Altica morphospecies present in the DS2 showed the same or highly similar cox1
haplotype (range of nucleotide intraspecific distances: 0-12.6% and of nucleotide interspecific
distances: 0-13.8%): Altica aenescens (Weise, 1888), Altica ampelophaga Guérin-Meneville, 1858,
Altica ericeti (Allard, 1859), Altica brevicollis Foudras, 1860, Altica engstroemi (Sahlberg, 1894),
Altica lythri Aubé, 1843, Altica longicollis (Allard, 1860) and Altica oleracea (Linnaéus, 1758)
(Fig. 3B).
Table 1. Cumulative error values related to optimal thresholds of DS1 and DS2 datasets at family
and subfamilies level.
Dataset IDs
DS1
DS2

Chr. Alt. Cas. Chrys. Cri.
97
10
1
3
1
816 413
1
40
16

Cry. Don. Eum. Gal. Ors. His.
66
2
0
1
0
0
192
12
0
73
0
0

t test p-value
-13.7 <0.001
-17.6 <0.001

Abbreviations: Chr.: Chrysomelidae; Alt.: Alticinae; Cas.: Cassidinae; Chrys.: Chrysomelinae; Cri.:
Criocerinae; Cry.: Cryptocephalinae; Don.: Donacinae; Eum.: Eumolpinae; Gal.: Galerucinae; Ors.:
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Orsodacninae; His.: Hispinae.

Figure 3. Minimum-spanning haplotype networks of cox1 sequences. (a) Cryptocephalus
marginellus superspecies. (b) Altica oleracea species complex. For each group is reported an image
of the representative species (C. marginellus and A. oleracea, respectively) and a map reporting
collecting sites of the specimens included in this study. Diameter of the circle is proportional to
haplotypes abundance.
Optimal threshold and barcode efficiency
The optimal threshold that minimises the number of false positive (FP) and false negative (FN)
identifications resulted in 2.6% of distance for DS1, with an associated cumulative error of 97
sequences out of 889 (10.9 %, FP=38, FN=59); for DS2 it resulted in a value of 1% of nucleotide
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distance, with a cumulative error of 816 sequences out of 7237, 11.3%, FP= 209, FN= 607). The
sum of the cumulative errors obtained from optimal threshold analyses performed on the subfamily
level datasets obtained from DS1 resulted in 85 sequences (9.6%), and in 748 sequences (10.3%) in
the case of datasets from DS2. (Table 1). These error values are significantly different from the
cumulative errors obtained for the total datasets, i.e., DS1: t = -13.7, p-value < 0.001; DS2: t = 17.6, p-value < 0.001 (Table 1). The highest error values, related with subfamily datasets, were
observed for Cryptocephalinae obtained from DS1 (66 sequences out of 416, 15.8%, threshold 1%)
and for Alticinae from DS2 (413 out of 2690 sequences, 15.3%, threshold 0.9%). By contrast, the
lowest error of only one sequence was obtained for both datasets of Cassidinae, with 53 sequences
in DS1 and 168 sequences in DS2; the associated OTs were higher than those observed for the other
subfamilies, 4.6% for DS1 and 5.9% for DS2.
The barcode efficiency of DS1, evaluated through the best close match analysis gave an OT of
2.6%, resulting in 93% of correct identification (828 out of 889); 58 species, consisting of a single
cox1 sequence, were considered as correctly identified since no match with other heterospecific
sequences occurred. Of the 61 sequences that revealed identification errors, 14 were classified as
incorrect identifications. These sequences belong to taxa between which very low interspecific
nucleotide distances were observed (e.g. C. hennigi - C. eridani; A. brevicollis - A. lythri; L. italica
- L. tristigma); in addition to these, they include also sequences from Longitarsus apicalis (Beck,
1817), showing the best match with Longitarsus aeneicollis (Faldermann, 1837) (pairwise
nucleotide distance of 0.2%), and one specimen of Oulema melanopus (Linnaeus, 1758) that
matched with Oulema duftschmidi (Redtenbacher, 1874) (1.2% of pairwise nucleotide distance). A
total of 39 sequences (34 morphospecies) resulted in no match with conspecifics because of a
pairwise nucleotide distance higher than the adopted OT. Among these cases, a sequence of
Cassida denticollis Suffrian, 1844 showed about 15% of nucleotide divergence from other
sequences assigned to the same species. The eight ambiguous identifications involve the sister
species C. violaceus-C. duplicatus and L. tristigma.
The same analysis performed on DS2 highlighted the presence of 94.1% correct identifications
(6,811 sequences out of 7,237), 52 incorrect, 164 ambiguous and 210 missing identifications (Tab.
S2), with an OT of 1%. Among incorrect and ambiguous identifications, beyond the DS1 cases
mentioned above, only one match involved at least one sequence from DS1 (i.e., Psylliodes brisouti
Bedel, 1898 MS0000647 with Psylliodes instabilis Foudras, 1860 KM445439). Incorrect and
ambiguous identifications were observed also among the retrieved sequences: e.g. one sequence of
L. tristigma and one of Lachnaia gallaeca Baselga & Ruiz-García, 2007 (nucleotide distance
0.2%); Plateumaris sericea (Linnaeus, 1761) and Plateumaris discolor (Panzer, 1795) sequences
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and, Galerucella pusilla (Duftschmid, 1825) and Galerucella calmariensis (Linnaeus, 1767). As
regard the missing identifications, sequences assigned to 11 species of Cassida, 27 of
Cryptocephalus and 6 of Smaragdina genera did not match those of conspecifics because of
intraspecific genetic distances higher than the OT.
Discussion

Identification efficiency
The results achieved by the performed analyses confirmed the usefulness of the DNA barcoding
approach as a tool for the molecular identification of Chrysomelidae. The obtained identification
efficiencies are comparable for both datasets; our dataset (NDS1= 889 sequences) showed 93% of
correct identifications, while 94% of correct identifications was obtained for DS2 (i.e., the available
cox1 sequences + DS1; NDS2= 7,237 sequences), which cover the ~24% of the Euro-Mediterranean
species. The barcoding efficiency recovered in the present study is similar to those achieved in
other studies dealing with beetles, as example 89% in the case of Bembidion species (Raupach et
al., 2016), approximately 92% in the case of the Central European Coleoptera (39% of the fauna;
Hendrich et al., 2015) and 100% in the case of Crioceris species (Kubisz et al., 2012). In any case,
in these studies different approaches were adopted to estimate the barcoding efficiency, thus a direct
comparison could not be performed.
Incorrect, ambiguous and missing identifications observed in our study are possibly related with the
inability of DNA barcoding in identifying taxa in the presence of: i) superspecies (two or more
close related species with allopatric distribution that can occasionally hybridise (Mayr, 1931)) and
cryptic species complexes (Van Velzen et al., 2012; Jiang et al., 2014) ; ii) cases of hybridisation or
introgression; iii) incomplete lineage sorting; and iv) bacterial endosymbionts changing pathways of
mtDNA inheritance (Smith et al., 2012; Klopfstein et al., 2016). In these cases, the lack of a clear
barcode gap between intraspecific and interspecific nucleotide distances vanish the possibility to
identify species (Meyer & Paulay, 2005; Wiemers & Fiedler, 2007) The phenomenon is evident
also in the analysed datasets, where a clear barcode gap cannot be found (Fig. S1).
Interestingly, the estimated optimal threshold of DS2 was lower than that of DS1, 1% and 2.6%
respectively. These results could be related to the different haplotype diversity and to the different
taxonomic composition of the two datasets. The mean number of haplotypes per species of the two
datasets is 6.7 (on average 13.4 sequences per species) and 2.5 (on average 3.4 sequences per
species) in the case of DS2 and DS1, respectively; thus, DS1 possesses fewer sequences per species
but a higher number of haplotype per species (approximately one haplotype per sequence) than
DS2. The differences between the two datasets might be related to the sampling strategies adopted
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in C-Bar project, where attempts have been made to maximise the number of conspecifics from
different localities, rather than to process numerous specimens of the same species from the same
locality.
Threshold optimisation analyses showed also a significant decrease of the cumulative error when
OTs were estimated at the subfamily level in comparison to when they were estimated at the family
level (Tab 1). Phylogenetically closely related species are supposed to have similar rates of
nucleotide substitution due to shared morphological, biological and ecological traits (e.g., number
of generation per year, tendency to isolation of the populations due to the habitat structure or to the
dispersal ability of the species (Fujisawa et al., 2015) and for this reason should be easier to define a
reliable threshold between intraspecific and interspecific divergence. We can hypothesise that not
all Chrysomelidae share the same rate in nucleotide substitutions, since different subfamilies are
characterised by different morphological, ecological and physiological adaptation, as the Maulik’s
organ that confers jumping capabilities to Alticinae (Scherer, 1971; Furth, 1988), the limited
dispersal capabilities of Chrysomelinae and Cryptocephalinae (Piper & Compton, 2003) or the
presence of bacterial endosymbiont that, in the case of Donacinae, allows the larvae to survive in
anoxic conditions under water (Kleinschmidt & Kölsch, 2011). Moreover, the different OTs
achieved for Chrysomelidae subfamilies underline that the use of a unique threshold for the entire
family decreases the identification efficiency of DNA barcoding (Table 1). Beyond classical
barcoding studies, the implementation of group specific thresholds, leading to a more accurate
taxonomic identification, should be also evaluated for OTUs clustering in metabarcoding analyses
instead of the employment of fixed thresholds (as in the case of Fonseca et al., 2017; Potter et al.,
2017).
Concerning the cumulative error, the highest value was obtained for Cryptocephalinae subfamily
(DS1). This dataset, accounting for 46.8% of DS1 sequences, includes different species complexes
(e.g., Cryptocephalus marginellus and Cryptocephalus hypochoeridis). The presence of species
complexes increases the overlap between intra and interspecific distances and consequently the
cumulative error at the optimal threshold. In the case of DS2, Alticinae resulted the subfamily with
the highest error associated to the OT of 0.9%. This finding could be associated to a high proportion
of sequences belonging to the genus Altica in this dataset (229 out of 2,690), a taxon for which
inconsistences between molecular and morphological signals were already found (Jäckel et al.,
2013).

Molecular identification of closely related species
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Barcode sequences of closely related species within the groups Cryptocephalus hypochaeridis
(Leonardi & Sassi, 2001; Gómez-Zurita et al., 2011) and Oulema melanopus (Berti, 1989; Bezdek
J. & Baselga, 2015) were here analysed; as expected, low values of nucleotide interspecific
distances within groups were observed. Moreover, our study highlighted other interesting cases of
sequences belonging to morphologically similar species groups not properly identified by best close
match analyses. Cryptocephalus marginellus superspecies, including six species that differ in their
distributions and in the shape of the median lobe of aedeagus (Sassi, 2001; 2011) represents one of
these cases. These species are present in Spain (C. aquitanus), France (C. aquitanus, C.
marginellus, C. eridani, C. zoiai), Italy (C. eridani, C. marginellus, C. renatae, C. hennigi, C. zoiai)
and Switzerland (C. eridani), and their distributions partially overlap in some areas. The close
relationships among these species highlighted by morphological features were here confirmed by
the cox1 variability and by the structure of the haplotype network (Fig. 3A); however, no shared
haplotypes between species were observed. Well-separated clusters were recovered for C. aquitanus
and C. zoiai that, in addition to C. marginellus, resulted the only monophyletic taxon within this
complex (Fig. 3A). The analysis of pairwise nucleotide distances showed low values between
different species, the lowest one between specimens collected in the area where the range of the
species overlap (e.g., C. eridani - C. hennigi). Incomplete lineage sorting could be considered an
explanation for these results, even if introgression between species with overlapping distribution
has to be taken into account. A further interesting result concerns C. violaceus and C. duplicatus,
two morphologically very similar species distinguishable only on the basis of the shape of the
median lobe of the aedeagus. C. violaceus is present in central and southern Europe while C.
duplicatus in the southern east of Europe and the Middle East. No nucleotide differences were
observed between the cox1 sequences of C. violaceus collected in Greece and C. duplicatus
collected in Turkey. Since the distribution of the species overlaps in Greece, we can hypothesise
recent events of introgression. This phenomenon is known to occur when, after an allopatric
speciation, two sister species come in contact and establish an area of secondary sympatry; due to
the lack of reproductive isolation they have the possibility to hybridise with the result of a stable
integration of genetic material from one species into the other one (Mallet, 2005; Baack &
Rieseberg, 2007).
Shared haplotypes were observed among the following Altica species: A. ericeti-A. ampelophaga;
A. ampelophaga-A. oleracea-A. brevicollis; A. brevicollis-A. aenescens; A. ericeti-A. ampelophagaA. brevicollis; A. ampelophaga-A. brevicollis; A. lythri-A. engstroemi. Identification of many
species belonging to Altica, included those above mentioned, is not easy adopting morphological
criterion; it is mainly based on the observation of adult male genitalia, which in some cases is not
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totally informative because of the presence of intraspecific morphological variation (Aslan et al.,
2004). In addition, adult females are often indeterminable (Warchalowski, 2010). This difficulty in
species identification is also mirrored at the molecular basis, where the species of this group are
unidentifiable using cox1 (Fig. 3B) as well as by using other mtDNA markers (Warchalowski,
2010). Morphological and cox1 nucleotide similarity suggests the possible need of a taxonomic
revision of the Altica species mentioned above. The obtained results, viz the low interspecific
nucleotide divergence and the presence of shared haplotypes, is congruent with a scenario of
incomplete lineage sorting due to the recent origin of the group of species and hybridization. A
further possibility, supported by the presence of different strains of the maternally inherited
endosymbiont Wolbachia within and between Altica species, consists of a rapid spread within
populations of ancestral or introgressed haplotypes, caused by the cytoplasmic incompatibility
induced by Wolbachia (Jäckel et al., 2013). In this last scenario, Wolbachia might have played a
crucial role in mating isolation and thus in the speciation process, as suggested for other groups of
close related taxa (e.g., Jaenike et al., 2006; Plewa et al., 2018). Further studies, using genomic
approaches, are required to disentangle among the reported possibilities.

Conclusion

This study provides cox1 sequences of 261 Chrysomelidae species (~12% of the EuroMediterranean Fauna; 889 barcodes) collected in the Euro-Mediterranean area (52 species new to
on-line repositories) and confirms the usefulness and efficiency of DNA barcoding for the
identification of these beetles. Cases of barcoding failure in identifying members of the family were
observed especially for closely related species, and some of them are reported for the first time in
this study. The comparisons among optimal thresholds estimated at different taxonomic levels, viz
family and subfamily, have underlined the importance of using taxon-specific thresholds to increase
the efficacy of molecular identification.
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2.2 Research article

DNA Barcoding as useful tool to identify crop pest flea beetles of Turkey

Coral Sahin, D., Magoga, G., Ozdikmen, H. & Montagna, M. (2018) DNA Barcoding as useful tool
to identify crop pest flea beetles of Turkey. Journal of Applied Entomology 143: 105-117. doi:
10.1111/jen.12566

2.2.1 Summary

Flea beetles (Chrysomelidae: Galerucinae: Alticini), with ~8000 species worldwide, include pest
species causing substantial economic damage to crops. The genera Phyllotreta and Chaetochnema
include both pest and not-pest species. An accurate and fast taxonomic identification approach is
required for discriminating among taxa for non-expert taxonomists; moreover, the utility of this
approach spans from biodiversity conservation to the monitoring of pest species. DNA barcoding
represents a reliable and easy identification tool based on the use of short DNA sequences. In this
study, 45 new cox1 sequences of 13 Phyllotreta and five Chaetocnema species, representing ~30%
and ~20% of the Turkish species belonging to these genera, were provided. These sequences
increased by ~18% and ~25% the number of species of these genera whose sequences are available
in BOLD. In order to test DNA barcoding efficiency in Phyllotreta and Chaetocnema species
identification, we created a data set consisting of sequences belonging to species present in the
Middle East and available in BOLD plus the sequences developed in this study (36 species). The
efficiency of species identification, estimated using Best Closed Match analysis (with the ad hoc
calculated optimal distance threshold of 1.5%), was 99%. The overall intraspecific and interspecific
mean nucleotide divergences were 1.4% and 20%, respectively. Interestingly, cox1 sequences of
Phyllotreta nigripes clustered into two well-separated groups with a high value of the betweengroup nucleotide distance (11.4%), which suggests the presence of cryptic species. In addition,
information was provided on the crops exploited by the collected organisms and the observed
damage.

2.2.2 Manuscript

Introduction

Flea beetles (Chrysomelidae: Galerucinae: Alticini), with approximately 500 genera and more than
8,000 species worldwide, are the largest tribe of Chrysomelidae (Coleoptera). In the Palearctic
region they are represented by 90 genera and 1,388 species (Konstantinov & Vandenberg, 1996).
To date in Turkey, 22 genera and 314 species have been recorded (Özdikmen et al., 2014; Bayram
& Aslan, 2015; Aslan & Alkan, 2015). The species belonging to this group are small in size
(usually of length 0.5-4.0 mm) and are characterized by enlarged hind femora due to the presence of
the Maulik’s organ, which confers the jumping capability (Scherer, 1971). Among the Alticini are
listed species considered pests of crops worldwide (Metspalu et al., 2014). For example, among the
species of the genus Epitrix Foundras, four are listed as quarantine species by European and
Mediterranean Plant Protection Organization (EPPO), due to the damage caused to potatoes
(Germain et al., 2013). As well as crop pests, the alien Luperomorpha xanthodera Fairmaire, 1888
is well know for the aesthetic damage caused to ornamental plants (Bene & Conti, 2009). In
general, the economic losses are mainly caused by the overwintering adults emerging in spring and
damaging the cotyledon and the first true leaves, which leads to the death of the plant (Bodnaryk &
Lamb, 1991; Tansey et al., 2009; Metspalu et al., 2014). When the intensity of the flea beetle
infestation is high, and the weather is favorable to their proliferation, the entire crop may even be
lost (Knodel et al., 2004). The importance of flea beetles as pests, besides of being related to direct
damage, is also related to their capability to transmit plant disease agents, such as viruses and
bacteria (Booth et al., 1990). Insects retain the bacteria in the digestive organs during the winter
diapause, and then in spring reinfect the plants while feeding on them. For example, Chaetocnema
denticulata (Illiger, 1807) and Chaetocnema pulicaria Melsheimer, 1847 are vectors of Pantoea
stewartii (Smith, 1898), the causative agent of Stewart’s wilt, listed among the quarantine
organisms by EPPO (Jourdheuil, 1963; Wensing et al., 2010). A further example is represented by
the Rice yellow mottle virus, which is known to be transmitted by Chaetocnema abyssinica Jacoby,
1907, Chaetocnema kenyensis Bryant, 1948 and Chaetocnema pulla Chapuis, 1879 (Bakker, 1974).
Some Phyllotreta Chevrolat species, especially Phyllotreta striolata (Fabricius, 1803) and
Phyllotreta cruciferae (Goeze, 1777), were reported as vectors of the Turnip yellow mosaic virus,
which poses a threat to cruciferous vegetables (Stobbs et al., 1998). On the other hand, due to their
efficacy in damaging plants, some flea beetles belonging to the genera Longitarsus Berthold, Altica
Müller, Aphthona Chevrolat and Chaetocnema Stephens were successfully adopted as biocontrol
agents for weeds (Jonsen et al., 2001; Konstantinov, 1998; Konstantinov et al., 2001; Aslan & Gök,
2006; Cagáň et al., 2006). One exemplary application is represented by Chaetocnema tibialis
(Illiger, 1807) which was adopted for controlling the invasive wild amaranth (Cagáň et al., 2006).
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Note that even if a flea beetle can be considered harmful, its pest status may vary across the range
of distribution in accordance with the varying intensity of the damage.
Chaetocnema, one of the two genera targeted by this study, has a worldwide distribution and
includes species that are considered crop pests. Chaetocnema concinna (Marcsham, 1802) severely
damages sugar beet, and for this reason, it is considered an important pest of this crop (EPPO,
2007). C. tibialis is regarded as a serious pest of this crop in Uzbekistan (Toreniyazov, 1999) and in
Japan (Honma & Akiyama, 1981); Chaetocnema basalis is responsible for the 60% of the foliage
infestation on seed potatoes in India (Thakur & Kashyap, 1994); Chaetocnema aridula (Gyllenhal,
1827) is a pest of barley (Hordeum spp.), oats (Avena sativa), rye (Secale cereale) and wheat
(Triticum spp.); Chaetocnema picipes Stephens, 1831 of beet (Beta vulgaris) and Chaetocnema
hortensis (Geoffroy, 1785) of barley (Hordeum spp.) flax (Linumus itatissimum) and wheat
(Triticum spp.) (Aslan & Özbek, 1998; Konstantinov et al., 2011). The cosmopolitan genus
Phyllotreta, includes species well known to be pests of cultivated Brassicaceae (Verdyck, 1998;
Seeno & Wilcox, 1982). P. cruciferae and P. striolata cause, on average, the 10% of the annual
yield loss of Brassica rapa L. and Brassica napus L. in North America (Lamb & Turnock, 1982;
Verdyck, 1999). In Turkey, Phyllotreta atra (Fabricius, 1775), Phyllotreta nigripes (Fabricius,
1775), Phyllotreta undulata Kutschera, 1860 and Phyllotreta vittula (Redtenbacher, 1849) are
important pests of cabbage (Brassica oleracea), radish (Raphanus raphanistrum), turnip (Brassica
rapa) and rape (Brassica napus) (Aslan & Özbek, 2000). Some species of these two genera are
considered pests causing severe damage to some crops, while on others they do not cause a
significant economic damage. Among others, the case of C. concinna is worth noting. This is
considered a serious pest on sugar and fodder beet but does not cause significant economic damage
on potato, strawberry, buckwheat, spinach or sorrel, or in vineyards (Cagáň et al., 2000; Lesage &
Majka, 2010). A further example is P. vittula, declared a pest only on maize, despite the wide hostplants spectrum that includes other cereals, Brassicaceae and Amaranthaceae (Szenási & Marcó,
2015; Cagáň et al., 2006). Moreover, some species belonging to Chaetocnema and Phyllotreta have
a large spectrum of host plants including both cultivated and wild plants and can be accidentally
found on crops only because they feed on the spontaneous vegetation growing in the surroundings
or on inter-row weeds. Because of their similar external morphology and their small size, it is hard
to distinguish pest from non-pest species directly in the field.
Flea beetle species present in crops are still managed using a broad spectrum of insecticides,
regardless of whether an accurate taxonomic identification or an accurate evaluation of the
incidence on crops has been made. The excessive use of chemical pesticides, besides threatening
biological diversity, leads to environmental and health hazards; in addition, performing a high
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number of unjustified treatments can lead the pest to develop insecticide resistances
(Tangtrakulwanic et al., 2014). In order to adopt smart agricultural management practices, it is
essential to be able to correctly and quickly identify the candidate pest. Within the integrated pest
management approach, organism identification is the first essential step for allowing monitoring
(abundance and the type of damage caused) and subsequently determining, if necessary, the
economic threshold and the best management strategy (e.g., Radcliffe et al., 2009). Morphological
identification requires time and high taxonomical expertise, and usually only allows the
identification of organisms at the adult stage. Molecular methods, such as DNA barcoding (Hebert
et al. 2003; Cywinska et al., 2003), offer the possibility of overcoming these limitations and allow
organism identification at preimaginal and adult stages using a short DNA sequence as a barcode
(Zhang et al., 2016). The approach has been successfully adopted in a plethora of studies spanning a
wide range of target organisms, from vertebrates, (e.g., Schäffer et al., 2017; Britz et al., 2017) to
plants, (e.g., Chattopadhyay et al., 2017) and insects, (e.g., Massimino Cocuzza & Cavalieri, 2014;
Šigut et al., 2017; Khan et al., 2017; Wang et al., 2017; Montagna et al., 2016) and it has also been
used in pests biosurveillance (Jalali et al., 2015; Ashfaq & Hebert, 2016).
The aims of this study are: i) to develop a reference database of cox1 sequences for the
identification of Chaetocnema and Phyllotreta species present in Turkey; ii) to test the DNA
barcoding approach efficiency for the identification of the species of the two genera. The developed
database, useful for discriminating among pests and non-not pests Chaetocnema and Phyllotreta
species in Turkey and neighbouring countries, will be helpful as decision support tool for
monitoring the species and establishing effective and eco-compatible pest management strategies.
In addition, a table of the host plants of the species included in this study and the information about
the damage they caused, is provided.

