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COI-based species delimitation in Indochinese Tetraserica chafers
reveal hybridisation despite strong divergence in male
copulation organs
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Abstract
Species of Tetraserica chafers (Coleoptera: Scarabaeidae: Sericini) can easily be distinguished by the distinct shape of strongly
divergent male genitalia; however, it was so far unclear if such divergent copulation organs may avoid hybridisation. Here, we
analysed an 826 bp fragment of the mitochondrial cytochrome c oxidase subunit 1 (COI) for a total of 113 Tetraserica individuals
out of 38 morphospecies from 33 localities in Southeast Asia. DNA-based species delimitation was performed using statistical
parsimony network analysis (TCS), Poisson tree processes (PTP) model, Automatic Barcode Gap Discovery (ABGD) and the
generalised mixed Yule-coalescent (GMYC) model. The different approaches for DNA-based species delimitation revealed
different numbers of molecular operational taxonomic units (MOTUs) and showed low congruence with a priori assigned
morphospecies. GMYC and PTP generally tended to lump morphospecies while ABGD and TCS more often split morphospe-
cies. TCS revealed the highest congruence betweenMOTUs and morphospecies. While incongruence of species hypotheses was
discussed in the context of incomplete lineage sorting and introgression, we could identify two unexpected cases in which
introgression occurred between species with highly dissimilar morphology of the male genitalia and that resulted in lumping
with DNA-based species delimitation. Most other cases of not matching morphospecies and MOTUs represent young speciation
in which standard markers (CO1) do not yet fit the morphological signal of divergence, as reflected by male copulation organs.
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Introduction

Species delimitation and identification rank among the most
important tasks in biology as they constitute the basis for other
biological disciplines and biodiversity research. Since both
pose considerable challenges, they were an issue of growing
interest in the past decade (Meier et al. 2006; Vogler and
Monaghan 2007; Camargo and Sites Jr. 2013; Carstens et al.
2013; Rannala 2015).

DNA taxonomy and barcoding ushered a revolution in tax-
onomy over the last two decades (Rannala 2015). Effective
ways to delimit species advanced taxonomy to be faster and
more reliable than it was in the past, as demonstrated in many
studies on invertebrate and vertebrate taxa (Hebert et al. 2003,
2004; Robba et al. 2006; Valentini et al. 2008; Damm et al.
2010). DNA data have undisputed advantage over morpho-
logical characters due to their ideally neutral evolution and
their universal applicability when it comes to externally uni-
form species groups or different life stages, respectively
(Ahrens et al. 2007; Zhang et al. 2011). Yet, the feasibility
of single-locus data barcoding and their reliability are a matter
of debate (Moritz and Cicero 2004; Lim et al. 2012; Carstens
et al. 2013). DNA-based approaches rely on models whose
assumptions like monophyly of species or large inter- versus
intraspecific distances must be met. Phenomena like incom-
plete lineage sorting (ILS) and interspecific introgression are
about the most common to violate these, resulting in flawed
species assignments. Thus, a priori hypothesis of putative
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species, e.g. based on traditional taxonomy, is usually useful
to assess accuracy of delimitation results (Damm et al. 2010;
Puillandre et al. 2012b; Fujisawa and Barraclough 2013).

This study investigates the performance of DNA-based
species delimitation in the Oriental chafer genus Tetraserica
Ahrens, 2004. Tetraserica belongs to the tribe Sericini
(Coleoptera: Scarabaeidae) which is a highly diverse clade
of phytophagous beetles with nearly 3500 described species
in about 200 genera (Ahrens 2006). While adults feed on
leaves of various angiosperm plants, larvae live in soil and
utilise roots (Ahrens and Vogler 2008; Liu et al. 2015).
Tetraserica species are, in general, highly similar in external
appearance, however, male genitalia is strongly differentiated
and allow clear species diagnostics based on morphology.
This makes them a suitable model group for assessing the
performance of DNA-based species delimitation methods.