Materials and Methods

Sampling, specimen manipulation and morphological identification
The Phyllotreta and Chaetocnema specimens examined in this study were collected from various
natural and agricultural areas of Turkey (Ankara, Amasra, Bartın, Kayseri, Şanlıurfa and Zonguldak
provinces) between 2014 and 2017 using a sweep net and aspirator (Table 1; Fig. 1). Some of the
collected specimens were preserved in absolute ethanol and stored at -20°C soon after their
collection, while others were pinned and dry preserved. The specimens were identified to the genus
level by stereomicroscope (Wild M3, Wild Heerbrugg). After the DNA extraction, the specimens
were dissected to remove the genitalia, then mounted on pins together with the genitalia and
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identified at the species level using identification keys (Doguet, 1994; Warcholowski, 2010) and the
collection of Nazife Tuatay Plant Protection Museum (8,000 specimens, 500 species of
Chrysomelidae) as references. All the identifications were then confirmed by Carlo Leonardi
(Museo Civico di Storia Naturale di Milano, Italy).
During the collecting campaigns, information was recorded on the host plants exploited and the
damage caused by the insect to crops. We defined three categories of damage based on the
qualitative status of the plant leaves observed in the field: i) no damage, the plants on which the
insects were collected had no damage on leaves; ii) low damage, the plants on which the insects
were collected presented few holes on the leaves, usually concentrated in a limited area
(Supplementary Fig. 1 A); and iii) high-damage, the plants on which the insects were collected
presented holes and scrapes widespread on the leaf surfaces, presence of necrotic areas, wilting of
the leaves (Supplementary Fig. 1 B).

DNA extraction and PCRs
DNA was extracted using the phenol-chloroform method (Doyle & Doyle, 1990), with the slight
modifications reported by Mereghetti et al., 2017, starting from the whole body, removing the
abdomen and crushing three legs (a foreleg, mid leg and hind legs). The extracted DNA was
quantified using a NanoDrop ND-1000 spectrophotometer, and 20-40 ng sample were used as
template for the PCR amplification. The classic barcoding region of the mitochondrial cox1 gene
(658 bp) was amplified by PCR using the universal primers for metazoans LCO1490 and HCO2198
(Folmer, 1994). PCR reactions were performed in a final volume of 25 l using the concentration of
reagents and PCR thermal profile used by Montagna et al., 2017. Successful amplifications were
determined by gel electrophoresis and PCR products were sequenced by ABI technology (Applied
Biosystems, Foster City, CA, USA). The obtained electropherograms were manually edited and
checked using Geneious Pro 5.1 (Biomatters Ltd., Auckland, New Zealand).

DNA barcoding analyses
The obtained cox1 gene sequences were aligned using MUSCLE (Edgar, 2004) implemented in
MEGA 6 (Tamura et al., 2013), which allows the maintenance of the codons structure. Two datasets
were built: ds1 composed of cox1 sequences developed in this study and ds2 composed of cox1
sequences of Phyllotreta and Chaetocnema species listed in the fauna of Turkey and of
neighbouring countries mined from BOLD (http://www.boldsystems.org/index.php) plus the
sequences of ds1.
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Intraspecific and interspecific mean distances were calculated with the R library “spider” (Brown et
al., 2012) starting from a pairwise nucleotide distance matrix based on Kimura’s two-parameter
(K2P) substitution model (Kimura, 1980), considered a suitable model when p-distances between
sequences are low (Nei & Kumar, 2000). All the cox1 sequences obtained in this study were
clustered using the Barcode Index Number (BIN) in BOLD (Ratnasingham & Hebert, 2013). Due to
the absence in BOLD of many of the species for which we produced cox1 sequences, we made a
further test of the reliability of the data set through a Best Closed Match analysis (Meier et al.,
2006) performed on ds2 using the R package “spider” (Brown et al., 2012). This method compares
each sequence within a data set with the others, in order to test if the best matches (i.e., the closet
pairs of sequences in term of nucleotide distance), occur between sequences of organisms belonging
to the same morphological species. Furthermore, the nucleotide distance threshold that minimizes
the cumulative error was calculated using the Optimal Threshold analysis in the “spider” package
(Brown et al., 2012). This analysis tests different values of the nucleotide distance threshold and
indicates the one for which the sum of false positives (FP, conspecifics with a value of nucleotide
divergence higher than the threshold value) plus false negatives (FN, heterospecifics with a value of
nucleotide divergence lower than the threshold value), i.e., the cumulative error, is lowest. The
obtained threshold value was also used in the Best Closed Match analysis, which requires the
highest limit value for the intraspecific distance to be declared. In order to confirm the results
obtained from the Best Close Match and BIN analyses, a distance-based neighbor-joining tree was
inferred using SeaView version 4 (Gouy et al., 2010) on ds1 with the addition of one orthologous
sequence for each of the species included in this data set and available in BOLD. Altica oleracea
(Linnaeus, 1758) was included as the outgroup. Kimura’s two-parameters (1980) was used as the
model of nucleotide substitution and 100 bootstrap replicates were performed. Finally, the
sequences were deposited in the BOLD system (accession numbers from MH407425 to
MH407469).

Table 1. Flea beetle specimens analysed in the study.
Species
P. cruciferae

P. nigripes

Collecting Locality
Ankara, Haymana, Soğulca
Ankara, Ayaş, Feruz
Kayseri, Kocasinan, Boğazköprü
Kayseri, Bünyan, Malatya way
Ankara, Beypazarı, Kayabükü
Ankara, Beypazarı, Köşebükü
Ankara, Beypazarı, Kayabükü
Kayseri, Kocasinan, Himmetdede
Kayseri, Kocasinan, Himmetdede

Specimena Altitudeb Lat Nc Long Ed
Datee
1
948
39°22'26" 32°21'03" 07.v.2015
1
1075
40°14'21" 32°29'18" 13.viii.2015
1
1040
38°46'01" 35°17'01" 23.vi.2016
3
1407
38°49'03" 35°55'17" 21.ix.2016
1
512
40°04'77" 31°48'77" 17.v.2017
3
493
40°04'47" 31°48'44" 16.iv.2014
1
512
40°04'47" 31°48'44" 17.v.2017
1
1211
38°55'23" 35°04'42" 19.ix.2016
2
1250
38°54'36" 35°05'18" 19.ix.2016
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P. atra

P. procera

P.
astrachanica
P. diademata
P. striolata
P. nemorum
P. corrugata
P. undulata
P.
pallidipennis
P. varipennis
P. erysimi
C. tibialis

C. concinna
C. coyei
C. arenacea
C. conducta
aNumber

Ankara, Ayaş, Sinanli
Bartın, Güzelcehisar
Zonguldak, Devrek, Bakırcılar
Zonguldak, Devrek, Bakırcılar
Kayseri, Kocasinan, Himmetdede
Kayseri, Kocasinan, Himmetdede
Kayseri, Özvatan
Zonguldak, Beycuma, Bölücek

2
2
1
1
1
1
1
1

808
237
124
124
1215
1250
1337
274

40°00'52"
41°38'54"
41°15'60"
41°15'60"
38°55'23"
38°54'36"
39°06'47"
41°19'31"

32°17'47"
32°12'30"
31°58'98"
31°58'98"
35°04'42"
35°05'18"
35°42'50"
31°57'85"

17.v.2017
12.v.2015
02.vi.2016
12.iv.2017
19.ix.2016
19.ix.2016
21.ix.2016
12.iv.2017

Bartın, Karasu
Zonguldak, Devrek, Bakırcılar
Zonguldak, Devrek, Bakırcılar
Bartın, Karasu, Center
Zonguldak, Devrek, Bakırcılar
Şanlıurfa, Akçakale, T.Demirören
Bartın, Ulus, İğneciler
Kayseri, İncesu, Örenşehir

1
1
1
1
1
1
1
1

36
124
124
37
124
382
548
1034

41°39'21"
41°15'60"
41°15'60"
41°39'23"
41°15'60"
36°54'04"
41°38'50"
38°42'21"

32°14'07"
31°58'98"
31°58'98"
32°14'01"
31°58'98"
38°55'03"
32°35'94"
38°15'27"

28.iv.2017
15.vi.2016
12.iv.2017
28.iv.2017
12.iv.2017
30.iv.2014
12.iv.2017
20.vi.2016

Bartın, Güzelcehisar
Zonguldak, Devrek
Ankara, Beypazarı, Kayabükü
Ankara, Beypazarı, Dibecik
Kayseri, Kocasinan, Himmetdede
Kayseri, Özvatan
Zonguldak, Devrek, Bakırcılar
Bartın, Kozcağız, Merkez
Amasra, Makaracılar
Kayseri, Bünyan, Malatya way
Kayseri, Bünyan, Malatya way
Amasra, Makaracılar

1
1
1
1
1
1
1
1
1
2
1
1

237
153
512
534
1250
1337
103
103
187
1407
1407
187

41°38'54"
41°13'05"
40°04'77"
40°06'07"
39°06'47"
38°54'36"
41°15'60"
41°29'28"
41°43'68"
38°49'03"
38°49'03"
41°43'68"

31°12'30"
31°56'53"
31°48'77"
32°04'25"
35°42'50"
35°05'18"
31°58'98"
32°20'19"
32°26'66"
35°55'17"
35°55'17"
32°26'66"

12.v.2015
26.v.2015
17.v.2017
29.v.2014
19.ix.2016
21.ix.2016
12.iv.2017
11.v.2017
11.v.2017
21.ix.2016
21.ix.2016
11.v.2017

of collected specimens; baltitude of the collecting point; clatitude of the collecting point;
of the collecting point; edate of collection.

dlongitude

Results

Host plant information and crop damage
A total of 45 specimens attributed to 18 Phyllotreta and Chaetocnema species were collected from
37 Turkish localities (Table 1; Fig. 1). C. tibialis was found in high numbers on chard (Beta
vulgaris cicla), sugar beet (Beta vulgaris saccharifera), beet (Beta vulgaris), radish (Raphanus
sativus) and cress (Lepidium sativum) (Table 2, Supplementary Table 1). The recorded high level of
damage, consisting of a high number of holes spread over the whole leaf surface (Fig. 2 A),
suggests that this species could be considered a pest. Despite the high number of individuals on
spinach (Spinacia oleracea), bean (Phaseolus vulgaris) and cabbage (Brassica sp.), significant
damage was not observed. A few individuals were also found on parsley (Petroselinum crispum),
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tomato (Solanum lycopersicum), pepper (Capsicum sp.), lettuce (Lactuca sativa) and courgette
(Cucurbita sp.), but were not observed feeding on them.
Regarding Phyllotreta, seven species (P. atra, P. cruciferae, P. nigripes, P. undulata, Phyllotreta
erysimi Weise, 1900, Phyllotreta varipennis (Boieldieu, 1859), P. striolata) were collected on
crops. Cress, cabbage, radish, kale (Brassica oleracea acephala), broccoli (Brassica oleracea
italica), rocket (Eruca vesicaria) and cauliflower (Brassica oleracea botrytis) showed a high level
of damage (Fig. 2 B); a large number of individuals were observed feeding. In addition, some
individuals were observed on pepper, spinach, lettuce and potato, but no significant damage was
recorded (Table 2, Supplementary Table 1).

Datasets features and nucleotide distances
Data set ds1 includes a total of 45 cox1 sequences (size ranging from 481 to 642 bp) for 13 species
of Phyllotreta (35 sequences) and five species of Chaetocnema (10 sequences) (Table 1;
Supplementary Table 2), representing approximately 30% and 20% of the species known in Turkey
(44 Phyllotreta and 26 Chaetocnema species). In data set ds1, a total of 8 and 25 haplotypes were
recovered for Chaetocnema and Phyllotreta, respectively. For seven of these species, (i.e.,
Phyllotreta pallidipennis Reitter, 1891, Phyllotreta corrugata Reiche, 1858, Phyllotreta diademata
Foudras, 1860, P. erysimi, Chaetocnema coyei (Allard, 1863), Chetocnema arenacea (Allard,
1860), Chaetocnema conducta (Motschulsky, 1838), no cox1 sequences were previously available
in either the BOLD or the GenBank databases (Fig. 3). In total, nine of the 18 species have unique
BINs, and in the case of P. nigripes two BINs are present. Specimens identified as P. cruciferae
clustered into a BIN that includes specimens assigned to P. cruciferae and Phyllotreta albionica
(LeConte, 1857).
Data set ds2 includes the 45 cox1 sequences obtained in this study plus the sequences of Phyllotreta
and Chaetocnema species present in Turkey and neighbouring countries available in BOLD (720
sequences, 139 haplotypes, 29 species), for a total of 765 cox1 sequences and 36 species
(Supplementary Table 3).
The analysis of pairwise K2P nucleotide distances in ds1 showed mean intraspecific and
interspecific distance values of 2.9% (range 0-12%) and 19% (range 8-27%) respectively
(Supplementary Fig. 2), while the same metrics for ds2 are of 1.4% (range 0-12%) and 20% (range
7.4-31%) respectively (Fig. 4 A). Pairwise nucleotide distances calculated only for the genus
Chaetocnema (15 species, 162 sequences) showed mean intraspecific and interspecific distances of
0.15% and 16.5% respectively (Fig. 4 B); the same metrics were of 1.5% and 18% in the case of the
genus Phyllotreta (21 species, 603 sequences; Fig. 4 C). The distribution of K2P pairwise distances
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highlights the presence of a clear barcode gap within and between species (Fig. 4 A, Supplementary
Fig. 2). One exception is represented by P. nigripes (33 sequences), where intraspecific pairwise
comparisons reached nucleotide distance values of ~12% (Supplementary Fig. 3). The pairwise
nucleotide K2P distances were calculated also for the P. nigripes sequences present in ds2. Two
separate groups of sequences were identifiable, with a mean intragroup K2P nucleotide distances of
0.38% (range 0-1.23%; n = 27) and of 0.45% (range 0-0.1%; n = 6). The mean K2P nucleotide
distance between the two groups is of 11.4% (range 10.9-12.1%; n = 33). BIN assignments of
sequences from Turkey confirmed the existence of two P. nigripes BINs (ACR44611 and
ACA7757). Specimens assigned to ACA7757 were collected in Kirmir valley (west side of the
Central Anatolian Region). Specimens assigned to ACR44611 were collected in a steppe vegetation
area on the east side of the Central Anatolian Region.

Figure 1. Organisms collecting sites. Red dots indicate each specimen collecting site, color
intensity is proportional to number of specimens per site.
Optimal threshold and best close match analyses
Optimal threshold estimation for ds2 resulted in a nucleotide distance value of 1.5%, with an
associated cumulative error of one (FN = 0; FP = 1). The false positive was associated with a
sequence of C. aridula mined from the BOLD database. In BOLD, there are nine public sequences
assigned to C. aridula, associated with two BIN numbers (ABZ9838 and ACC5699). In Best
Closed Match analysis, one of these sequences of C. aridula did not match any conspecific
sequences. The pairwise K2P nucleotide distances analysis showed that this sequence has a distance
of 12.2% from those of conspecifics.
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The efficiency of the DNA barcoding calculated for ds2, using 1.5% for the optimal threshold, was
~99%. The 1% error in the analysis is not related to the sequences developed in this study; out of
the 18 species included in this study, 10 had a conspecific as best close match, showing complete
concordance with morphological identifications. Eight species were represented by only one DNA
barcode and, as may be expected, no match with other congeneric species was obtained below the
threshold. The neighbor-joining tree confirmed the results previously obtained on the basis of the
Best Close Match and the BIN analyses, and all the species possessing at least one conspecific were
monophyletic and supported with high bootstrap values (100; Fig. 5). Interestingly, even if P.
striolata was monophyletic, the two organisms collected in Turkey were connected by a long
branch to the organism collected in Canada, for which the cox1 sequence is available on BOLD
(mean pairwise nucleotide divergence of 4.7%). Concerning P. nigripes, two well-supported clades
were recovered (bootstrap = 100; Fig. 5), confirming the results of the BIN analysis.

Table 2. Host plants information and the level of damage for the species collected during 20142016 collecting campaigns on cultivated fields.
Species
C. tibialis

Host plant species
Beta vulgaris cicla, B. vulgaris
saccharifera, B.vulgaris,
Raphanus sativu, Lepidium
sativum
Spinacia oleracea, Lepidium
sativum, Brassica sp.
Beta vulgaris saccharifera
P. atra
Lepidium sativum, Brassica sp.,
Raphanus sativus, Brassica
oleracea acephala, Eruca
vesicaria
Raphanus sativus, Brassica rapa
P. cruciferae Lepidium sativum, Brassica sp.,
Raphanus sativus, B. oleracea
acephala, Eruca vesicaria
Brassica sp, B. oleracea
acephala, B. oleracea botrytis, B.
oleracea italica

P. erysimi

P. nigripes

Damagea
HD

Reference
Field observation*

LD

Field observation*

HD
HD

Yildirim & Özbek, 1992
Field observation*

HD
HD

Aslan & Özbek, 1998
Field observation*

HD

Sáringer, 1990; Vig, 1992; Balázs et al.,
1998; Spilák et al., 1998; Vörös &
Garamvölgyi, 1998

Raphanus sativus, Brassica rapa

HD

Aslan and Özbek, 1998;

Brassica napus, Brassica rapa,
Brassica juncea

HD

Raphanus sativus
Brassica sp.
Raphanus sativus, Brassica rapa
Lepidium sativum, Brassica sp.,
Raphanus sativus, Brassica
oleracea italic, Brassica
oleraceaa cephala, Eruca vesicari

HD
LD
HD
HD

Burgess, 1982; Soroka et al., 2005; Ulmer &
Dosdall, 2006; Dosdall & Mason 2010;
Metspalu et al., 2014
Field observation*
Aslan and Özbek, 1998
Field observation*
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P. striolata
P. undulata

Brassica sp., Raphanus sativus,
Brassica rapa
Brassica sp.
Brassica sp.
Solanum tuberosum L.
Brassica sp.

Brassica napus oleifera, Brassica
rapa oleifera
P. variipennis Brassica sp., Raphanus sativus

HD
HD
HD
ND
HD
HD
HD

Kaszab, 1962; Sáringer, 1990;
Aslan & Özbek, 1998
Field observation*
Field observation*
Aslan & Özbek, 1998; Brelih et al., 2003;
Metspalu et al., 2014
Ekbom, 1990; Alford et al., 2003;
Veromann et al., 2006
Field observation*

aHD:

high damages; LD: low damages; ND: no damages but individuals present with high number on the
plant. *The field observations were performed within the project “Determination of Host Plants of Alticini
Species on Vegetables”.

Figure 2. Images of high damage caused by Chaetocnema and Phyllotreta species to crops. A:
damage caused by Chaetocnema tibialis to a sugar beet leaf. B: damage caused by Phyllotreta
cruciferae to a cauliflower leaf.
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Figure 3. Images of specimens processed in this study for which cox1 sequences were not already
available on BOLD. A: Phyllotreta corrugata; B: P. astrachanica; C: P. pallidipennis; D: P.
varipennis; E: P. erysimi; F: Chaetocnema aranecae; G: C. conducta; H and I: C. coyei. Scale bars
size are 1 mm.
Discussion

In this study, 45 cox1 barcodes of two flea beetles genera that include pest species present in the
Middle East region, namely Phyllotreta and Chaetocnema, were obtained. In addition, the
effectiveness of the developed data set as a tool for a fast and accurate taxonomic identification was
tested. Information on the host plants and on the pest status of some of the collected species was
also provided to improve the knowledge of the species biology and allow the identification of those
economically important species.
With regard to host plants, C. tibialis is the only species of the genus included in this study that was
found feeding on crops; it was observed to be one of the most abundant and common species in the
field, resulting in serious damage on chard (Beta vulgaris cicla), sugar beet (Beta vulgaris
saccharifera), beet (Beta vulgaris), radish (Raphanus raphanistrum) and cress (Lepidium sativum).
With the exception of sugar beet, for which C. tibialis has been previously reported to be a
destructive pest in Europe and in Turkey (Pataki, 1967; Stef & Buzinovschi, 1982; Neves, 1983;
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Yıldırım & Özbek, 1992; Aslan & Özbek, 1998; Cagáň et al., 2000; Cagáň et al., 2006), the
remaining crops are reported here for the first time as host plants in cases where the species reaches
the pest status.
Within the genus Phyllotreta, P. atra, P. cruciferae and P. nigripes were collected in large numbers
on Brassicaceae crops, where significant damage was observed. Some individuals were also found
on bean (Phaseolus vulgaris), lettuce (Lactuca sativa), pepper (Capsicum sp.), spinach (Spinacia
oleracea) and courgette (Cucurbita sp.), but no damages was noticed. Phyllotreta nigripes and P.
cruciferae have been known to be significant pests of crucifers, especially of cabbage (Kaszab,
1962; Sáringer, 1990) which supports our observation. Phyllotreta undulata, known to be one of the
most destructive species of the genus and the most common flea beetle feeding on cabbage in
several European countries (Brelih et al., 2003; Metspalu, et al., 2014), was found in a high
numbers on cabbage, with significant damage. A comparable number of P. undulata were collected
on potato close to cabbage fields, but no damage was observed. The collection of P. variipennis on
cabbage represents the first record of this species as pest. P. erysimi, was observed causing high
damages on radish, as reported also in previous studies (Aslan & Özbek, 1998). Phyllotreta
striolata, known as a serious pest of cabbage, was found to be highly destructive in cabbage
production areas. Despite its importance in agricultural areas, the knowledge concerning the host
plants of this species is still fragmentary.
Our study confirmed the effectiveness of DNA barcoding as a molecular identification tool for the
analysed genera. The identification efficiency through DNA barcoding showed a 99% accuracy for
ds2 (our data set plus available sequences of Phyllotreta and Chaetocnema species present in
Turkey and neighbouring countries in the BOLD database (n = 765)). High correspondence
between morphospecies and molecular species based on DNA barcodes was achieved, and the
nucleotide distances within and between species highlighted the presence of an almost clear barcode
gap. The intraspecific mean nucleotide distance value estimated in ds1 is in agreement with those
obtained in previous studies on Chrysomelidae (Montagna et al., 2013; Magoga et al., 2016; Kolasa
et al., 2017). The values of the mean nucleotide intraspecific distance calculated for Chaetocnema
and Phyllotreta genera separately are different, viz. 0.15% and 1.5%. Interestingly, the low value
observed for Chaetocnema might be due to a high number of identical haplotypes, although the
individuals were collected in different localities. Inconsistencies in the barcode gap are associated
with P. nigripes, whose sequences are separated into two BINS (ACR44611 and ACA7757). The
nucleotide distance between the members of these two groups is large (11.4%) and is within the
range of interspecific nucleotide distances. In addition, the neighbor-joining tree confirmed the
presence of two separated lineages of P. nigripes. The external morphology of the individuals
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assigned to the two groups is identical, but it is interesting to note that the morphology of the
spermatheca differs slightly. Moreover, the distance between the collection localities (~340 km) the
differences in their host plants and in their topographic and habitat characteristics, could support the
possible presence of a cryptic species. Further analyses are currently in progress to evaluate this
possibility.
With respect to the clustering in a unique BIN number of P. cruciferae and P. albionica sequences
in the BOLD database, P. cruciferae, is hardly distinguishable from P. albionica. The slight
difference is that P. cruciferae has a blue lustre while P. albionica has a bronze lustre (Capinera,
2001). According to morphological identification and geographical data (P. albionica is limited to
the Nearctic region), our sequences can be clearly identified as P. cruciferae and all the sequences
assigned to that BIN probably belong to P. cruciferae also.

Figure 4. Boxplot representing intra-interspecific distances distribution. A: ds2; B: Chaetocnema;
C: Phyllotreta. Red lines indicate mean values.
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Figure 5. Neighbour-joining tree inferred on ds1 plus one representative sequence for each species
available in BOLD. Bootstrap values are reported above the main lineages; the scale bar indicates
the distance expressed in nucleotide substitutions per site; in light blue are reported the sequences
from BOLD.
Conclusion
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In this study, as well as providing information on the host plants and the pest status of the collected
species, a cox1 barcoding data set was developed and tested for the molecular identification of two
flea beetle genera (Phyllotreta and Chaetocnema), which include pest species. Alticini includes
species that are hardly distinguishable morphologically, and it is quite common that, among highly
similar species, only some are crop pests and require the use of chemical pesticides for their
management. Therefore, an accurate and relatively rapid approach for the taxonomic identification
of individuals must to be regarded as pivotal for the development of economically and sustainable
management strategies for crop pests, as well as for far-sighted policies regarding biodiversity
conservation. Considering the promising results achieved in this study (99% of efficiency in species
identification using cox1 sequences), which represents the first step in the development of a DNA
barcoding database for the leaf beetles of Turkey and neighbouring countries, we believe that a
further effort in this field of research is vital.
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2.3 Research article

Morphology, genetics and Wolbachia endosymbionts support distinctiveness of Monochamus sartor
sartor and M. s. urussovii (Coleoptera: Cerambycidae)

Plewa, R., Sikora, K., Gutowski, J. M., Jaworski, T., Tarwacki, G., Tkaczyk, M., Rossa, R.,
Hilszczanski, J., Magoga, G. & Kajtoch, Ł. (2018) Morphology, genetics and Wolbachia
endosymbionts support distinctiveness of Monochamus sartor sartor and M. s. urussovii
(Coleoptera: Cerambycidae). Arthropod Systematics & Phylogeny 76: 123-135.

2.3.1 Summary

Monochamus sartor sartor from Central European mountain ranges and M. s. urussovii from the
Eurasian boreal zone are subspecies whose taxonomic statuses have been questioned. This sawyer
beetle is a natural element of spruce forests but is considered to be a timber pest in spruce
plantations. In this study, different sets of data (morphology, genetics and ecology) were used to
verify the taxonomic status of M. sartor across its entire range. Morphologically, not only both
subspecies but also European and Asian populations of M. s. urussovii were found to be distinct.
Genetic data also showed that both subspecies have distinct mitochondrial haplogroups; however,
divergence between them is very weak (of ca. 1%), suggesting they split very recently, possibly at
the end of the Pleistocene glaciations. Species delimitation methods gave discordant results, either
rejecting the species status of M. s. sartor and M. s. urussovii (Poisson tree processes) or confirming
them as distinct taxa (the multispecies coalescent model for species validation). Host plant
preferences also partially differentiate the subspecies, as M. s. urussovii has a broader diet than the
generally monophagous, spruce-dependent M. s. sartor. Moreover, each subspecies is infected by
different strains of the intracellular bacterium Wolbachia, which could be one of the factors causing
their genetic isolation, regardless of geographic isolation. Aside from broadening the basic
knowledge on the taxonomy and genetics of Monochamus sartor, this study shows that any research
on these sawyers needs to consider their separate phylogenetic lineages, as do any plans for
population management or conservation.

2.3.2 Manuscript
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Introduction

Subspecies is the only recognized rank below species level that can receive a name in the zoological
code (International Code of Zoological Nomenclature 2000). Recognising subspecies is difficult.
According to the biological species concept, organisms belonging to different species can be
verified on the basis of their ability to interbreed and produce fertile offspring (Wilson & Brown,
1953; Ehrlich, 1957; Mayr, 1982); however, there is no strict concept for the subspecies level.
Biologists can identify subspecies on the basis of whether geographically separate populations of a
species exhibit recognizable phenotypic differences (Wilson & Brown, 1953; Ehrlich, 1957; Mayr,
1982). These differences should also be visible in their genotypes, e.g. by the occurrence of distinct
phylogenetic lineages. However, the border between intraspecific (interpopulation) diversity and
divergence between subspecies is not clearly demarcated. Moreover, distinct phylogenetic lineages
can be assigned as Evolutionary Significant Units (Ryder, 1986; Moritz, 1994), which are utilized
in conservation genetics but which can also be valuable in taxonomic/phylogenetic studies. In
nature, subspecies are mainly unable to interbreed due to geographic isolation of distant populations
(Barrowclough, 1982; Cracraft, 1983). Moreover, it is expected that differences between subspecies
should usually be less distinct than differences between species, but this assumption is rarely
studied with respect to different characters. Most subspecies have been recognized on the basis of
slight but significant differences in their morphological features (Nei, 1972; Ball & Avise, 1992),
which are identified arbitrarily by observers/taxonomists. Relatively rarely is their taxonomic
distinctiveness later verified with other data, e.g. on their genetics or ecologies (Phillimore &
Owens, 2006). This especially concerns insects, which are the most diverse group of organisms on
Earth (May, 1992; Mora et al., 2011), and particularly beetles (Coleoptera), which form the most
species rich order of insects (Farrell, 1998; Grove & Stork, 2000). Detailed, integrative studies that
use morphometrics, molecular markers and/or ecological features often find intraspecific variation.
The taxonomic status of such polytypic species should be verified to broaden basic taxonomic
knowledge, understand phylogenetic relations among units below species level and properly
organize studies (to be sure which and how many units or taxa are investigated), as well to
conserve/manage rare or economically important taxa.
Here, we focus on the sawyer beetle Monochamus sartor (Fabricius, 1787), which belongs to the
longhorn beetles (Cerambycidae: Lamiinae). There are about 140 species and 25 subspecies of
Monochamus worldwide, 50 of which inhabit the Palaearctic – mainly the boreal zone and
mountain areas (Danilevsky, 2017; http://insecta.pro/search?search=Monochamus). These species
are highly dependent on the dead wood of mainly conifer trees (pines Pinus spp., spruces Picea
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spp., firs Abies spp., larches Larix spp. and cedars Cedrus spp.) (Hellrigl, 1970; Isaev et al., 1988;
Wallin et al., 2013). Larvae bore holes inside the wood of thicker branches and trunks, and thus are
considered timber pests. Furthermore, species in the genus Monochamus are the main vectors of the
pinewood nematode, Bursaphelenchus xylophilus (Steiner & Buhrer) Nickle (Linit et al., 1983), a
quarantine species that causes pine wilt disease (PWD), mainly in East Asia and recently also in
Portugal (Kondo et al., 1986; Miller et al., 2013). For this reason, they are considered serious pests
of conifer tree plantations (Hellrigl, 1970; Evans et al., 2004; Wang, 2017). On the other hand, they
are one of the species responsible for the decay of dead wood in mature conifer forests in the boreal
zone and on mountain ranges and are an important food source for numerous bird species (e.g.
woodpeckers; Winkler et al., 1995).
Monochamus sawyers have been the objects of numerous taxonomic, systematic and phylogenetic
studies (Hellrigl, 1970; Tomminen & Leppänen, 1991; Cesari et al., 2004; Koutroumpa et al., 2013;
Wallin et al., 2013; Rossa et al., 2016). Much less is understood on the phylogeography of
particular taxa as almost all such studies concern Asian Monochamus alternatus Hope (Kawai et al.,
2006; Shoda-Kagaya et al., 2008; Hu et al., 2013); just recently a single study on the European
Monochamus galloprovincialis (Olivier) was published (Haran et al., 2017). On the other hand,
such knowledge on the Monochamus sartor-complex is insufficient. Until relatively recently, the
two currently recognized subspecies, i.e. M. sartor sartor and M. sartor urussovii (Fischer von
Waldheim, 1806), were considered distinct species, i.e. M. sartor and M. urussovii, respectively
(Bense, 1995; Sama, 2002; Löbl & Smetana, 2010). Sláma (2006) used the subspecies rank for both
taxa; however, his justification for this splitting is lacking. Some other literature also supports this
division (e.g. Wallin et al., 2013), based on the detailed characteristics of adults and the genital
morphology of males and females. However, there are still many uncertainties, especially related to
the distribution of both taxa. There is no certainty if the subspecific rank of these taxa is
appropriate, and if it is, the question arises whether there should be another subspecies
distinguished for the populations of north-east Europe.
Both, M. sartor sartor and M. s. urussovii, occur throughout the natural range of Norway spruce,
Picea abies (L.) H. Karst, while also rarely utilizing pines and firs. Only in eastern Siberia, Korea,
and Japan they are also reported to develop on other spruce species as well as on cedars and birches
Betula L. sp. (Cherepanov, 1983). However, data on the distribution of these taxa in Europe is often
insufficient and sometimes contradictory. For example, Danilevsky (2012) stated that both M.
sartor sartor and M. s. urussovii co-occur in several European countries (e.g. Belarus, Estonia,
Latvia, Lithuania and Ukraine). Nevertheless, he questioned the occurrence of the latter subspecies
in north-eastern Poland, and further stated that the populations of M. sartor from this area are
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identical to those found in the Carpathians (i.e. to M. s. sartor). As a consequence, the western parts
of Belarus (i.e. the Białowieża Primeval Forest) would supposedly be populated by M. s. sartor,
while the eastern parts by M. s. urussovii (Danilevsky, 2012). Meanwhile, a different distribution
pattern for both taxa was proposed by Löbl & Smetana (2010) and later Wallin et al. (2013), who
suggested the two taxa co-occur in six European countries, namely in Belarus, Czechia, Latvia,
Lithuania, Estonia and Poland. These authors, however, did not specify the areas of distribution of
M. s. urussovii in these countries.
The distributional pattern is less obscure for M. s. sartor, which is characterized by a European type
of distribution – its range is less extensive than M. s. urussovii and covers the Alps, Carpathians,
Dinaric Alps and Bulgarian mountains, and their foothills (Heyrovský, 1955; Mikšič & Korpič,
1985; Dominik & Starzyk, 2004; orig.inf.).
Morphology and morphometric information complement molecular data. Moreover, these types of
data are often supplemented with ecological features (e.g. habitat requirements and interactions
with other organisms, such as host plants for herbivores), and together such a comprehensive
elaboration of species distinctiveness and relations is called “integrative taxonomy” (Dayrat, 2005;
Schlick-Steiner et al., 2010). Among ecological features, relations with symbionts or parasites are
often utilized (Valentini et al., 2009), with great emphasis on microbiota (Steinert et al., 2000;
Hosokawa et al., 2006). Intracellular bacteria can be especially important for arthropods, as some
endoparasites or endosymbionts can directly influence host fitness, development and diversity,
which may in turn have implications on host speciation (Hurst & Jiggins, 2000; Engelstädter &
Hurst, 2009). Notable examples of such endosymbionts/parasites are the maternally inherited
bacteria Wolbachia (Bourtzis & O’Neill, 1998; Stouthamer et al., 1999; Zchori‐Fein & Perlman,
2004; Kikuchi, 2009; White et al., 2009, 2011). Finally, phylogenetic and systematic studies are
especially challenging in cases where the examined taxa are presumed to be of subspecies status
(Avise & Wollenberg, 1997; Presgraves, 2010). This is because often it is hard to decide to which
(intraspecific, taxonomic) level these taxa should be assigned.
Here, we use a combination of morphological and molecular (including Wolbachia endosymbiont
diversity) features to identify phylogenetic lineages within populations of Monochamus sartor
sawyers and particularly to examine the taxonomic statuses of presumed subspecies. We aimed to
verify the following hypotheses: that i) Monochamus sartor sartor from mountainous areas of
Europe (i.e. the Carpathians and Alps) and M. s. urussovii from the boreal zone of Eurasia are
distinct subspecies, which evolved in distinct Pleistocene refugia; ii) M. s. urussovii from its
westernmost range in centraleastern and northern Europe is taxonomically distinct from M. s.
urussovii in northern and eastern Asia; iii) Wolbachia infection differs between M. s. sartor and
53

M. s. urussovii, which suggests it played a role in the divergence of these sawyers.

Figure 1. Distribution of Monochamus sartor sartor and M. s. urussovii in Eurasia with localization
of sampling sites for morphological and molecular studies. Broken line – approximate border
between eastern and western populations of M. s. urussovii.
Material and methods

Sampling of specimens
All specimens of Monochamus sartor sartor and M. s. urussovii used in our study were collected
between 1902 – 2016 by various entomologists (Fig. 1). Thus, most of them were dried specimens
that we borrowed from various institutions and private entomological collections. Furthermore,
adult specimens were collected by us in 2014 – 2017 in NE (Białowieża Forest, Augustów Forest
and Knyszyn Forest) and SE (Bieszczady, Beskid Niski, and Pieniny Mts.) Poland (Fig. 1). In total,
531 specimens of both subspecies of M. sartor were collected (see Supplementary Tables S1 and S2
for detailed characteristics of the gathered material).

Morphological analyses
The morphological study was based on selected body characteristics of 523 adult sawyers (247
females, 276 males). Namely, the maximal width of thorax (i.e. the mesothorax section) and the
length of the right elytra of each specimen were measured. The measurements were taken using a
Zeiss Stemi 2000-C stereomicroscope, within a 0.1 mm accuracy.
The normality of the distribution of data was checked using a Shapiro-Wilk test. A Kruskal-Wallis
test for independent groups, i.e. beetles from: mountainous areas of Europe (group I), boreal Europe
(group II), and Central and East Asia (group III), was used to compare the studied morphological
features. Due to expected sexual dimorphism both sexes of sawyer beetles were treated separately.
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Statistical analyses were carried out in Statistica 10 (StatSoft 2011).

Table 1. Genetic diversity of mitochondrial DNA in examined populations of Monochamus sartor
sawyers. — Abbreviations: N – sample size, H – number of haplotypes, S – number of segregating
sites, Hdiv – haplotype diversity, πdiv – nucleotide diversity, SD – standard deviation.

Molecular analyses
Molecular analyses were conducted on 59 specimens representing all parts of both subspecies’
ranges in Europe and Asia (details listed in Table 1). Most specimens were directly preserved in
99% ethanol and kept in –20°C freezer until use – this concerns beetles collected in SE (M. s.
sartor) and NE Poland (M. s. urussovii). Other specimens (mostly M. s. urussovii from Russia and
Japan) were preserved as dry samples.