We investigated whether inconsistencies in tree topology
also occur in a group with so well-differentiated copulation
organs. It is known that differences in male genitalia are prob-
ably key factors in the processes of speciation (Rudoy et al.
2016) explained by mechanical isolation (Coyne and Orr
2004; Masly 2012) and/or sexual selection (Kirkpatrick
1982). In the presence of introgression as a result of
hybridisation, or incomplete lineage sorting in Tetraserica,
we expect inconsistency between DNA and morphological
data which would be observable as paraphyly of conspecific
male copulation organs in a molecular tree. If morphologically
highly dissimilar species result in non-monophyly of morpho-
species, this would be indicative for hybridisation. Non-
monophyly of very similar species could be explained by both
incomplete lineage sorting or introgressed DNA.

Materials and methods

Sampling and identification

The data set included a representative sample of
Tetraserica species including 113 individuals. The sam-
pling of specimens was conducted between 2006 and
2014 in 33 localities in Indochina including a few more
sites in East, South, and Southeast Asia (Fig. 1) mostly
using light or malaise traps. Further, individuals were tak-
en from the data set of Liu et al. (2015) and Eberle et al.
(2016a). Species were sorted to morphospecies based on
the complex shape of the aedeagus, the reproductive or-
gan of male insects, which mostly provides the only di-
agnostic traits to distinguish between closely related and
highly similar species in the tribe of Sericini (e.g. Ahrens
2004; Eberle et al. 2016b). Multiple specimens of each
morphospecies were used for subsequent molecular
analysis.

DNA sequencing

DNA was extracted from the leg muscle tissue of ethanol-
preserved specimens using the Qiagen DNeasy® Blood &
Tissue Kit. Following DNA extraction, the beetles and male
genitalia was dry mounted and the genitalia was glued on a
card on the same pin as the specimen. Most vouchers are
deposited in the collection of the Zoological Research
Museum Alexander Koenig, Bonn (ZFMK), while loaned
specimens will be deposited in the respective institutions of
their origin (Supplementary Table 1). DNA extracts will be
preserved in the ZFMKDNA bank. The sequences reported in
this study have been deposited in GenBank (Supplementary
Table 1). The primers stev_patR (5′-gcactawtctgccatattaga-3′)
and stev_jerryF (5′-caacatytattytgattytttgg-3′) (Timmermans
et al. 2010) were used to amplify an 826 bp fragment at the
3′-end of the mitochondrial gene cytochrome oxidase c sub-
unit 1 (hereafter CO1). PCR was performed using the
QIAGEN® Multiplex PCR Kit. The amplification products
were subsequently checked by electrophoresis on a 1.5% aga-
rose gel containing GelRed®. Successfully amplified DNA
fragments were purified using illustra™ ExoProStar™
Enzymatic PCR and Sequencing Clean-Up Kit. Forward and
reverse strands were sequenced by Macrogen Europe
(Macrogen, Amsterdam, the Netherland; www.macrogen.
com) using an Applied Biosystem 3730XL sequencer and
the same primers. Sequences were edited and aligned using
Geneious version 9.0 (Biomatters Ltd.; available from http://
geneious.com).

Phylogenetic analysis

All molecular phylogenetic analyses were performed on the
full data and on haplotypes. Maximum likelihood (ML;
Felsenstein 1973) searches were performed in IQ-TREE v.
1.6.7 (Nguyen et al. 2015) under the TIM2+F+I+G4 model
of nucleotide substitution that was inferred as the best fit mod-
el by ModelFinder (Kalyaanamoorthy et al. 2017). A total of
1000 ultrafast bootstrap (Hoang et al. 2018) replicates were
done to assess branch supports. Split networks as implement-
ed in SplitsTree4 v. 4.12.3 (available from http://www.
splitstree.org) (Huson and Bryant 2006) were used to repre-
sent incompatible and ambiguous signals in the CO1 dataset.
In such a network, parallel edges, rather than single branches,
are used to represent the splits computed from the data. In
order to accommodate incompatible splits, a split network
may, and often does, contain nodes that do not represent an-
cestral species. Because of this, the representation of evolu-
tionary history provided by the network is ‘implicit’ (Huson
and Bryant 2006).