Laboratory procedures
DNA was extracted from internal tissues of abdomens (specimens were retained for morphological
measurements and collection) using Nucleospin Tissue kits (Macherey-Nagel) following the
manufacturer’s instructions. Two different beetle genes were amplified, sequenced and used for the
following analyses. Partial sequences of mitochondrial cytochrome oxidase subunit I (cox1) and
nuclear elongation factor 1-alpha (ef-1α) were amplified using primers C1-J-1751 and L2-N-3014
(Simon et al., 1994), and EFs149 and EFa1R (Normark et al., 1999; Sanz Muñoz, 2010),
respectively. The details of amplification, purification and sequencing procedures were reported in
Kubisz et al. (2012). Cox1 was amplified for all examined beetles, whereas ef-1α could only be
amplified from fresh-preserved specimens (for M. s. sartor these were collected from the
Carpathians and for M. s. urussovii from North-eastern Poland). Because the initial sequencing of
ef-1α revealed no polymorphism in M. s. sartor and M. s. urussovii, we did not analyse this gene
further. Moreover, we downloaded all available cox1 sequences of M. s. sartor, which originated
from Italian (Alpine) specimens (GenBank accession numbers: AY260838 – AY2608340).
Wolbachia infection was initially screened in all individuals with ftsZ_F1 / ftsZ_R1 and hcpA_F1 /
hcpA_R1 primers for two Wolbachia-specific genes (Baldo et al., 2005). Next, all positively
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infected individuals were genotyped with respect to all five genes included in the Multilocus
Sequence

Typing

system

accepted

for

Wolbachia

(details

available

at

http://pubmlst.org/wolbachia/). We excluded from the analysis all dry-preserved beetle specimens
as we could not rule out whether lack of amplification of bacterial genes really indicated a lack of
infection or DNA from these specimens was just too degraded.
The sequences of presumed Monochamus and Wolbachia genes were compared with the online
NCBI databank using the Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1990) to
check if the primers had specifically amplified the targeted sequences of sawyers and αproteobacteria.
The obtained electropherograms, after correction using BioEdit v.7.0.5.2 (Hall, 1999), were
deposited in GenBank (accession numbers: MF327393 – MF327421 and MF371175 – MF371201
forcox1; MF405509 – MF405514 for ef-1α; MF405515 – MF405520 for gatB, MF405521 –
MF405526 for coxA, MF405527 – MF405532 for hcpA, MF405533 – MF405539 for ftsZ and
MF405540 – MF405545 for fbpA).
Protein-coding DNA sequences (cox1 and ef-1α) were aligned using MAFFT (Katoh et al., 2005).
Pairwise nucleotide divergences for both sawyer markers were calculated using MEGA v6
(Tamura, et al. 2013).

Genetic diversity
Haplotypes were identified and standard genetic indices such as haplotype diversity (Hdiv),
nucleotide diversity (πdiv), number of private haplotypes (Hpriv) and number of segregating sites
(S) for populations were computed using the program DnaSP v.5 (Librado & Rozas, 2009).
Population samples were grouped according to their geographical locations (Table 1). FST indices
were calculated using ARLEQUIN v.3.5 (Excoffier & Lischer, 2010). A Mantel test (Mantel, 1967)
was performed in the program ARLEQUIN to check if the genetic structure of the sampled
localities (five) fits an isolation by distance model (IBD) (Slatkin, 1993), using pairwise FST values
and straight-line geographic distances in kilometers. To test for the presence of barriers between
populations, an analysis of molecular variance (AMOVA) was conducted in ARLEQUIN.
Moreover, a minimum-spanning (MS) haplotype network (Bandelt et al., 1999) was reconstructed
forcox1 in PopArt (http://popart.otago.ac.nz/).

Phylogenetic analyses and species delimitation
Nucleotide substitution models were estimated for the datasets using the Smart Model Selection
tool implemented in PhyML 3.0 software (Guindon et al., 2010) and the best nucleotide evolution
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model was selected according to the Bayesian information criterion. For cox1, GTR was selected as
the best model of nucleotide evolution both for ingroup and outgroup taxa.
For cox1 phylogenetic reconstruction, single sequences were randomly selected from each sample
site and the following outgroup taxa were added from GenBank: Monochamus galloprovincialis
(GenBank accession number: AY260835), M. saltuarius (Gebler) (AY260842), M. alternatus
(KF737828), M. sutor (L.) (AY264403) and Anoplophora glabripennis (Motschulsky) (EU914688).
Phylogenetic trees were reconstructed adopting the Bayesian inference (BI) and maximum
likelihood (ML) approaches. BI was performed using Mr-Bayes 3.2.2 (Ronquist et al., 2012) in two
independent runs, each with one cold and five heated Markov chains (λ = 0.1) run each, for 2 × 107
generations that were sampled every 100 generations. Stationarity was considered to be reached
when the average standard deviation of the split frequencies was less than 0.01; however, the
convergences of each run were also visually inspected using TRACER (Drummond et al., 2012).
An appropriate number of sampled trees were discarded as burn-in, and a majority-rule consensus
tree was obtained. The ML analyses were performed using PhyML 3.0 software (Guindon et al.,
2010) using the command line version. Branch support was obtained by the Approximate
Likelihood-Ratio Test (aLRT) (Anisimova & Gascuel, 2006).
Molecular species delimitation analyses were performed oncox1 of all Monochamus species
included in this study, adopting the tree-based method the Bayesian Poisson tree process model
(bPTP; Zhang et al., 2013), and the Bayesian Markov chain Monte Carlo program for Phylogenetic
and Phylogeographic analyses under the multispecies coalescent model (BPP; Yang, 2015).
bPTP and BPP methods have been extensively used to recognize and delimit species (e.g. Hambäck
et al., 2013; Cranston & Krosh, 2015; Lecocq et al., 2015), as well as to support the description of
new insect taxa (e.g. Leaché & Fujita, 2010; Montagna et al., 2016a). bPTP analysis, performed on
the BI tree, was carried out with the bPTP web server (http://species.h-its.org/ptp/) with the
following parameters: 500,000 MCMC generations, thinning every 200 generations, and 0.2 % of
generation discarded as burn-in. The BPP guide tree was drawn on the basis of the BI tree topology.
We performed A01 and A11 analyses four times, each with different combinations of prior gamma
distributions: i) Θ : G(2,200), τ : G(2,400); ii) Θ : G(2,200), τ : G(2,200); iii) Θ : G(2,200), τ :
G(2,2000); and iv) Θ : G(2,2000), τ : G(2,200). Each analysis consisted of 100,000 MCMC
generations sampled every 20 generations and discarding the first 20% of the samples as burn-in.
Moreover, mean genetic distances among sites were calculated using MEGA5 (Tamura et al., 2011)
under the Kimura 2-parameter model (K2P).

Wolbachia infection
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Allelic profiles of MLST genes were generated for each infected individual. Next, we utilized an
approach similar to that of Montagna et al. (2014) to compare allelic profiles generated from
Monochamus beetles with some representative sequence types from other species that harbored
bacteria belonging to supergroups A (ST-1 from Drosophila melanogaster Meigen), B (ST-15 from
Drosophila simulans Sturtevan), D (ST-35 from unspecified nematode), F (ST-8 from Cimex
lectularius L.), and H (ST-90 from Zootermes angusticollis (Hagen)). Moreover, the allelic profiles
found for the only European beetles with full allelic profiles in the MLST database were added to
this set of MLST sequences: Eusomus ovulum Germar (Mazur et al., 2016), Oreina cacaliae
(Schrank) (Montagna et al., 2014), and Crioceris quinquepunctata Scopoli (Kubisz et al., 2012).
We then used the generated alignment of MLST genes for the construction of a phylogenetic
network in SplitsTree4 (Huson & Bryant, 2006) by using neighbor-net algorithm distance estimates.
In contrast to traditional phylogenetic trees, this allows for visualization of multiple connections
among examined sequences, which can represent recombination events. The PHI test implemented
in SPLITSTREE v. 4 (Huson & Bryant, 2006) has been shown to identify the presence/absence of
recombination within a range of sequence samples (both insect and bacterial markers) with a low
false-positive rate (Bruen et al., 2006). The PHI test rejected the hypothesis assuming
recombination among MLST genes (p = 1.000). Additionally, the most similar hits to all MLTS
(gene) sequences generated from Monochamus sawyers were identified with the BLAST search tool
(Altschul et al., 1990) against NCBI GenBank resources.

Results

Morphological differentiation
Statistical analyses revealed significant differences between the studied size features of M. sartor
populations from the three areas of distribution (female thoracic width: H = 53.78, df = 2, P <
0.001; female elytral length: H = 42.13, df = 2, P < 0.001; male thoracic width: H = 24.03, df = 2, P
< 0.001; male elytral length: H = 16.74, df = 2, P < 0.001). In general, females from boreal Europe
(group II) had a smaller body size, as reflected by mean thoracic width and elytral length, than
females from both mountainous areas of Europe and Central and East Asia (groups I and III,
respectively). A similar pattern was observed for adult males, in which the studied body
characteristics of specimens from boreal Europe differed significantly from those from mountainous
areas of Europe, but were not different from specimens from Central and East Asia (Fig. 2).
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Figure 2. Differences between the length of the right elytra (gray boxes) and the width of thorax
(white boxes) of female and male Monochamus sartor sawyers from three distinguished areas of
distribution: I – montane areas of Central Europe (Carpathians and Alps), II – boreal Europe, and
III – Central and East Asia. Squares indicate medians, boxes indicate 25th and 75th percentiles and
whiskers indicate minimum and maximum values; different letters indicate significant differences
between studied populations; p < 0.05.
Molecular differentiation
Genetic diversity
After trimming of ambiguous fragments of ef-1α sequences, the final alignment was 600 bp long.
There were no stop codons, and only one indel (3 bp) differentiated A. glabripennis from
Monochamus species. Due to lack of polymorphism in ef-1α in both M. sartor subspecies, all
below-mentioned analyses were based only on the cox1 dataset. The cox1 alignment was 1187 bp
long, and no stop codons or indels were detected. Genetic diversity was high in M. s. urussovii and
was similarly high across all its geographic groups of population samples (Table 1). On the other
hand, M. s. sartor had much lower genetic diversity (Table 1).
Monochamus sartor shows weak but significant isolation by distance (Mantel test: R = 0.245, P =
0.003). AMOVA showed that 66.69% of the molecular variance could be attributed among groups
of population samples, 24.80% within populations and only 8.51% among population samples
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within groups (FSC = 0.255, FST = 0.751, FCT = 0.666, all P < 0.001). FST values were low
between Asian and Polish populations of M. s. urussovii (0.056) and very high between M. s.
urussovii and M. s. sartor (0.770 and 0.783, respectively).

Figure 3. Bayesian phylogenetic tree reconstructed for examined Monochamus sartor sartor and M.
s. urussovii sawyers on the basis of polymorphism of cox1 gene. Values indicate support of
branches (posterior probabilities).

60

Figure 4. Minimum-spanning haplotype network of cox1 gene sequenced for Monochamus sartor
sartor and M. s. urussovii sawyers.
Figure 5. Ultrametric Bayesian phylogenetic tree reporting the results of the species delimitation
analyses. Vertical bars correspond to morphology (M; black) and to the species delimitation results
obtained by bPTP and BPP methods, respectively in dark and light grey.
Phylogenetic analyses and species delimitation
Both BI and ML methods resulted in trees of congruent topologies and therefore only BI trees were
presented. Phylogenetic reconstruction calculated for both markers supported the monophyly of M.
sartor. Ef-1α failed to distinguish M. s. urussovii from M. s. sartor, as both taxa shared a haplotype
of this gene. On the other hand, cox1 suggested the presence of two clusters: M. s. urussovii and M.
s. sartor; however, they were not monophyletic, as the second was nested within the first (Fig. 3).
The haplotype network showed that M. s. urussovii and M. s. sartor form distinct clusters, whose
closest haplotypes are divided by only seven substitutions (Fig. 4). Within M. s. urussovii K2P
nucleotide divergence was in the range of 0.1 – 0.7%, within M. s. sartor 0.0 – 0.2%, and between
both subspecies 0.4 – 1.2%.
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Species delimitation with the bPTP method recognized five entities (Fig. 5; 95% CI 5 – 7 entities)
with a Bayesian posterior probability ranging from 0.94 to 1. The method supported the species
distinctiveness of all Monochamus species including M. sartor, but rejected the distinctiveness of
two subspecies of the latter. Whereas, BPP analyses adopting different priors were in close
agreement on the best tree topology (i.e. (M. alternatus, (M. saltuarius, ((M. galloprovincialis, M.
sutor), (M. sartor urussovii, M. sartor sartor)))) ) and in accordance in recognizing the presence of
6 entities, with the two M. sartor subspecies delimited as separate species (delimitation posterior
probability ranging from 0.84 to 0.99) (Fig. 5).

Wolbachia infection
Both of the examined subspecies of Monochamus sartor (from the Carpathians, n = 26 and NE
Poland, n = 16) were found to be infected and all tested specimens harboured Wolbachia. Both
subspecies were infected with two Wolbachia strains, but each harbored different strains, so overall
the species was found to be infected by four strains – all belonging to the A supergroup (Fig. 5).
Monochamus sartor urussovii was infected by strain 1 in Białowieża and Knyszyn Forests and by
strain 2 in Augustów Forest (Fig. 6). Monochamus sartor sartor was infected by strains 3 and 4
(Fig. 5). According to a BLAST search against the MLST database, the most similar loci were
found in the following species: Evagetes parvus (Cresson) wasp (3 genes similar), Ceutorhynchus
obstrictus (Marsham) weevil (2 genes similar) and Agelenopsis naevia (Walckenaer) spider (3
genes similar). The BLAST comparison of Wolbachia genes against GenBank resources showed
that similar variants were found in the following species: Ceutorhynchus obstrictus weevil, Oreina
liturata (Scopoli), Altica impressicollis (Reiche) and Hermaeophaga mercurialis (Fabricius) leaf
beetles, Leptopilina clavipes (Hartig) wasp, and Lutzomyia stewarti (Mangabeira & Galindo) fly.
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Figure 6. Median network reconstructed for Wolbachia strains generated from examined
Monochamus sartor sartor and M. s. urussovii sawyers on the basis of polymorphism of five
Wolbachia genes used for Multilocus Sequence Typing (gatB, coxA, hcpA, ftsZ, fbpA). Wolbachia
strains from examined sawyers are shown with relations to the representative strains of all
Wolbachia supergroups found in Multilocus Sequence Typing databases and some strains found in
other European beetles.
Discussion

This study aimed to verify whether Monochamus sartor sartor and M. s. urussovii are valid species
or just subspecies. This issue has been the topic of many studies that often show contradictory
conclusions (Hellrigl, 1970; Isaev et al., 1988; Bense, 1995). The preliminary phylogenetic study of
Cesari et al. (2004) rejected the distinctiveness of these subspecies, however only on the basis of
very limited sampling. On the other hand, Rossa et al. (2016) showed that these two subspecies
differ significantly with respect to wing venation. Moreover, the host plant preferences of both
subspecies (M. s. sartor is associated almost exclusively with spruces, whereas M. s. urussovii
develops on a larger variety of hosts, especially in its Asiatic range) show that there are some
ecological and possibly adaptational differences between these taxa – however, these differences
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could also have arisen due to phenotypic plasticity. In this study, all collected types of data
(morphology, genetics and ecology) support the distinctiveness of both taxa, while simultaneously
showing that their differentiation is very shallow. These integrative data suggest that species status
should not be supported. On the other hand, Monochamus sartor could be an example of recent
divergence, with a split forming between the boreal M. s. urussovii and mountain M. s. sartor. The
shallow divergence and M. s. sartor haplotypes nested within M. s. urussovii are arguments against
treating these two subspecies as distinct species. But, as sister species often do not form reciprocal
monophyletic clades in molecular data (Knowles & Carstens, 2007), we are not able to definitively
rule out that these two subspecies are in fact separate species. This issue requires some further
study, like experimental crossing of members of both groups to verify if they produce offspring. If
yes, the genetics, reproduction, fitness, ecology and behaviour of progeny should be examined to
check if there are any postzygotic barriers supporting species status.
There are several morphological characters that distinguish M. s. sartor from the Central-European
mountains from M. s. urussovii from the Eurasian semiboreal and boreal zones. These characters
include density of hairs in distal parts of elytra and their punctuation (e.g. Plavil’shhikov, 1958;
Wallin et al., 2013). The question is whether these differences are just due to phenotypic plasticity
and environmental adaptations (Grenier et al., 2016), or in fact represent phenotypic proof for the
existence of two separate species. The genetic data collected in this study confirm that mountain
and boreal populations of Monochamus sartor are characterized by different mitochondrial
haplogroups and that no haplotypes are shared between subspecies, but also that haplotypes of M. s.
sartor are nested within M. s. urussovii, according to the phylogenetic tree reconstruction. On the
other hand, the closest haplotypes belonging to these two groups are only distant by approximately
1%. This value is much below the threshold that is usually observed between sibling species, which
for Cerambycidae is higher than 4% (Nakamine & Takeda, 2008; Ohbayashi & Ogawa, 2009), and
similar or larger interspecific distances have been observed for other closely related beetles (e.g.
Kubisz et al., 2012; Montagna et al., 2016b). Within Monochamus sawyers, interspecific distances
between M. galloprovincialis and M. sutor reach 3.1% (Koutroumpa et al., 2013). The species
delimitation methods gave discordant results concerning the status of M. s. sartor and M. s.
urussovii. Bayesian PTP rejected the species distinctiveness of the two taxa (while simultaneously
supporting species status of the other Monochamus species), while BPP supported their species
status. For M. s. sartor and M. s. urussovii, it is hard to tell which method gave more reliable
results, since the results obtained with bPTP can only be considered putative species that should be
confirmed by other methods (Zhang et al., 2013). On the other hand, the coalescence adopted by
BPP can only delimit population structure and not species boundaries (Sukumarana & Knowles,
64

2017). In any case, these contrasting results may highlight limitations associated with the use of
single locus data.
Other evidence, from the analyses performed on the available sequence data, suggest that there is no
separation between M. s. sartor and M. s. urussovii. For example, the low genetic distance between
them is similar to the distances of 1 – 2% that have been observed between presumed subspecies of
M. galloprovincialis and M. sutor, whose subspecies statuses have also been questioned
(Koutroumpa et al., 2013). A lack of genetic support for the distinctiveness of both taxa is also
indicated by the presence of the same ef-1α haplotype (the only one) in both M. s. sartor and M. s.
urussovii, but explanation of this low (or lack) of nuclear variation needs further studies with more
variable markers like microsatellites. It is possible that Monochamus sartor sawyers just followed
the recent expansion of its host plant – spruce (Taberlet et al., 1998; Latałowa & van der Knaap,
2006), which is known to be of double (boreal and mountain) origin in some areas (e.g. Białowieża
Forest) (Latałowa & van der Knaap, 2006; Dering & Lewandowski, 2009; Tollefsrud et al., 2015;
Nowakowska et al., 2017). Moreover, timber harvesting and transportation could also have
facilitated passive migrations of sawyers across large distances (Etxebeste et al., 2015).
Another question in our study was to verify whether M. s. urussovii from Asia and from its
westernmost range in Eastern Europe represent the same or distinct units. In this case, morphology
and genetics show somewhat inconsistent patterns. Concerning morphology, there are important
differences between these populations in females, but not males. Rossa et al. (2016) showed that
wing venation of individuals from these two populations is distinct but only slightly if compared to
M. s. sartor. They even suggested that M. s. urussovii from NE Poland could be hybrids between M.
s. sartor and the Asian M. s. urussovii, but this could also be a result of ongoing gene flow
(probably mediated by males if considering only mtDNA distinctiveness of these populations). In
contrast to this, mitochondrial DNA did not indicate separation of M. s. urussovii populations, as
haplotypes from Asia and NE Poland did not form distinct clusters and in some cases the same or
highly related haplotypes were found in very distant localities. Such patterns are quite common for
boreal species that have wide distributions across the Palaearctic boreal zone and which probably
expanded from Asian refugia after the end of the Pleistocene glaciations following the expansion of
coniferous forests. The phylogeography of some cambioxylophagous beetles follows this pattern
(e.g. some bark beetles, Stauffer et al., 1999; darkling beetles, Painter et al., 2007). Moreover, the
presented genetic data cannot solve the hybrid origin of M. s. urussovii from NE Poland, as the
nuclear marker used in this study was found to be monomorphic across the entire species range.
Further studies with microsatellites or single nucleotide polymorphism loci are needed to verify this
hypothesis.
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History of Monochamus sartor probably follows the history of boreal tree species, particularly
spruce – its main host plant. The current range of Monochamus sartor is strictly associated with the
range of Picea spp., and rarely has this species been found foraging on other conifers or birches.
The genetic diversity of its two subspecies strongly indicates that they survived glacial periods in at
least two refugia – in the Alps and/or in the Carpathians (M. s. sartor) and most probably
somewhere in Asia or in Asia together with Eastern Europe (M. s. urussovii). Foothills of both the
Alps and Carpathians (especially the Southern Carpathians) are known refugial areas for many
species, which survived there unfavorable glacial periods in so-called “cryptic” northern refugia
(Steward & Lister, 2001; Schmitt & Varga, 2012). Also, Eastern Europe (southern Russian Plains)
and East Asia are known refugial areas for numerous continental and boreal species (Stewart et al.,
2010). Low divergence between the two subspecies could suggest that their isolation occurred quite
recently – probably during one of the last glacial periods. Worth noting is that during the Holocene
gene flow between the two subspecies has probably not occurred or has been restricted to malemediated dispersal.
Previous studies on the microbiota of some Monochamus species either found no Wolbachia
infection like in M. galloprovincialis (Vicente et al., 2013) or showed that although M. alternatus
(Asian species) is currently not infected, it had to have been in the past as it carries some Wolbachia
genes in its genome (Aikawa et al., 2009, Aikawa et al., 2014). In this study, for the first time, we
have confirmed the presence of Wolbachia in Monochamus species. Interestingly, we found that
both subspecies of Monochamus sartor are infected (at least in their examined populations from the
Carpathians and NE Poland). Moreover, both subspecies harbor different strains – two each, which
all belong to supergroup A but are distinct from each other. The presence of different bacterial
strains in the two subspecies could further indicate their distinctiveness. Discussing the role of this
bacterium in subspecies formation via isolation (e.g. caused by cytoplasmic incompatibility) would
be too speculative without further studies. Wolbachia can also be used as a biocontrol agent against
some insect pests (Lacey & Goettel, 1995; Zabalou et al., 2004), so studies in this direction could
also be interesting for controlling outbreaks of Monochamus sartor populations, especially with
respect to its role as a vector for the pinewood nematode, Bursaphelenchus xylophilus (Linit et al.,
1983), a quarantine species that causes PWD (Kondo et al., 1986; Miller et al., 2013).

Conclusions

Previous uncertainty on the taxonomic status of Monochamus sartor sartor and M. s. urussovii, and
the Asian and European populations of the latter have been solved in this study. All the gathered
66

types of data (morphology, genetics and ecology) indicate that these two subspecies should not be
considered valid species, in contrast to what has been proposed in the past (Bense, 1995; Sama,
2002; Löbl & Smetana, 2010). The question is whether these presumed subspecies should be
considered subspecies. The data presented in this study provide several forms of evidence that
despite weak divergence, the boreal and mountain populations differ with respect to their
morphology, diversity of endosymbiotic bacteria and plasticity of host plant use. The evidence
supports the hypothesis that they should be considered separate subspecies that split quite recently.
Aside from broadening the basic knowledge on the taxonomy and genetics of Monochamus sartor,
this study shows that any research on these sawyers needs to consider their separate subspecies
status. Moreover, any plans for population management (if considering them to be forest pests) or
population conservation (if considering them to be natural elements of mature forests with high
shares of dead wood) of these longhorn beetles should take into account that there are two groups,
which differ with respect to numerous characters and therefore could react in different ways to
forest management or conservation practices.
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2.4 Research article

Molecular species delimitation of the Asian chestnut gall wasp biocontrol agent released in Italy

Montagna, M., Gonella, E., Mereghetti, V., Magoga, G., Ferrari, E., Pontini, M., Ferracini & C.,
Alma, A. (2018) Molecular species delimitation of the Asian chestnut gall wasp biocontrol agent.
Insect Systematics and Evolution 50: 327-345. doi: 10.1163/1876312X-00002188

2.4.1 Summary

Molecular species recognition and identification, based on the mitochondrial cox1 and on the
nuclear ITS2, were performed on individuals of Torymus sinensis collected in Italy, on its close
relative T. beneficus and on native torymids. The automatic-gap-discovery (ABGD) analyses
correctly separate almost all morphospecies. On the basis of cox1, individuals of late-spring T.
beneficus clustered with T. sinensis, and those identified as early-spring T. beneficus were
recognized as a separate entity. Whereas, T. beneficus ecotypes clustered with T. sinensis on the
basis of ITS2. Coalescent tree-based methods confirmed these results. The cox1-based recognition
of early-spring T. beneficus as a separate phylospecies led us to conclude that this taxon deserves to
be treated as a valid species, whereas individuals identified as late-spring T. beneficus might be
considered as part of T. sinensis. Morphological identification and BLAST analyses confirmed that
no T. beneficus was imported into Italy to control Dryocosmus kuriphilus.

2.4.2 Manuscript

Introduction

The Asian chestnut gall wasp (ACGW), Dryocosmus kuriphilus Yasumatsu, 1951 (Hymenoptera:
Cynipidae), native of China, was considered to be a major pest of chestnut (Castanea spp.) by the
mid-20th century. It established itself in several countries, being reported in Japan (1941), Korea
(1958), the United States (1974), Nepal (1999), and Canada (2012). In Europe, it was first recorded
in Italy in 2002, and is now reported in 19 European countries (Delalić, 2016; EPPO, 2016;
Michaelakis, 2016; Radócz, 2016).
This gall wasp induces the formation of greenish-red galls, which develop at the time of budburst in
the following early-spring, suppressing shoot elongation and causing a gradual decline in the vigor
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of the host plants (EFSA, 2010). Severe nut production losses due to the development of galls were
estimated to reach up to 85% in northern Italy (Bosio et al., 2013; Battisti et al., 2014).
In Japan, the indigenous parasitoid Torymus beneficus Yasumatsu & Kamijo, 1979 (Hymenoptera:
Torymidae) was used as a biological control agent of the ACGW; however, it was not able to
suppress chestnut gall wasp populations, thus requiring the introduction of the congeneric species T.
sinensis Kamijo, 1982 from China (Yara, 2006). These two species, T. sinensis and T. beneficus, are
difficult to separate on the basis of either their morphology or ecological traits. The ratio of the
ovipositor sheath length to the lateral length of the thorax (O/T ratio), and the emergence period
were used to distinguish empirically the two species (Ôtake, 1987; Moriya et al., 1992). However,
the O/T ratio was shown not to be completely reliable (Yara, 2004) and applicable for female adults
only, and the discrimination based on the emergence period may be hampered by slight differences
observed between the two species and by the fact that two ecotypes of T. beneficus have been
described, namely early-spring and late-spring types, each showing different emergence periods
(Yara et al., 2000). Molecular markers were developed to distinguish the two species, such as
isozyme and DNA markers, the latter targeting nuclear and mitochondrial DNA (Yara, 2004; Yara,
2006; Yara & Kunimi, 2009). Additional problems with species discrimination are based on
hybridization that was observed between T. sinensis and both ecotypes of T. beneficus (Toda et al.,
2000; Yara et al., 2000; Yara et al., 2010). These hybrids are known to have intermediate
morphological features in respect to the parental species. Hybridization between males of T.
sinensis and females of T. beneficus was hypothesized on the basis of mtDNA showing a closer
relationship between late-spring T. beneficus and T. sinensis than to early-spring T. beneficus (Yara,
2004). Hence, definitive differentiation between Torymus species and hybrids has not yet been
achieved (Yara & Kunimi, 2009; Yara, 2014). Different possible hypotheses could be formulated to
explain the phylogenetic pattern reported in Figure 2 in Yara (2004), mainly: i) inadequate
taxonomy, viz T. beneficus late spring ecotype is synonym of T. sinensis, as suggested by the great
variability on the O/T ratio of these species (Yara, 2004); ii) incomplete lineage sorting; and iii) the
occurrence of endosymbiont-mediated mtDNA introgression causing discordance between species
and gene trees in the T. sinensis – T. beneficus group, as in the case of the parasitoid wasps of the
genus Diplazon and the alpha-proteobacterium Wolbachia (Klopfstein et al., 2016).
After 15 years from the first report of the ACGW in Europe, and despite the species richness of the
recruited parasitoid community, parasitism by native natural enemies is still low (Matošević &
Melika, 2013; Quacchia et al., 2013; Alma et al., 2014; Francati et al., 2015; Colombari & Battisti,
2016). For this reason, a classical biological control approach was undertaken in Europe similar to
those in Japan and in the USA (Moriya et al., 2003; Cooper & Rieske, 2011). Torymus sinensis
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specimens imported from Japan were released in Italy starting in 2005 (Quacchia et al., 2008;
Ferracini et al., 2015a), and afterwards in other European countries (Paparella et al., 2016). It
proved to settle successfully in the chestnut-growing areas containing the ACGW outbreaks
especially in northern Italy where it was initially released. Moreover, after a ten-year period, a
differentiation in observed behaviors was recorded (e.g., prolonged diapause and host range
expansion; Ferracini et al., 2015a; Ferracini et al., 2017).
Even if no evidence of divergent emergence periods for T. sinensis was ever recorded in Italy, but
due to the difficulty in discriminating T. beneficus, T. sinensis, and hybrids, investigations on the
biocontrol agent of the ACGW released in Italy were carried out. In particular, using molecular
approaches and species delimitation tools, three major goals are addressed in the present study: i)
test the congruence between morphospecies and phylospecies in the introduced and indigenous
Torymus species; ii) establish whether T. beneficus individuals or hybrids were initially released in
Italy together with Japan-imported T. sinensis specimens; iii) investigate the presence of Wolbachia
in the examined species to provide preliminary information regarding the distribution of this
bacterium within T. sinensis – T. beneficus late spring ecotype.

Materials and Methods

Ethics statement
All experiments were conducted in accordance with the legislation and guidelines of the European
Union

for

the

protection

of

animals

used

for

scientific

purposes

(http://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm).
All experimental protocols using animals were approved by the ad-hoc Committee of DISAFA of
the University of Torino. In addition, all necessary permits were in hand when the research was
conducted.

Insects sampling, manipulation and morphological identification
From 2006 to 2016, putative T. sinensis adults emerging from withered chestnut galls collected in
Italy and Japan were used for this study, along with native species of Torymus emerging from
withered oak and chestnut galls collected in Italy, as described in Table 1 and Figure 1. (Fig. 1 here)
More precisely, regarding T. sinensis, the DNA was extracted from: i) specimens emerged in Italy
from chestnut withered galls collected in Japan and provided by the National Agricultural Research
Center in Tsukuba (Quacchia et al., 2008); ii) the progeny of the adults used in the first releases in
Italy which occurred during 2006 and 2008; iii) individuals emerging from withered chestnut galls
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collected in Piedmont (Italy) between 2014 and 2016, where the parasitoid was released for the first
time, together with specimens emerging after a two-year diapause; and iv) three individuals,
collected from oak galls of the gall wasp Biorhiza pallida (Olivier, 1791). Native torymids,
emerging from galls of D. kuriphilus, B. pallida, Cynips divisa Hartig, 1840 and Cynips
quercusfolii Linnaeus, 1758 collected in Aosta Valley, Liguria, and Piedmont regions of northwestern Italy, were also included in the present study. Collections were performed both by hand and
with the aid of lopping shears. Galls were isolated in plastic containers and stored in outdoor
conditions until parasitoid emergence, according to the method described by Ferracini et al.
(2015b).
Among the emerged parasitoids, torymid species were identified by using specific dichotomous
keys reported in De Vere Graham & Gijswijt (1998) and Kamijo (1982), and by comparison with
voucher specimens deposited at the DISAFA-Entomology laboratory, Italy. We were able to
include T. affinis (Fonscolombe, 1832), T. auratus (Müller, 1764), T. cyaneus Walker, 1847, T.
flavipes (Walker, 1833), and T. geranii (Walker, 1833) (Table 1).
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Table 1. Samples analyzed in the study.
♀♀
5
5
3
0
4
8
7
7
2
3
0
0
1
1
0
1
0
-

♂♂
6
3
3
3
8
5
4
8
0
0
1
2
1
1
3
0
1
-

N*
11
8
6
3
12
13
11
15
2
3
1
2
2
2
3
1
1
1
1

Host gall wasp
D. kuriphilus
̎
̎
B. pallida
D. kuriphilus
̎
̎
̎
̎
B. pallida
̎
̎
D. kuriphilus
C. divisa
D. kuriphilus
̎
C. quercusfolii
Oak cynipid
̎

Emergence
April 2006
May 2008
May 2008
May 2013
March 2014
April 2014
April 2015
April 2016
March 2010
March 2014
October 2014
April 2014
May 2010
October 2014
June 2014
August 2012
April 2015
-

-

-

4

D. kuriphilus

April 1988

-

-

4

̎

March 1991

-

4
2
1
3
1
1
1
1

̎

T. cyaneus
T. flavipes
T. geranii

-

̎
Oak cynipid
Oak cynipid

March–April 1988
April 1993, 1997
March 1991
March–April 1993
March 1993
-

T. sinensis

-

-

4

D. kuriphilus

March–April 1993

̎

-

-

2
1
3
1

̎

April 1993
April 1992
April 2000
April 1996

Species
T. sinensis
̎
̎
̎
̎
̎
̎
̎
T. affinis
̎
̎
T. auratus
T. cyaneus
̎
T. flavipes
T. geranii
̎
T. affinis
T. auratus
T. beneficus
late spring
T. beneficus
early spring
̎
̎
̎
̎

̎

̎

̎

̎

̎
̎
̎

̎

̎

̎

Gall proveniencea
Vouchers/Accession no.
Marker
IT - Piedmont Region
TsP06_1-11
cox1, ITS2
JP - Ibaraki Prefecture
TsJ08_1-8
̎
IT - Piedmont Region
TsP08_1-6
̎
̎
TsPBp13_1-3
̎
̎
TsPd14_1-12
̎
̎
TsP14_1-9, 11-14
̎
̎
TsP15_1-11
̎
̎
TsP16_1-15
̎
̎
Taf10_1-2
̎
IT - Aosta Valley Region
Taf14_1-3
̎
̎
TafA14_1
̎
IT - Liguria Region
Tau14_1-2
̎
IT - Piedmont Region
Tc10_1-2
̎
̎
Tc14_1-2
̎
IT - Aosta Valley Region
Tf14_1-3
̎
IT - Liguria Region
Tg12C_1
̎
IT - Piedmont Region
Tg15Q_1
̎
HU - Vas County
HM574341
cox1
HU - Jász-Nagykun-Szolnok County
HM574340
̎
JP - Ibaraki Prefecture

̎
̎
̎
̎
̎
̎
̎
̎
̎
̎
̎
̎
̎
̎
̎
̎
Kaartinen et al. 2010
̎

̎

Yara 2004
̎

̎
̎

̎
̎

̎
̎

̎
̎

̎
̎

̎
̎
̎

Kaartinen et al. 2010
Stone et al. 2012
Kaartinen et al. 2010
̎

Yara 2004
̎

̎
̎

̎
̎

̎
̎

̎

AB070476-AB070479

AB070473-AB070475,
AB070480
JP - Ibaraki Prefecture
AB070493 -AB070496
JP - Nagano Prefecture
AB070497 - AB070498
JP - Hiroshima Prefecture
AB070499
JP - Kumamoto Prefecture
AB070501 - AB070503
JP - Aomori Prefecture
AB070504
FI - Varsinais-Suomi Region
HM574245
SP
JQ416941
HU - Veszprém County
HM574309
AB070482 - AB070483,
CN - Hebei Province
AB070485 - AB070486
CN - Liaoning Province
AB070484, AB070487
KR - Kyongsangnam-do Province
AB070488
KR - Kangwon-do Province
AB070489 - AB070491
JP - Shimane Prefecture, Oki Islands
AB070492

Reference
This study

JP - Fukushima Prefecture

̎
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May 2000

JP - Chiba Prefecture

AB070500

̎

̎

1
1
1

Celticecis
japonica
D. kuriphilus
Oak cynipid
D. kuriphilus

April 1993

AB070481
HM574237
AB200280

̎
ITS2
̎

̎

1997

JP - Aomori Prefecture
FI - Varsinais-Suomi Region
JP - Ibaraki Prefecture

0

1

̎

1988

JP - Ibaraki Prefecture

AB200271

̎

̎

1

0

1

̎

1988

JP - Ibaraki Prefecture

AB200272

̎

̎

-

-

1

̎

1993

CN - Hebei Province

AB200274

̎

̎

-

-

1

-

-

CN - Guizhou

AY317240

cox1

Chen et al. 2004

-

-

1

Oak cynipid

-

-

GU123292

ITS2

Nicholls et al. 2010

Torymus sp.

-

-

1

̎

1

0

1

T. flavipes
T. geranii
T. beneficus
early spring
T. beneficus
late spring
T. sinensis
Megastigmus
dorsalis
̎
a:

Kaartinen et al. 2010
Yara 2006

country abbreviations according with Country codes ISO 3166.
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Figure 1. Collection sites of the specimens analyzed in the present study.

DNA extraction, PCR and sequencing
Chelex DNA extraction according to Kaartinen et al. (2010) was performed on metathoracic legs,
dissected from the specimens. All the extracted specimens were stored in ethanol and preserved in
the DISAFA collections with vouchers reported in Table 1. Samples were subject to amplification
of the mitochondrial cytochrome c oxidase subunit 1 (cox1) gene, and the nuclear region of the
internal transcribed spacer 2 (ITS2) between 5.8S rRNA and LSU rRNA genes. For cox1
amplification, primers COI pF2 (Kaartinen et al. 2010) and HCO (Folmer et al. 1994) were used
with the following conditions: an initial denaturation step of 2 min at 94°C, followed by 5 cycles of
30 sec at 94°C, 1 min at 45°C, and 1 min at 72°C, then 35 cycles of 30 sec at 94°C, 1 min at 50°C,
and 1 min at 72°C; a final extension step of 7 min at 72°C was applied. PCR for ITS2 was carried
out with primers ITS2f/r as described by Campbell et al. (1993). The obtained PCR products were
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purified with the commercially available kit (GenEluteTM PCR Clean-Up Kit, Sigma-Aldrich) and
sequenced (Genechron, Rome, Italy).
Electropherograms were manually checked using Geneious Pro 8.1 (Biomatters Ltd., Auckland,
New Zealand); no heterozygotes were recovered in ITS2 electropherograms using a double peaks
similarity of 95%. The nucleotide sequences were deposited in the European Nucleotide Archive
with accession numbers LT821524 - LT821619 and LT821620 - LT821715, respectively for cox1
and ITS2. To confirm the morphological identification of the specimens, cox1 gene sequences were
subjected

to

Nucleotide

BLAST

analysis

against

nr

database

(https://blast.ncbi.nlm.nih.gov/Blast.cgi).
Orthologous sequences from Torymus spp., with the addition of Bootanomyia (=Megastigmus)
dorsalis (Fabricius, 1798) as outgroup, were retrieved from GenBank (Table 1). The cox1 dataset
was aligned at the amino acid level using MUSCLE (Edgar, 2004) and back translated at the
nucleotide level, whereas the ITS2 dataset was aligned using MAFFT (Katoh et al., 2005) with EINS-i strategy. Poorly aligned positions in ITS2 alignment were trimmed with Gblocks (Castresana,
2000) using the strategy adopted by Sassera et al. (2010) for a less stringent selection.