Bayesian phylogenetic inferences of ultrametric trees were
conducted in BEAST v. 2.5.1 (Boukaert et al. 2014) under the
GTR+I+G model. A lognormal relaxed clock (Drummond
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et al. 2006) was applied to infer node distributions using the
constant population size coalescent tree prior. Two MCMC
chains ran for 50 mio. generations each, sampling parameters
and trees every 5000 generations. Logfiles were combined
with LogCombiner v. 2.5.1 and subsequently analysed with
Tracer v. 1.7-Pre20180412. The independent chains were en-
sured to converge towards similar values, and ESS values
were checked to be larger than 200. Trees were summarised
with TreeAnnotator v. 2.5.1 and the root node was scaled to an
arbitrary age of 1 in FigTree v. 1.4.4pre. The tree including all
specimens was plotted with GGTREE v. v1.13.1.9002 (Yu
et al. 2017).

Species delimitation

For single-locus data, applicable DNA-based species delimi-
tation methods can be divided into tree-based approaches (e.g.
GMYC and PTP modelling) and distance-based methods (e.g.

ABGD) that do not necessarily require monophyly (Sites Jr.
and Marshall 2003). In order to receive a robust estimate of
species entities, it seems suitable to complement tree-based
approaches with non-tree-based approaches (Carstens et al.
2013).

DNA-based species delimitation was performed using four
different approaches: statistical parsimony analysis (TCS)
(Templeton et al. 1992), Poisson tree processes (PTP) model
(Zhang et al. 2013), Automatic Barcode Gap Discovery
(ABGD) (Puillandre et al. 2012a), and the generalised mixed
Yule-coalescent (GMYC) modelling (Pons et al. 2006;
Fontaneto et al. 2007; Fujisawa and Barraclough 2013).
Each of these analyses was conducted on the full dataset;
PTP, ABGD, and GMYC are also on the set of unique haplo-
types. Statistical parsimony analysis was performed as imple-
mented in TCS v. 1.21 (Clement et al. 2000). The procedure
partitions the sequence data into clusters, i.e. subgroups of
near-related haplotypes connected by changes with a 95%

Fig. 1 Map of Southeast Asia
showing collecting sites of
studied individuals. Numbers
refer to Supplement Table 1 and
Fig. 2
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probability of being non-homoplastic (Templeton et al. 1992).
Applied to COI, the extent of the networks has been found to
be largely congruent with Linnaean species (Monaghan et al.
2006; Hart and Sunday 2007; Ahrens et al. 2007, 2016). Gaps
were treated as missing data.

The single threshold generalised mixed Yule-coalescent
modelling (GMYC) was used to estimate species boundaries
from the ultrametric phylogenetic trees (Pons et al. 2006;
Monaghan et al. 2009). This method is based on the phyloge-
netic species concept and identifies species clusters by
recognising the apparent increase in the branching rate at the
transition of interspecific diversification to population-level
coalescence. Support values of the delimited entities were
calculated using the multimodel comparison approach
(Burnham and Anderson 2002).

Poisson tree process modellings were performed with
mPTP v. 0.2.4 using the maximum likelihood implementation
(Kapli et al. 2017) with a single Poisson distribution. The PTP
method is similar to GMYC modelling but infers speciation
events based on a shift in the number of substitutions between
internal nodes instead of time (Zhang et al. 2013; Ahrens et al.
2016). Therefore, PTP does not require an ultrametric tree (Le
Ru et al. 2014) and thus eliminates an error-prone step that
potentially affects the previous method.