Species delimitation analyses
Different methods, with no a priori information on the morphospecies, were adopted as described
in previous studies (Montagna et al., 2016a, b). Briefly, the automatic barcode gap discovery tool
(ABGD; Puillandre et al., 2012) and coalescent tree-based methods represented by the generalized
mixed Yule-coalescent model (GMYC; Pons et al., 2006; Fujisawa & Barraclough, 2013) and its
Bayesian implementation (bGMYC; Reid & Carstens, 2012) were used. These methods were
extensively used to recognize and delimit species (e.g., Cranston & Krosh, 2015; Lecocq et al.,
2015) as well as support the description of new insect taxa (e.g., Montagna et al., 2013; Montagna
et al., 2016b).
ABGD analyses were performed on cox1 and ITS2 aligned sequence datasets through the web
interface (http://wwwabi.snv.jussieu.fr/public/abgd) with the uncorrected p distance (Collins et al.,
2012; Srivathsan et al., 2012) and default settings for the remaining parameters.
The ultrametric tree required as input by the coalescent tree-based methods of species delimitation
was inferred with BEAST (Drummond et al., 2012). Each alignment was analyzed with JModelTest
2 (Darriba et al., 2012) and the most suitable model of nucleotide evolution was selected using the
Bayesian Information Criterion (Sullivan & Joyce, 2005). Identical haplotypes of conspecific
specimens were removed from the datasets in order to outflank zero-length internal nodes in the
trees. Phylogenetic reconstruction was achieved under the Bayesian framework using BEAST
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(Drummond et al., 2012), three independent runs were performed for each dataset with the
following settings: length of the Markov chain of 10^8 generations; trees and parameters sampled
every 1,000 generations; models of nucleotide evolution as obtained by the model selection, viz
GTR (Lanave et al., 1984) with gamma distribution (Γ) and proportion of invariable sites (I) in the
case of cox1, K80 (Kimura, 1980) + I in the case of ITS2; uncorrelated relaxed clock type
(Drummond et al., 2006); tree prior set on the Birth-Death Incomplete Sampling (Stadler, 2009);
other prior parameters were set to default values. The convergence of the runs was visually
examined by TRACER (Drummond et al., 2012), and the burn-in fraction estimated accordingly.
After the removal of the burn-in trees fraction, trees were resampled at lower frequencies in order to
obtain 5,000 trees for each run, and then resampled trees were merged and the maximum clade
credibility tree was obtained using TreeAnnotator (Drummond et al., 2012).
Single-threshold GMYC analyses and bGMYC analyses were performed using the R packages
SPLITS and bGMYC respectively. The maximum clade credibility ultrametric tree previously
inferred was used as input for GMYC; whereas, in the case of bGMYC, 30 randomly sampled trees
among the 15,000 merged BEAST trees were used as input. The parameters of bGMYC analysis
were: Markov Chain Monte Carlo length of 100,000 generations, sampled every 100 generations
and a burn-in of 800 trees, leading to the estimation of the statistics on a sample of 6,000 trees.
Pairwise nucleotide p-distance within and between taxa were calculated using MEGA 6 (Tamura et
al., 2013), missing data and gaps were excluded in the pairwise distance estimation and the standard
deviation was estimated by 500 bootstrap pseudo replicates.

Wolbachia detection
In order to provide preliminary information regarding the distribution of Wolbachia within the T.
sinensis – T. beneficus group, DNA isolates from all T. sinensis specimens were tested for the
presence of this bacterium by PCR targeting the 16S rRNA gene by using the W-Spec f/r primer
pair as previously described (Werren & Windsor, 2000), after whole body DNA extraction
according to Raddadi et al. (2011). None of the PCRs targeting Wolbachia genes led to positive
amplifications, with the exception of the positive control, and thus this result will not be reported in
the Results and Discussion section but only commented in the Conclusion.

Results

Datasets description and molecular species identification
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DNA was extracted from a total of 96 adult specimens (47 females and 49 males) collected from
different localities and attributed to the following six species: T. affinis (n = 6), T. auratus (n = 2),
T. cyaneus (n = 4), T. flavipes (n = 3), T. geranii (n = 2), and T. sinensis (n = 79) (Table 1). A
fragment of 427 bp of the mitochondrial cox1 gene and ITS2 sequences, ranging from 478 bp of T.
sinensis to 638 bp of T. affinis, were obtained for 95 individuals. The morphological identification
of the specimens collected in Italy was confirmed by a BLAST search on cox1 gene sequences
(99%-100% of identity with conspecific specimens). According to previously published ITS2
profiles (Yara, 2006), all the T. sinensis collected in Italy possessed a homoallelic genotype, 57
individuals the 0/0, 14 individuals the -2/-2 and the specimen TsPBp13_1 collected in Piedmont
from a gall of B. pallida the genotype -4/-4 (Table 2).
With the addition of orthologous gene sequences available in public repositories for the species T.
affinis, T. auratus, T. beneficus (early- and late-spring ecotypes), T. flavipes, T. geranii and T.
sinensis, the cox1 and ITS2 datasets were composed of, respectively, 136 and 103 nucleotide
sequences, which, resulted in 101 and 60 sequences for cox1 and ITS2, respectively, after the
removal of identical nucleotide sequences (as described in section Species delimitation analyses in
Materials and Methods).

Table 2. Frequency of genotype, expressed as number of individuals, for ITS2 sequences of T.
sinensis.
Genotype
Species/Collecting locality
T. sinensis (IT – Piedmont)
T. sinensis (JP – Ibaraki Prefecture)

-4/-4
+G((CT3,(AG3),(G)1)
1
0

-2/-2
((CT)4,(AG)3)
13
1

0/0
((CT)4,(AG)4)
50
7

Distance-based species delimitation
ABGD analysis performed on the aligned cox1 gene sequences retrieved a perfect match between
the initial and the recursive partitions at nucleotide divergence ranging from 0.3% to 1.3%, and nine
groups were identified (or putative molecular species), highly congruent with morphological
identification, (Fig. S1). Particularly, T. affinis, T. auratus, T. cyaneus, T. flavipes, T. geranii,
Torymus sp. and B. dorsalis (outgroup) were recovered as separate entities; specimens identified in
the literature as late-spring T. beneficus grouped with T. sinensis, while, all the individuals
identified as early-spring T. beneficus belonged to a separate group. All the specimens collected in
Italy (details are reported in section Insects sampling, manipulation and morphological
identification in Materials and Methods) grouped with specimens identified as late-spring T.
beneficus and as T. sinensis retrieved by previous studies. Increasing the prior intraspecific
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nucleotide divergence to values between 2% and 3.6% (Figure S1), the initial and recursive
partitions match in a second optimum, where the specimens identified as early-spring T. beneficus
were recognized in the same evolutionary unit with individuals of the late-spring ecotype and the
closely related T. sinensis. The close relationship of T. sinensis and T. beneficus (both ecotypes) is
also confirmed by the low between-taxa nucleotide p-distance of 4.8% (SD = 0.7%; Table 3). When
the two ecotypes of T. beneficus are considered separately, the nucleotide p-distances between them
and T. sinensis were 1.8% (SD = 0.4%) and 5.7% (SD = 0.9%), respectively in the case of late- and
early-spring ecotypes (Table 3).
Similar results in the delimitation of the species were achieved also by ABGD analyses performed
on the ITS2 dataset. Seven partitions were obtained from values of nucleotide p-distance ranging
from 0.8% to 10%, with a match between the initial and recursive partitions (Fig. S2). In the case of
ITS2, all the specimens identified as T. sinensis and the two specimens of T. beneficus (early- and
late-spring) clustered within the same group (the achieved result is not attributable to the adopted
trimming strategy since no nucleotides of these two taxa were removed from the alignment); a
similar behavior was observed also for T. auratus and T. geranii. Interestingly, the specimen of T.
geranii from Tsukuba (Japan, AB200280) was assigned to a separate group in respect to the Italian
conspecific specimens. The latter result is in agreement with the extremely high value of withintaxa nucleotide p-distance recovered for T. geranii (average 21%, SD = 1.7%; Table 3), in the range
of between taxa values. Except for T. geranii, the intraspecific nucleotide p-distance calculated on
ITS2 spans from 2.4% (SD = 0.5%) to 0%, respectively in the case of T. affinis and T. beneficus
(one individual for each of the two ecotypes) and T. auratus (Table 3); whereas the interspecific
nucleotide p-distance range from 30.6% (SD = 2.1%) between T. geranii – T. cyaneus to 0.5% (SD
= 0.2%) between T. sinensis and T. beneficus (Table 3).

83

Table 3. Within and between mean values of nucleotides p-distancea.
p-distance
T. sinensis
T. sinensis
1.3(0.3)/0.6(0.1)
T. beneficus LS 0.5(0.2)
T. beneficus ES 0.5(0.2)
T. beneficus* 0.5(0.2)
T. auratus
24.2(2.2)
T. geranii
25.9(1.8)
T. affinis
24.8(2)
T. cyaneus
22.5(2.1)
T. flavipes
20.4(2.1)
Torymus
species

T. beneficus LS
1.8(0.4)
0.9(0.2)/0
23.5(2.1)
25(1.8)
24.4(2)
21.9(2.1)
19.4(2)

T. beneficus ES T. beneficus*
5.7(0.9)
4.8(0.7)
5.2(0.6)
0.3(0.1)/2.3(0.2)/0
23.3(2.1)
23.4(2.2)
24.9(1.8)
25(1.8)
24.3(2)
24.3(2)
21.9(2.1)
21.9(2)
19.6(2)
19.5(2)

T. auratus
10.1(1.3)
10.5(1.2)
11.2(1.3)
11.1(1.2)
1.1(0.4)/0
11.6(1)
19.5(1.6)
29.9(2.6)
8.5(1.4)

T. geranii
9.9(1.3)
10.8(1.3)
11.2(1.3)
11.1(1.3)
9.7(1.3)
0.7(0.3)/21(1.7)
19.5(1.6)
30.6(2.1)
14.9(1.4)

T. affinis
11.4(1.3)
11.9(1.3)
11.7(1.3)
11.8(1.2)
12.1(1.4)
12(1.4)
1.6(0.4)/2.4(0.5)
29(2.3)
15.2(1.8)

T. cyaneus
12.3(1.5)
12.7(1.3)
12.6(1.4)
12.6(1.4)
13.1(1.5)
12.2(1.4)
11.5(1.4)
0.1(0.1)/0.1(0.1)
25.3(2.5)

T. flavipes
12.1(1.5)
11.8(1.3)
12.1(1.3)
12(1.3)
10.4(1.4)
13(1.5)
11.5(1.4)
11.5(1.4)
0.3(0.2)/1.2(0.4)

aNumber

of base differences per site expressed as percentage. Above the diagonal are reported the mean values (italics) of between-taxa p-distance calculated on
cox1 gene; below the diagonal are reported the mean values of between-taxa p-distance calculated on ITS2; on the diagonal, in bold, are reported mean values of
within-taxa p-distance calculated on cox1 gene on ITS2, respectively on the right and on the left of /; standard deviation calculated on the base of 500 bootstrap is
reported within brackets. P-distance values are calculated on nucleotide sequence databases without the removal of identical haplotypes.
*p-distance is calculated grouping sequences from T. beneficus early-spring (ES) and T. beneficus late-spring (LS).
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Tree-based species delimitation
The topologies of the Bayesian consensus cox1 and ITS2 trees, used as input for the tree-based species
delimitation methods, were not totally congruent, as expected for closely related taxa (Figures 2 and 3).
(Figures 2, 3 here)
On the basis of cox1, almost all the analyzed species were well supported and monophyletic, with a
Bayesian posterior probability (BPP) of 1; the only exception is represented by the sequences identified
as late-spring T. beneficus that clustered with T. sinensis. Two well supported clades (BPP of 0.97 and
of 0.96), sub A and sub B in Figure 2, can be identified within the clade late-spring T. beneficus – T.
sinensis (BPP = 1); however, a clear clustering pattern is not identifiable. All the specimens collected in
Italy and identified as T. sinensis clustered within the clade T. sinensis – late-spring T. beneficus, it can
thus be concluded that no specimens of early-spring T. beneficus were imported into Italy to control the
ACGW through the withered chestnut galls. Even the specimen TsPBp13_1, with genotype -4+G
corresponding to that of early-spring T. beneficus, clustered within the clade T. sinensis – late-spring T.
beneficus on the basis of cox1 sequence, as to be expected considering the results of BLAST analysis.
Conversely, relationships among the species groups, especially those between the complex T. sinensis –
T. beneficus and the remaining species are not resolved on the basis of cox1 gene. Moreover, in the
case of the ITS2 tree, the Bayesian posterior probability associated with morphospecies was high but T.
beneficus and T. geranii resulted paraphyletic.
Species delimitation analyses performed by implementing coalescent tree-based approaches led to
almost identical results for both cox1 and ITS2 markers. Regarding the cox1 dataset, the GMYC model
exhibited a significantly better likelihood than the null model (logLGMYC = 822.6, logLNULL = 805.8,
2ΔL = 33.5, χ² test p-value < 0.0001). At the threshold between Yule and Coalescent models, viz
cladogenesis – anagenesis, seven maximum likelihood clusters (95% CI [7, 8]) and a total of ten
entities or putative molecular species (95% CI [10, 11]) were identified (Figure 2). Identical results
were obtained by bGMYC, which identified 10 evolutionary units supported by a BPP ≥ 0.65 (Figure
2). These results are in accordance with those obtained by the distance-based approach. The
morphospecies included in the present study, with the only exception of T. sinensis – T. beneficus, were
identified by GMYC and bGMYC as belonging to separate entities. Torymus beneficus, as previously
reported (Yara, 2004), resulted paraphyletic; the lineage with individuals assigned to early-spring
phenotype resulted monophyletic and well isolated (BPP bGMYC = 0.75), the sister of the clade T.
sinensis – late-spring T. beneficus (BPPbGMYC = 0.65). For the highest value of the confidence interval
of entities recovered by GMYC (i.e., 11), obtained moving the Yule-Coalescent threshold towards the
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tips, the clade T. sinensis – late-spring T. beneficus is split into two distinct clades (Figure 2) with a
clustering pattern of individuals not explicable either in terms of their geographic origin nor in terms of
ecology. All the specimens identified as late-spring T. beneficus are grouped in the clade sub A (BPP =
0.97; Figure 2), possibly corresponding to subgroup 3 in Figure 2 of Yara (2004). However, the fact
that individuals of T. sinensis (AB07483, AB07484) belonging to subgroups 1 or 2 in Figure 2 of Yara
(2004) clustered here within the clade sub A with late-spring T. beneficus does not support this
possibility, but more likely, that T. sinensis – late-spring T. beneficus represents a single species.
On the basis of ITS2 seven maximum likelihood entities have been identified (Figure 3) (logL GMYC =
434.1, logLNULL = 431.1, 2ΔL = 6; p-value = 0.049), but a wider 95% confidence interval in respect to
that achieved on the basis of the cox1 marker is recovered (95% CI [3-34]). bGMYC reached almost
identical results of those of GMYC, identifying five entities with BPP ≥ 0.65 and seven with BPP > 0.5
(Figure 3). It is noteworthy that both ecotypes of T. beneficus (represented by one specimen each) fall
into a single group with T. sinensis (BPP = 0.67), confirming the results achieved by ABGD. Two
separate and well-supported entities could be recognized within the clade composed of T. sinensis – T.
beneficus. Apart from the T. beneficus – T. sinensis clade, T. geranii resulted paraphyletic, while T.
affinis, T. flavipes and T. cyaneus resulted monophyletic and recognized as separate entities.
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Figure 2. Species delimitation analysis based on cox1 gene sequences. A Bayesian ultrametric tree
inferred from the cox1 gene sequence dataset, after the removal of identical haplotypes. T. beneficus –
T. sinensis specimens are highlighted with different colors as follow: green = T. sinensis, from the
present study; yellow = T. sinensis, from GenBank (Table 1); light blue = late-spring T. beneficus
ecotype, from GenBank (Table 1); fuchsia = early-spring T. beneficus ecotype, from GenBank (Table
1). Clades corresponding to GMYC maximum likelihood clusters or putative molecular species are
reported in red, and by dark grey vertical blocks; vertical black blocks indicate the identified
morphospecies (M); putative molecular species identified by bGMYC are represented by vertical solid
colored boxes, colors indicate support values of Bayesian posterior probability (BPP): 0.5 – 0.9 in
orange, 0.9 – 0.95 in ochre, 0.95 – 0.99 in yellow; light grey texture boxes indicate putative molecular
species identified by ABGD. On the main nodes of the phylogram are reported the values of BPP ≥ 0.7;
* = bpp < 0.7.
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Figure 3. Species delimitation analysis based on ITS2 gene sequences. A Bayesian ultrametric tree
inferred from the ITS2 gene sequence dataset, after the removal of identical haplotypes. T. beneficus –
T. sinensis specimens are highlighted with different colors as follow: green = T. sinensis, from the
present study; yellow = T. sinensis, from GenBank (Table 1); light blue = late-spring T. beneficus
ecotype, from GenBank (Table 1); fuchsia = early-spring T. beneficus ecotype, from GenBank (Table
1). Clades corresponding to GMYC maximum likelihood clusters or putative molecular species are
reported in red, and by dark grey vertical blocks; vertical black blocks indicate the identified
morphospecies (M); putative molecular species identified by bGMYC are represented by vertical solid
colored boxes, colors indicate support values of Bayesian posterior probability (BPP): 0.5 – 0.9 in
orange, 0.95 – 0.99 in yellow, 0.99 – 1 in white; light grey texture boxes indicate putative molecular
species identified by ABGD. On the main nodes of the phylogram are reported the values of BPP ≥ 0.7.
Discussion
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Taking advantage of the recent introduction of T. sinensis in Italy as a biocontrol agent of the ACGW,
the present study is mainly focused on testing the congruence between morphospecies and putative
molecular species (or phylospecies) of the highly morphologically similar T. sinensis – T. beneficus
complex as well as native torymids. The results achieved by the previous studies attempting to
distinguish T. sinensis from T. beneficus using molecular markers (Yara, 2004; Yara, 2006; Yara &
Kunimi, 2009) prompted us to adopt rigorous and recently developed species delimitation tools (i.e.,
ABGD, GMYC and bGMYC) in order to test the species status of these two taxa and that of the native
torymids. Moreover, since the clustering pattern of T. sinensis and T. beneficus previously obtained by
cox1 gene sequences was congruent with endosymbiont-mediated mtDNA introgression, specimens of
T. sinensis collected in Italy were tested for the presence of Wolbachia, widespread in invertebrates and
recognized as the master manipulator of their reproduction (Werren et al., 2008). None of the analyzed
individuals showed the presence of this bacterium. However, since topologies obtained using cox1 and
ITS2 are discordant in respect to T. sinensis – T. beneficus group, viz T. sinensis and T. beneficus
(early- and late-spring) belong to the same clade using ITS2 but early-spring T. beneficus belong to a
different clade using cox1, the presence of Wolbachia during the evolution of the group followed by a
secondary loss cannot be excluded on the basis of the present study. Moreover, the presence of others
vertically inherited endosymbionts, as “Candidatus Cardinium” (Zchori-Fein & Perlman, 2004), was
not considered in this study.
Using cox1 and ITS2 markers, all the adopted species delimitation approaches, represented by
nucleotide distance and coalescent tree-based methods, agree in recognizing as separate phylospecies
all the native morphospecies (Figures 2 and 3). Interestingly, the ITS2 sequence of T. geranii available
in GenBank (AB200280) did not cluster with conspecific specimens collected in Italy, and due to its
high value of nucleotide p-distance relative to the other conspecific (>20%), it could be considered as
belonging to a different taxon (Figure 3). Regarding the T. sinensis – T. beneficus (early- and latespring ecotypes) complex, the identification of all specimens of early-spring T. beneficus as a separate
phylospecies by the adopted species delimitation methods on the basis of cox1 marker let us
hypothesize that this taxon deserves to be treated as valid species. Whereas, individuals identified as
late-spring T. beneficus resulted in a well-delimited group together with all T. sinensis and might be
considered as part of this latter species (Figure 2). This result is further confirmed by the low value of
the cox1 mean nucleotide p-distance between T. sinensis and the late-spring T. beneficus (1.8%, SD =
0.4), which is in the range of the intraspecific nucleotide distance values estimated in this study for the
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other analyzed Torymus species (Table 3). On the basis of ITS2 marker T. beneficus (represented only
by two individuals for which the corresponding cox1 sequences are not available in public repositories)
and T. sinensis (39 individuals) belong to the same evolutionary unit (Figure 3). The two wellsupported entities identified by bGMYC within the T. sinensis – T. beneficus do not correspond to any
apparent geographic or ecological pattern of clustering. The results achieved using this marker possibly
suggests that ITS2 profile is not reliable to distinguish species and ecotypes within the T. sinensis
species complex; however, since to our knowledge, cox1 and ITS2 sequences of the same T. beneficus
individual are not present in public repositories, a conclusion cannot be reached using the available
data.
The values of nucleotide p-distance, the achieved tree topologies, and the species delimitation results
are congruent with the following scenarios for the T. sinensis – T. beneficus complex: i) a recent origin
of the taxa, in which a complete lineage sorting has not yet been achieved; ii) the presence of two
delimited species, viz. early spring T. beneficus and late spring T. beneficus – T. sinensis, with the
resulting incorrect identification of individuals assigned to T. beneficus late spring; or, iii) a single
species requiring synonymy.
In conclusion, the achieved results are far from being conclusive and an integrative taxonomy analysis
with an increased number of specimens and based on a multi-gene approach is required to definitively
solve the boundary between these two sister species. Besides, with our study any individual of the
early-spring T. beneficus ecotype was found to be imported from Japan to control the ACGW,
Dryocosmus kuriphilus.
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2.5 Research article

Factors affecting the efficiency of molecular species delimitation: evidences from the species rich
beetle family of Chrysomelidae

Magoga, G., Fontaneto, D. & Montagna, M. Factors affecting the efficiency of molecular species
delimitation: evidences from the species rich beetle family of Chrysomelidae. (Manuscript in
preparation)

2.5.1 Summary

Molecular species delimitation is an approach to taxonomy that, in the contest of global diversity loss,
can be very usefull for accelerating species discovery. In this study, the effect of some intrinsic factors
to the analysed data on molecular species delimitation efficiency has been tested. Real data, i.e. a set of
more then 7,000 cox1 sequences belonging to 250 leaf beetles species (Coleoptea: Chrysomelidae),
were analysed through four species delimitation methods (3% nucleotide distance threshold, ABGD,
GMYC, mPTP) in order to evaluate the possible effect of the following factors on the delimitation
efficiency: i) the mean number of haplotypes per dataset; ii) the geographic distance among conspecific
collection localities; iii) the difficulty of species morphological identification; iv) the taxonomic rank;
v) the molecular species delimitation method adopted; vi) the number of morphospecies per dataset.
From our results we observed a significant positive relation between methods efficiency and
intraspecific geographic distance, observed for those datasets for which the intraspecific nucleotide
distance did not increase proportionaly to the geographic distance. In addition, we observed that the
higher is the number of species that are very difficult to be morphologically identified in a dataset, the
lower is the methods efficiency, confirming that molecular species delimitation methods are able to
underline morphological identification errors. Finally, a highly significant impact of the used method
on delimitation efficiency was observed, with coalescent-tree based methods related to a lower
identification efficiency, expecially on poor datasets in term of species and haplotypes per species.

2.5.2 Manuscript

Introduction
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In the context of a rapid loss of global biodiversity, it is easy to understand the reason of the success of
molecular taxonomy that, exploiting molecular information, has the potential to accelerate the
identification of organisms and the discovery process of new taxa (Hebert & Gregory, 2005; Swartz et
al., 2008; Monaghen et al., 2009; Mutanen et al., 2013). The single-locus DNA-based identification
methods represented by DNA-barcoding and DNA-metabarcoding stand out as approaches adopted for
biodiversity surveys (Telfer, 2015; deWaard et al., 2019). These methods, using as marker a
standardized gene region, allow to speeding up organisms identification and in some cases overcome
morphological taxonomy limits, for example making possible to detect organisms presence from their
DNA spread in the environment (Thomsen & Willerslev, 2015; Ruppert et al., 2019). Beside molecular
identification, biodiversity studies have been improved thanks to molecular species delimitation tools,
which allow infering hypothetic species and/or evolutionary significant units from molecular data.
Species delimitation molecular methods are used for both biodiversity investigation without a priori
hypothesis on the possible species (Dinca et al., 2015; Gómez-Zurita, 2016) or, more frequently, as
support to resolve taxonomic issue when other delimitation approaches are not effective (e.g.,
Montagna et al., 2016; Garcia-Melo, 2019; Plewa et al., 2018), thus contributing in the so-called
“integrative taxonomy” approach (Dayrat, 2005). In the last decades many molecular species
delimitation methods were proposed, among early methods we can find those analysing alloenzymes
variability, allele frequency or nuclear genes co-dominance (Highton, 1989; Porter, 1990; Davis &
Nixon, 1992; Good & Wake, 1992; Highton, 2000), but currently, the most widely adopted molecular
delimitation methods rely on DNA sequences as markers. The result of species delimitation analyses
using nucleotide sequences is known to be more accurate when taking information from more than one
marker (Rubinoff & Holland, 2005; Dupuis et al., 2012), nevertheless, single-locus species delimitation
is a widely adopted procedure (Pentinsaari et al., 2017), since quicker and cheaper than multi-locus
data; in addition, the flourishing of DNA-barcoding and DNA-metabarcoding deeply supported the
implementation of species delimitation methods on the barcoding data itself. Beside bacteria and fungi,
the target organisms of biodiversity investigation through molecular taxonomy are frequently
invertebrates, due to their challenging morphological taxonomy, to the presence of neglected groups
that are historically poorly investigated (Ceccarelli et al., 2011), and/or to the species richness of some
groups that often hide still undescribed taxa. For these organisms, the standard marker used is a
segment of Cytochrome Oxidase subunit I (cox1) of ~650 bp, considered robust and reliable due to the
region variability that allows researchers to discriminate organisms at species level and in particularly
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to the highly consolidate primers for its amplification that are suitable for the majority of the groups
(Hebert et al., 2003; Mioduchowska et al., 2018). One of the first methods proposed for delimiting
species starting from COX1 barcodes is a phenetic approach that relies on sequences pairwise
nucleotide distances, which aims to find a value of nucleotide divergence that can be used as threshold
to discriminate between intraspecific and interspecific nucleotide variability (Hebert et al., 2003; Meyer
and Paulay, 2005). The delimitation using a distance threshold is accurate when a gap, the so called
“barcoding gap”, in the frequency distribution of intra- and inter-specific nucleotide distances is
present. Since the barcoding gap is not always present, the threshold use is can be related to
identification error, that increases even more intraspecific and interspecific distances overlap (Meyer &
Paulay, 2005). The reported drawback could happen when a fixed threshold value is used to delimit
groups of organisms with different evolutionary histories for which a proper threshold should be
instead applied (Meyer & Paulay, 2005; Magoga et al., 2018). Starting from barcoding gap concept, the
Automatic Barcode Gap Discovery method was proposed (e.g. ABGD, Puillandre et al., 2012). ABGD
finds the distance at which the gap is located, also when intra-interspecific distribution overlap;
moreover, it delimits taking in account the possibility that multiple thresholds are present among taxa.
Some authors have criticized the use of distance thresholds as species delimitation method, since they
do not account for evolutionary processes, (Hickerson et al., 2006). Alternative methods, as well as
applied to DNA barcode datasets, are phylogenetic-coalescent based methods; among them, the most
used are the Generalized Mixed Yule Coalescent method (GMYC, Pons et al., 2006; Fontaneto et al.,
2007; Fujisawa and Barraclough, 2013), its Bayesian implementation bGMYC (Reid & Carstens,
2012), the Poisson Tree Process (PTP, Zhang et al., 2013) and the multirate PTP (mPTP, Kapli et al.,
2017). All these methods require as input a phylogeny of taxa estimated from DNA sequences: briefly,
GMYC looks for the maximum likelihood solution to separate the branches of a ultrametric tree
between species (i.e. speciation), modelled by a Yule process (Yule, 1925), and within species
processes based on neutral coalescent (Hudson, 1990); while PTP, basing on branch length, finds the
transition point between intraspecific and interspecific process assuming a two parameter model that
account for speciation and for the coalescent process.
Despite the fact that DNA-based species delimitation methods are widely used and consolidated, how
they can be influenced by factors intrinsic to the analysed data need to be empirically evaluated. Many
studies were carried out for testing which factors influence the results of species delimitation methods,
but the majority of them were performed on simulated data where dataset characteristics were a priori
defined in order to test a specific hypothesis. Among them, some evaluating the effect of sampling
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scale, variation of the effective population size, of speciation rate and mutation rate, marker length and
sampling size, on GMYC, ABGD and PTP performances (Lohse, 2009; Reid & Carstens, 2012;
Esselstyn et al., 2012, Fujisawa & Barraclough, 2013; Dellicour & Flot, 2018). However, when
analysing real data, almost no one of the previous factors can be accounted. Testing the factors
affecting delimitation on real data can be helpful to define practical guiding lines to establish the
correct study experimental design and/or to account for biases when reading delimitation results.
Excluding Talavera et al. (2013), who analysed in detail the GMYC performances on 1,303 cox1
sequences belonging to 172 species of Romanian butterfly, only an overview of factors affecting
delimitation was provided from evaluations on empirical cases (Pentinsaari et al., 2017).
In light of this, in this study we investigated the influence of some biological and non-biological
factors, such as the sampled number of haplotypes per species, the geographic distance between
conspecific collection localities, the difficulty level of the morphological identification of the species,
the dataset taxonomic rank, the molecular species delimitation method adopted and the number of
morphospecies per dataset, on the results of species delimitation analyses using as model a collection of
~7,000 cox1 sequences belonging to ~550 Euro-Mediterranean leaf beetles species (Coleoptea:
Chrysomelidae). Chrysomelidae is one of the most specious families of Coleoptera, more than 45,000
species are present worldwide and 55,000 to 60,000 estimate to exist (Jolivet, 2015). The species
within the family are almost all phytophagous at the adult stage, but very different in term of ecology
such as in the trophic specialization (monophagy, oligophagy, poliphagy), habitat and width of
distribution. In fact, in the Euro-Mediterranean area there are common species, widely distributed
within the area (Canty et al., 2016), some cold adapted species living only in high altitude mountains
(Brunetti et al., 2019) and some endemites (Biondi et al., 2013; Montagna et al., 2013). The set of
sequences analysed in this work include almost ¼ of Euro-Mediterranean Chrysomelidae species,
morphologically identified by specialists and representative in term of ecology of the taxa present
within the family; for this reason, it can be considered suitable for testing factors influencing species
delimitation efficiency. Despite a high number of molecular species methods is available, in this work
we choosed to test some of the most used molecular species delimitation methods on single locus data
(i.e. nucleotide distance threshold, ABGD, GMYC and mPTP).

Material and Methods

Datasets
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In the present work the collection of cox1 sequences developed and analysed in Magoga et al. (2018)
was used as reference for the performed analyses. This collection is a selection of cox1 sequences
consisting of 7,237 high-quality and taxonomically assigned to species level sequences of 652 bp on
average [range: 460–658] belonging to 542 species of Chrysomelidae (Insecta: Coleoptera), which
could be considered a representative subsample of the Euro-Mediterranean Chrysomelidae, it includes
approximately 24% of the species present in the area.
The Magoga et al. (2018) sequences set was divided into datasets according to taxa membership to the
following main taxonomic levels: i. family, ii. subfamily, iii. genus (Fig. 1a).
All the datasets were aligned at codon level using MUSCLE in MEGA X (Kumar et al., 2018). The
obtained alignments were used as input for the species delimitation analyses, per se or after the
inference of a phylogenetic tree. The datasets used to infer phylogenetic trees, input of tree-based
species delimitation methods, were collapsed in order to retain for each species only unique haplotypes
with R software (R Core Team, 2019).
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Figure 1. Experimental design of the study. The experimental part of this work can be summarized in
the following steps: Datasets development (a); Molecular species delimitation analysis (b); Molecular
species delimitation results categorization (c); Mixed Linear Model statistical analysis (d).
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Molecular species delimitation analyses
In the present study, the most commonly used molecular species delimitation methods were adopted,
two nucleotide distance-based and two coalescent tree-based molecular species delimitation methods
(Fig. 1b): i. ABGD (Puillandre et al., 2012); ii. the 3% nucleotide distance threshold proposed by
Herbert et al. 2003 iii. GMYC (Pons et al., 2006; Fontaneto et al., 2007; Fujisawa and Barraclough,
2013); iv. the Multi-rate Poisson tree processes (mPTP; Kapli et al., 2017).
ABGD

analyses

were

performed

using

the

command-line

version

downloaded

from

https://bioinfo.mnhn.fr/abi/public/abgd/ with the following settings: K2P substitution model (Kimura,
1980) to infer the nucleotide distance; relative gap width of 1.5, when gap was not found using this
value, a width of 1 and 0.5 were set; prior P ranging from 0.001 to 0.1 and the remaining parameters
were left as default.
The K2P pairwise nucleotide distance matrices, required for the species delimitation through 3%
nucleotide distance threshold method, were estimated for each dataset using the R software library ape
(Paradis et al., 2004). The R function tclust of package SPIDER was used to cluster nucleotide sequences
at a distance threshold of 3%.
In order to perform GMYC and mPTP species delimitation analyses, an ultrametric tree was inferred
using the software BEAST v 1.8 (Drummond et al., 2012) from each haplotype-reduced dataset
including one orthologous sequence from the appropriate outgroup. For each dataset two to five
independent MCMC runs were performed using the following parameters: Markov chain length from
30 Mgens to 300 Mgens depending on the runs convergence assessed examining the estimated sample
size of each parameter of the model and a visual inspection of the likelihood by TRACER (Drummond
et al., 2012); sampling of trees and parameters every 1,000-5,000 generations; models of nucleotide
evolution as selected according to the Bayesian information criterion after the analysis performed by
jModelTest 2 (Darriba et al., 2012); Yule process as speciation model (Yule, 1925), while other priors
were set to their default values. The runs were then pooled or resampled according to the number of
performed generations, after removal of the proper tree burn-in fraction, using LogCombiner
(Drummond et al., 2012) and the majority-rule consensus tree obtained by TreeAnnotator (Drummond
et al., 2012).
Single-threshold GMYC species delimitation analyses were performed using the R function gmyc of
the library

SPLITS

(Ezard et at., 2009). The method tests the hypothesis that the analysed samples

belong to n independently evolving species; the comparison between the likelihood of the GMYC
model with that of the null model (all samples belong the same independently evolving species) is
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obtained through a log-likelihood ratio test. The delimitation hypothesis of GMYC is accepted when
the likelihood of the GMYC model results significantly better than that of the null model.
mPTP analyses were performed through the binary version 0.2.4 available on https://github.com/PasKapli/mptp. For each dataset, we performed ten different runs with the following settings: mcmc run of
100 M generations (steps), sample frequency every 5,000 generations and a burnin of 20,000
generations; the convergence of the independent runs was assessed through the average standard
deviation of delimitation support values (ASDDSV) and the overall support for the ML estimate
calculated computing the mean of the average support values (ASV) over the ten runs.
The delimitation results obtained for each analysis were classified in the following categories adopting
an ad-hoc developed R script (GM): i) match = all the sequences of the same morphological species
were delimited as belonging to the same unit; ii) split = the sequences of a species are delimited as
belonging to two or more units; iii) merge = the sequences of two or more species are included in the
same unit; and iv) mixture = some sequences of a species are split while others are merged (Fig. 1c).

Test of factors affecting species delimitation
The efficiency (E) of the delimitation was calculated as the number of match (n) obtained from each
analysis on the overall number of morphospecies present in the dataset (m) as
𝐸= 𝑛/𝑚 100
The efficiency was used as dependent variable in a linear mixed model analysis for testing the effect of
some species biology and study experimental design related factors on the delimitation results (Fig.
1d). The factors taken in account, independent variables of the model, were: i) the mean number of
haplotypes per dataset (mnhd); ii) the median value of the geographic distance between conspecific
collection localities (mgdc); iii) the difficulty level of the morphological identification of the species
(dl); iv) the dataset taxonomic rank (dtr); v) the molecular species delimitation method adopted (msdm)
vi) the number of morphospecies per dataset (m). Hereafter, each variable is described in detail.

Species biology related factors:
Mnhd: assuming that a greater number of haplotypes per species should better represent the overall
species nucleotide variability (Goodall-Copestake et al., 2012), we can hypothesize that a more
accurate delimitation is achieved when a high number of haplotypes per species is available. A higher
number of haplotypes per species could better represent the coalescent process improving coalescent101

tree based methods performances, from the other hand, could lead distance based methods to merge
two or more species in a group since it is more probable to sample intermediate haplotypes between
species that hide the barcoding gap. The number of haplotypes for each species in a dataset was
calculated and then the mnhd estimated.
Dtr: Even considering that taxonomy does not always follows systematics, taxonomic rank could be
considered as a proxy of the phylogenetic relatedness of the species. In this work, we tested if
molecular species delimitation methods results are influenced by the composition of the dataset in term
of taxa analysing the sequences grouped in datasets basing on the taxonomic level they belong: family
level dataset, subfamily level datasets and genus level datasets.
Dl: Organisms morphological identification could be a difficult task, especially for some taxa, insects
included, where the diagnostic characters for the identification of closely related species sometimes
present only subtle differences (Magoga et al., 2018); in these cases, even taxonomists specialist of the
subject group, could fail in the identification. Basically, when an organism is difficult to be
morphologically identified, its assignment to a morphological species is more prone to error, in this
case the estimate of species delimitation efficiency could be biased. In order to test this assumption, for
each species considered in this study a level of difficulty in morphological identification was assigned.
Level I: species easy to be identified morphologically since they present clear diagnostic morphological
characters; level II: species that can be distinguished from morphologically similar species on the basis
of subtle external morphological characters or on the basis of strong differences in the shape of
genitalia (spermatheca or the median lobe of the aedeagus); level III: species that are completely
identical to others in the external morphological characters and that can be distinguished from such
similar species basing on subtle differences in the shape of genitalia. The level of difficulty was
assigned to species basing on authors taxonomic competence and using specialized literature reporting
Chrysomelidae species descriptions and dichotomous keys (Burlini, 1955; Müller, 1953; Doguet, 1994;
Warchałowski, 2003). For each dataset, the percentage of species assigned to each difficulty level was
calculated and registered in three variables, dl I, dl II and dl III.

Study experimental design related factors
Mgdc: isolation by distance (IBD) is a phenomenon that occurs within species when populations have a
more or less continuous distribution and individuals a relatively low dispersal distance that lead the
populations at opposite ends of the distribution to be more different compared to the others because of
the longer absence of gene flow (Wright, 1978). The presence/absence of IBD is related to the
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evolutionary history of each group that is not supposed to be known for performing a molecular species
delimitation but may influence the delimitation results. For this reason, assuming the possible presence
of IBD, that is a common phenomenon in phytophagous insects (Peterson & Denno, 1998), and
consequently that increasing intraspecific geographic distance, intraspecific nucleotide distance
increases, mgdc was included as factors possibly affecting species delimitation. For each species the
median geographic distance among the collection localities of individuals was calculated from a
pairwise geographic distance matrix using the R library geosphere (Hijmans, 2017); for each dataset
the median of these values was calculated (mgdc).
Msdm: Considering that different delimitation methods could give different delimitation results
(Carstens et al., 2013), the influence of method choice on delimitation efficiency was tested. Two
nucleotide distance-based (ABGD, 3% nucleotide distance threshold) and two coalescent tree-based
methods (GMYC, mPTP) were used to analyse the developed datasets.
M: Number of morphological species included in each analysed dataset.
The presence of correlation between the independent variables of the model was tested through the R
library

PSYCH

(Revelle, 2018). Since dl I and dl II were found to be strongly negatively correlated (-

0.95 r), the former variable was excluded from the following analysis. The linear mixed model analysis
for testing the influence of factors (mnhd, mgdc, dl II, dl III, dtr, msdm, m) on species delimitation
efficiency was fitted using

LMERTEST

library (Kuznetsova et al., 2017); since measures were repeated

four times on the same dataset, the dataset was defined as random-effect term. For assessing the
significance of the independent variable a deviance analysis (Type II Wald chisquare tests) was fitted
through R CAR package (Fox & Weisberg, 2019).
In addition, it has been tested if the results previously achieved are dependent on the size of the
analysed dataset (i.e. the number of sequences). The previous linear mixed model was fitted on
different subsets of datasets obtained retaining those that include a defined number of ti sequences. The
following size thresholds were applied: t1 > 5 sequences; t2 > 10 sequences; t3 > 20 sequences; t4 > 40
sequences; t5 > 80 sequences; t6 > 160 sequences.

Results

Datasets obtained and analyzed
The sequence set used and analysed in Magoga et al., 2018 was split in 98 datasets according to the
taxonomic levels, resulting in one family, 12 subfamily and 86 genus datasets. Three genera datasets
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were excluded from delimitation analyses since composed by only one cox1 sequence. The family
dataset is composed by 7,237 sequences, while subfamilies datasets are composed on average by 603
sequences (range: 3-2,690) and genera datasets by 87.2 sequences (range: 2-1,014). After the
haplotypes reduction, the datasets were composed by 4,066, on average 338.8 (range: 3-1,456) and on
average 50.1 (range 2-584) sequences in family, subfamilies and genera datasets, respectively. In
median 6 sequences per species are present, but some species are more represented than others, e.g.
Gonioctena olivacea (238 sequences, 118 haplotypes), Longitarsus ordinatus (164 sequences, 51
haploypes, Calomicrus circumfusus (161 sequences, 60 haplotypes).
GMYC and mPTP analyses were performed on 94 datasets (one family, 12 subfamilies and 81 genera
datasets), two genera datasets were excluded since composed of only one sequence after haplotypes
collapsing. ABGD analyses were performed on 94 datasets (one family, 12 subfamilies and 81 genera
datasets) since datasets composed by less than three sequences were excluded from the analyses. The
3% nucleotide distance threshold analyses were carried out on 96 datasets (one family, 12 subfamilies
and 83 genera datasets).

Molecular species delimitation analyses
Concerning ABGD, the average percentage of observed matches on all datasets was 77.6% (for
analyses on family, subfamily and genera, respectively 69.2%, 79.2%, 77.5%); the average percentage
of merge, mixture and split cases were respectively of 10.9%, 2.8% and 8.7% (Fig 2).
Delimitation analyses using the 3% nucleotide distance threshold resulted in an average percentage of
73.9% match (65.5%, 72.5%, 74.2% for family, subfamilies and genera datasets respectively), 5.1%
merge, 4.4% mixture and 16.6% split cases.
Regarding GMYC analyses, the likelihood-ratio test rejected the null model for 43 over 94 datasets; for
the datasets for which GMYC delimitation model was not accepted it was considered that no match,
merge, split or mixture cases were observed. The average percentage of matches resulting from GMYC
analyses on haplotype-collapsed DSs was 33.2% (62%, 61.9% and 28.6% for datasets at the level of
family, subfamilies and genera, respectively). The average percentage of merge, mixture and split cases
were respectively of the 3.6%, 4.3% and 12.2% (Fig 2).
Regarding mPTP analyses, for 90 over 94 datasets ASDDSV values resulted < 0.01, indicating that the
ten independent MCMC runs converged. For the majority of the datasets (83 over 94) ASV values
resulted high (median: 92.4%), suggesting that the ML solution is supported by the data. For 11
datasets for which ML delimitations had low support (ASV values lower then 50%), it was considered
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that no match, merge, split or mixture cases were present. From mPTP analyses on all datasets the
average percentages of 58.7% match (55.7%, 71,8%, 56.8% for family, subfamilies and genera datasets
respectively), 4.6% merges, 8.4% mixture and 16.7% split cases were estimated (Fig 2).
Considering the agreement among methods, the four delimitation methods applied to family dataset
delimit in the same category the 68.8% of the species: 50.4% as match, the 3% as merge, the 7.6% as
mixture and the 7.9% as split. Regarding subfamilies datasets, the methods agreed in the delimitation of
71.1% of the species: 53.7% as match, 3.5% as merge, 7.4% as mixture and 6.5% as split, and for
genera dataset the 52.7%: 42.6% as match, 1.8% as merge, 3.5% as mixture and 4.8% as split (Fig 2).

Figure 2. Molecular species delimitation results categorized basing on the accordance between
molecular delimited units and morphological species.
The average of the results obtained on all datasets with each delimitation methods are expressed in
percentage.

105

Species biology related factors
Mean number of haplotypes per dataset. Within the analysed datasets are present in mean ~6
haplotypes per species. In the family dataset the mean number of haplotypes per species is 6.71, in
average in subfamilies and genera datasets are present respectively 5.55 (range: 2-13.5) and 5.35
(range: 1-40.5) haplotype per species; two genera datasets, Macrocoma and Xanthogaleruca (both
composed by three sequences belonging to one morphological species) include all sequences of the
same haplotype. A strong positive correlation was found between the number of sequences in the
dataset and the Mnhd (r= 0.96).
Species morphological identification difficulty level. Among the species included in the family dataset,
35.1% were defined as easy to be morphologically identified (dl I), 53.4% were assigned to dl II and
11.5% to dl III. On average, within subfamilies datasets 65.2% of the species are categorize in the dl I,
the 29% and 5.8% in the dl II and III respectively. Regarding genera datasets, the classification resulted
as follow: in average 61.9% of the species assigned to dl I, 34.2% to dl II and 3.9% to dl III. Among
the species categorized in dl I there are those of the subfamily datasets Zeugophorinae, Synetinae and
Hispinae and those included in 38 out of the 83 genus datasets considered in this study; all the species
included in 11 genera datasets were assigned to dl II (e.g. Neocrepidodera, Orestia, Plagiosterna,
Plateumaris) and most of the species of Altica and Oulema datasets to dl III.

Study experimental design related factors
Median of the geographic distance between conspecific collection. In family dataset the mgdc is ~219
km; in average a median distance of 283 km [179-528 km] and 390 km [0-1685 km] were estimated for
subfamilies and genera datasets. The higher mgdc were obtained for the genus dataset Tituboea
including one species (Tituboea biguttata) and two specimens that were collected one in Italy and one
in Morocco (1,685 km of distance), followed by Lilioceris (three species) including 24 specimens
collected in Italy, Germany, Estonia and Finland (mgdc 1,528 km).
Number of morphological species included in each dataset. The family dataset is composed by 542
species, in subfamily and genus datasets there are in mean 45 morphospecies (range: 1-195) and 7
morphospecies (1-93) per dataset respectively. The most represented subfamily resulted to be that of
flea beetles (Alticinae) with 195 species, followed by Cryptocephalinae (147 species), and the less
represented Synetinae and Zeugophorinae (one species) in accordance with their abundance in the
Euro-Mediterranean area. Regarding genera, Cryptocephalus (93 species) and Longitarsus (49 species)
are more represented then others.
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Factors affecting the molecular delimitation
The factors significantly influencing species delimitation efficiency resulted to be the msdm (molecular
species delimitation method adopted), the mgdc (the median value of the geographic distance between
conspecific collection localities) and dl III (the morphological identification difficulty level) (Table 1).
Regarding msdm, distance based methods resulted related to a higher delimitation efficiency than
coalescent tree based (Fig. 3). A high number of species assigned to dl III in the dataset resulted
significantly related to a decrease of delimitation efficiency (Fig. 4). Finally, E and mgdc showed a
weak positively relation (Fig. 5).
The linear model results slightly changed when fitted on different size datasets; interestingly, the 3%
nucleotide distance threshold delimitation method resulted significantly related with a low delimitation
efficiency when the size of datasets increase (Table 2); conversely, the geographic distance among
sampling points was found not significantly related with delimitation efficiency when the models are
fitted on datasets including more than 5 sequences (Table 2). The influence of the other variables on
delimitation efficiency remained unchanged.

Table 1. Mixed linear model analysis results on all datasets.
Tested factors
Dl II
Dl III
Mgdc
Dtr
Msdm
Mnhd
M

Chisq
0.47
6.15
4.8
4
127.03
0.01
0.33

Df
1
1
1
2
3
1
1

P-value
0.49
0.013
0.02
0.14
<0.001
0.91
0.57

Dl II = second difficulty level of morphological species identification; Dl III = third difficulty level of
morphological species identification; Mgdc = median value of the geographic distance between
conspecific collection localities; Dtr = dataset taxonomic rank; Msdm = molecular species delimitation
method adopted; Mnhd = mean number of haplotypes per dataset; M = number of morphospecies per
dataset
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Table 2. Summary of results of the mixed linear model analyses performed on different size datasets.
N seq
>=5
>=10
>=20
>=40
>=80
>=160

N datasets
324
274
210
154
108
56

Msdm
***
***
***
***
*
.

Dtr
-

M
-

Mnhd
-

Dl II
.
-

Dl III
**
**
**
*
.
*

Mgdc
-

N seq = number of sequences per dataset; N datasets = number of analysed datasets; Msdm = molecular
species delimitation method adopted; Dtr = dataset taxonomic rank; M = number of morphospecies per
dataset; Mnhd = mean number of haplotypes per dataset; Dl II = second difficulty level of
morphological species identification; Dl III = third difficulty level of morphological species
identification; Mgdc = median value of the geographic distance between conspecific collection
localities; *** p-value <0.001; ** p-value < 0.01; * P-value <0.05; . P-value ~0.05; - not significant.
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Figure 3. Distribution of matches for the three groups of analysed datasets calculated from the four
molecular species delimitation methods results (ABGD, GMYC, mPTP and 3 % nucleotide distance
threshold). The number of matches is expressed as percentage. In red the matches obtained from the
family dataset analyses, in light blue those obtained from subfamily datasets analyses and in green from
genus datasets analyses.
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Figure 4. Effect of species morphological identification difficulty on molecular species delimitation
methods efficiency. Brown dots represent ABGD results, navy blue dots GMYC results, green dots
mPTP results and purple dots results of 3 % threshold analyses.
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Figure 5. Effect of intraspecific geographic distance on molecular species delimitation methods
efficiency. Brown dots represent ABGD results, navy blue dots GMYC results, green dots mPTP
results and purple dots results of 3 % threshold analyses.
Discussion

In this work, the influence of some species biology and study experimental design related factors on
molecular species delimitation efficiency was evaluated on more then 90 real datasets with different
features. The obtained results provide suggestions useful to plan appropriate experimental design in
species delimitation studies or be aware of the possible biases in the achieved results. Among the tested
factors, those found to affect delimitation efficiency of all the methods used were i) the intraspecific
geographic distance (mgdc), ii) the difficulty in species morphological identification (msdm) and iii) the
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delimitation methods adopted (dl III). Hereafter, tested factors will be discussed.

Species biology related factors
Mean number of haplotypes per dataset. Something difficult to plan in a molecular delimitation study
experimental design is how many haplotypes per species will be sampled. In any case, in this study a
positive correlation between the number of sequences and the number of haplotypes per species was
found (r=0.96) suggesting that the higher was the sampling effort, the higher was the number of
sampled haplotypes.
In this work, the number of haplotypes per species was found to not significantly affect the delimitation
efficiency. In previous studies an influence of this factor was observed; as example, in coalescent treebased delimitation a low number of haplotypes per species was related to the oversplit of the entities,
whose possible explanation is a not clearly observable transition between speciation and coalescent
processes (Lohse, 2009); in this work no split was found when the number of haplotypes per species is
low, neither for GMYC nor for mPTP. What it was observed is that, in the extreme cases in which the
mean number of haplotypes per dataset (mnhd) was ≤ 2, the efficiency resulted higher for ABGD and
3% threshold delimitation methods (100% E on 12/12 datasets). This result is in accordance with the
hypothesis that less haplotypes are analysed, lower is the probability to include intermediate haplotypes
among species, and consequently more evident the barcoding gap (Meyer & Pauly, 2005).
Interestingly, when the datasets were composed by 2 haplotypes of one species, the only case over 7 in
which GMYC produced significant results was related to a high nucleotide divergence between
haplotypes (Tituboea dataset, 6.6% mean intraspecific nucleotide distance, in comparison to the other
datasets having intraspecific divergence <2%). This result is in accordance to Talavera et al., 2013,
where was observed that GMYC species delimitation is not improved by a high number of haplotypes
per species, but the delimitation obtained maintaining only the two most divergent haplotypes of a
species has the same accuracy that having the intermediate haplotype among them.
Dataset taxonomic rank. In this work, no significant influence of the taxonomic rank of datasets on
delimitation results was found. On family and subfamily datasets the used methods showed similar
efficiency (55.7-79.2% E), the higher was observed for ABGD, while the lower for mPTP. On genus
dataset coalescent tree-based methods showed the lower efficiencies (Fig. 3) and in particular for
GMYC, many not significant analyses were obtained. In accordance to what observed by Talavera et
al., 2013, this result can be related to the very low number of species included in some genera datasets,
rather than to the taxonomic rank, but it is also dependent on the analysed. For example, on the genus
112

datasets Altica and Oreina, including 12 and 8 species respectively, the significance of GMYC
delimitation was not reached.
Species morphological identification difficulty level. Three levels of morphological identification
difficulty were defined for Chrysomelidae species and the highest difficulty level (dl III), was found to
be related to a decrease of species delimitation efficiency. Only a small fraction of the Chrysomelidae
species included in the analysed datasets was classified into the dl III (11.5%), which belong to closely
related species groups, where different species are extremely similar in the morphology. Despite the
morphological taxonomy of Chrysomelidae can be considered studied in detail and well defined, the
identification of the species categorized in dl III is problematic also for specialists. Examples are some
species included in the genus datasets Galerucella, Chaetocnema and Longitarsus; interestingly, these
species where split or merged together by the delimitation methods. In these cases, species delimitation
methods could have highlighted morphological identification errors that should not be regarded as the
human operator inability, but as an evidence of one morphological taxonomy limit. This finding affirms
the potential of the molecular species delimitation methods to assist morphological taxonomy in an
integrative taxonomy framework. Another example of species classified in the dl III, is the species of
the genus Altica; in the Altica genus dataset analysed in this study the 92% of the species were
considered as belonging to dl III since different species are distinguishable only through subtitle
differences in the shape of the aedeagus and spermatecha. In this case, all species delimitation methods,
except GMYC for which the analysis was not significant, merged in one unit all the 12 analysed
species; it suggests that neither morphology nor cox1 based species delimitation, maybe due to
incomplete lineage sorting or hybridisation phenomena, are able to clearly define species limits.

Study experimental design related factors
Impact of the number of species per dataset
The number of species per dataset (m) was found to not affect the delimitation efficiency, even though
the datasets analysed in this work highly differ in the number of included species, ranging from 1 to
542. In other studies, nucleotide distance based methods efficiency was found to be affected by the
increasing number of species; in particular, in large geographic scale studies, that usually include more
species that regional scale ones, a lower delimitation efficiency using barcoding gap based methods
was observed (Meyer & Pauly, 2005). This was found to be due to a higher probability of including
closely related species that commonly show overlap in intra and interspecific nucleotide distance
distribution, leading to the missing of the barcoding gap (Meyer & Pauly, 2005, Puillandre et al., 2012).
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On our datasets, assembled taking into account taxonomic rank and not separated basing on the
geographic area of specimens collection, closely related species are always analysed together so the
previously reported effect was not observed. Regarding tree-based methods, some studies found an
influence on GMYC results when the number of species is low; the number of significant GMYC
analyses was observed to decrease when datasets are composed by less than 5 species (Talavera et al.,
2013) and to be all not significant for datasets including 1 or 2 species maximum (Dellicour & Flot,
2015). The same pattern was seen in this work for GMYC and less frequently also for mPTP. GMYC
analyses on 41 over 50 datasets including three or less than three species resulted not significant; in
particular, all analyses on one ingroup species datasets resulted not significant, while four on two
species dataset reach the significance. Despite performing species delimitation studies on three or less
species is very rare, it could append when delimitation analyses aims to disentangle the relation among
taxa of genera really poor in term of species; in this case, if it is not possible to increase the species
sampling including the most closely related genus species, it is recommended to use distance based
species delimitation methods.

Impact of intraspecific geographic distance
In this work, a positive but weak relation between methods efficiency and intraspecific geographic
distance was found (Fig. 5). The weakness of this relation is confirmed also by the fact that when the
mixed linear model analysis is repeated on > 5 sequences datasets (t1) the significance is lost (Table 2).
From species delimitation results it is possible to observe that a higher methods efficiency is found for
those datasets for which the high intraspecific geographic distance is accompanied by low intraspecific
nucleotide divergence. Some examples are Arrhenocoela (mgdc 1360 km, median intraspecific
nucleotide distance 0.4%) Agelastica (mgdc 1470 km, median intraspecific nucleotide distance 0.3%),
Pyrrhalta (mgdc 1526 km, median intraspecific nucleotide distance 0.3%), Lilioceris (mgdc 1528 km,
median intraspecific nucleotide distance 1.9%). Distance based methods resulted in 100% E for all
these datasets, mPTP had 100% E on Arrhenocoela, Lilioceris and Agelastica datasets and GMYC did
not reach the delimitation significance for all datasets. A low methods efficiency in presence of low
intraspecific geographic distance is observed for example for the datasets Hydrothassa (mgdc 347 km),
Pachybrachis (mgdc 446 km), Galeruca (mgdc 512 km) where a high number of merges is observed.
Since isolation by distance (IBD) was found to be a very common phenomenon within phytophagous
insects (Peterson & Denno, 1998), in this work we expected to observe that high intraspecific
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geographic distances were related to high intraspecific nucleotide distances and consequently a higher
tendency of the methods to split species. The different pattern found, make us to tentatively
hypothesise that IBD phenomenon is not so spread among the analysed species and that in absence of
it, the methods have high efficiency also when intraspecific nucleotide distances are high. Since the
datasets analysed in this work are very variable in term of intraspecific sampling (range 1 to 238
specimens per species) and species distribution range coverage, and some of them are too incomplete
for testing for the presence of some phenomena that shape intraspecific variability (IBD; isolation by
environment, IBE), more data are required for performing appropriate tests and understand the
influence of these phenomena on molecular species delimitation.

Impact of used method
In this work, the method used resulted to influence the delimitation efficiency. Among the species
delimitation methods tested, the higher efficiency (E) values resulted for distance-based methods
analyses (Fig. 3). ABGD average E was 77.6%, followed by 3% threshold (73.9% E), while coalescent
tree-based methods showed lower E values (GMYC 33.2% E, mPTP 58.7% E); the lower efficiency of
the latest methods is partially related to the lack of significance of some datasets analyses (43 for
GMYC and 11 for mPTP; Fig. 2). Our result is consistent with another study comparing species
delimitation methods performances (BIN, ABGD, GMYC and PTP) on a dataset of 5290 cox1
sequences belonging to 1870 species of beetles, where the higher number of matches was observed for
ABGD (Pentinsaari et al., 2017); moreover, in accordance with what previously observed (Lin et al.
2015; Pentinsaari et al., 2017), on our data this method gave the most conservative results, with the
higher number of merges (10.9%) and the lower of splits (8.7%). Despite GMYC is known to be prone
to oversplit species (Paz A & Crawford, 2012; Hamilton et al., 2014), in our work it was not associated
with a high number of splits (12.2%) in comparison to the ~17% for mPTP and the 3% threshold (Fig.
2). Despite the 3% delimitation threshold used is higher than the value estimated to be the optimal
threshold for Chrysomelidae distance based identification (1%, Magoga et al., 2018), a consistent
number of splits was observed; this is due to the fact that within Chrysomelidae there are some taxa
with a higher intraspecific variability then others, i.e. Cassidinae (optimal threshold 5.9%; Magoga et
al., 2018) for which in this work the 40% of the species were split in the delimitation using 3%
threshold. This make impossible to find a barcoding gap in the distribution of intra-interspecific
nucleotide distances of the whole family, but also for lower taxonomic levels. For example, for
Cryptocephalinae subfamily, the optimal threshold value was found to be 1%; this threshold is low
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because within the subfamily, more than in others, are present a lot of closely related species groups
characterized by low interspecific distances (Montagna et al., 2017; Magoga et al., 2018), but also other
species with an intraspecific variability higher than the 5% (Magoga et al., 2018). Also for this
subfamily our delimitation analysis using 3% threshold led to a consistent number of splits (22%). The
fact that for Chrysomelidae also at lower taxonomic levels a barcoding gap cannot be found, make
clear how a perfect threshold for any taxonomic level could not be estimate. Despite of this, the species
delimitation using distance threshold had the second highest efficiency after ABGD.

Conclusions
In this work, a higher efficiency of molecular species delimitation distance based methods was
observed, especially when the sampling size is low; frequently when datasets including a very low
number of species and/or haplotypes per species were analysed through coalescent tree-based methods,
in particular GMYC, the delimitation model did not result to be better than the null model, and
consequently the significance of the analysis was not reached. For this reason, we are prone to suggest
the use of distance-based methods in these cases. Moreover, the finding that the methods efficiency
decreases when species very difficult to be morphologically identified are delimited, highlights the
limit of morphological taxonomy and makes prone to suggest the use of integrative taxonomy to
overcome this limit. Despite distance-based methods are not taking in account the evolutionary history
of species and the barcoding gap is not an unerring principle for finding the limit between intraspecific
and interspecific level, among the tested methods it has been found to give the delimitation more
consistent with the one of morphological approach.
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3. Conclusions
In this thesis, the study of insects taxonomy through molecular approaches has been explored and its
efficiency evaluated. DNA-barcoding is confirmed as a suitable tool for leaf beetles (Coleoptera,
Chrysomelidae) identification, since high efficient in the identification of the species belonging to this
family (chapters 2.1 and 2.2 of this thesis). Beyond the benefit of using DNA-barcoding for the study
of the taxonomy of Chrysomelidae (chapter 2.1), the applicability of this tool for improving the
monitoring of pest species has been demonstrated (chapter 2.2).
DNA-based species delimitation methods, employed in an integrative taxonomic framework, have
proved to be an information source that frequently allows overcoming the limits related to the use of
morphology alone in species delimitation (chapters 2.3 and 2.4). Despite the usefulness of molecular
species delimitation methods, it has been shown how their efficiency can decrease in some conditions
(chapter 2.5), suggesting that more efforts should be done for clarifying how to make the best possible
use of them. The study of Chrysomelidae through molecular taxonomy performed during my PhD has
led to the discovery of some cases of incogruence between morphological and molecular signal that led
to undertake some studies not included in this thesis. Among them an integrative taxonomy species
delimitation study on west Palearctic Phyllotreta species, in order to determine the presence of
undescribed diversity, with a particular focus of Phyllotreta nigripes, a Brassicaceae pest species that
seems to include a cryptic species. Another integrative taxonomy species delimitation study has been
started in order to desentangle the relationships among the taxa included in the Cryptocephalus
marginellus species group. Moreover, thanks to the evidences found during Euro-Mediterranean
Chrysomelidae barcode dataset development a taxonomic revision of Altica genus, also here integrating
molecular, morphological and ecological information about the species of the genus, is going to start
soon. Finally, the knowlege achieved during my thesis has proven useful for the development of a
dataset of barcode sequences for exploring the poorly studied leaf beetle fauna of Iran (ongoing
project).
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