Automatic Barcode Gap Discovery (ABGD; version from
April 2010, downloaded on 26 November 2018) tries to iden-
tify a ‘barcoding threshold’ for a given data set (Puillandre
et al. 2012a; Fontaneto et al. 2015).We performed 50 searches
from initial distances between 0.01 and 10% with default pa-
rameters except using Kimura-2P distances and a relative gap
width of 1. ABGD attempts to detect the barcode gap as the
first significant gap in pairwise distances among specimens
and uses it to partition the data (Puillandre et al. 2012a).

The accuracy of DNA-based methods was assessed by the
match ratio (Ahrens et al. 2016): 2 × Nmatch/(Nmol + Nmorph),
where Nmatch is the number of species with exact matches, i.e.,
all specimens of one morphospecies belong to one entity of
the respective DNA-based method and vice versa. Nmol is the
number of the classified groups by the different molecular
methods and Nmorph is the number of the morphospecies. All
resulting species entities were mapped on the ultrametric tree
of all specimens. Morphospecies richness for geographical
grids was calculated based on distribution data from Fabrizi
et al. (in review) in DIVA-GIS v.5 (Hijmans et al. 2001).

Results

COI sequences were obtained and used for species delimita-
tion for a total of 113 Tetraserica and 20 outgroup specimens
(see Supplementary Table 1). The length of the aligned se-
quences was 826 bp and the length variation due to bad quality
data was minimal, resulting in 103 different haplotypes

(including outgroups). Morphological sorting resulted in a
total number of 38 Tetraserica morphospecies. Sixteen mor-
phospecies were represented by more than one individual and
22 were singletons. Only 18 species of the group result were
already described (Supplementary Table 1), some of them
even recently (Kobayashi 2017, 2018). Fifty-two percent of
the morphospecies (45 specimens) from this dataset belongs
to so far undescribed species. Due to our limited sampling,
most morphospecies were only represented from a single lo-
cality, with most localities only owning a single species.
However, not rarely more than one morphospecies co-
occurred in one site, sometimes even up to seven species
(L21) (Fig. 2). Species grid plots from so far unpublished
distribution data of Indochinese Tetraserica (Fabrizi et al., in
review) confirmed regional co-occurrence of up to 14 species,
while co-occurrence of four to seven species is quite common
(Fig. 2).

Maximum likelihood tree search recovered Tetraserica as a
monophyletic group if T. yaoanica is excluded. The latter,
together with two other species not sampled here
(T. anhuaensis and T. leishanica) was previously included in
the genus (Liu et al. 2014). However, these three taxa do not
bear completely the same diagnostic features as the genus
Tetraserica, and in particular, its type species T. gestroi (e.g.
hypomeron carinate, labroclypeus with few fine setae; basal
group of dorsal spines of metatibia behind middle; anterior
margin of metafemur with a continuously serrated adjacent
line; eyes larger, ratio ocular diameter/interocular distance >
0.8). Thus, they very likely have to be excluded from
Tetraserica.

All morphospecies of Tetraserica included in the analysis
resulted monophyletic with the exception of Tetraserica
liangheensis, T. pingjiangensis, and T. spTH_V36 (Fig. 2),
which was also mirrored by the neighbour joining network
(Fig. 3). One of these was phylogenetically associated with a
species with very dissimilar male genitalia. Among morpho-
species represented by more than one specimen, nine were not
split into different molecular operational taxonomic units
(MOTUs, sensu Blaxter et al. 2004) based on DNA-based
species delimitation, while four were split by at least one de-
limitation method in at least two MOTUs. T. pingjiangensis
was split into even more MOTUs (AGBD, TCS). Twenty
morphospecies were lumped by at least one delimitation
method with other morphospecies, nine MOTUs lumped at
least two morphospecies. Among the 22 morphospecies sin-
gletons, only half was not affected by lumping.

ABGD failed to identify a clear barcoding gap, which
would have been represented by a single instance of stable
estimates across a range of CO1-typic initial distances.
Instead, such various gaps were found (Supplement Fig. 1).
To not discard the analyses, we chose the partitioning with the
number of MOTUs that came closest to the number of mor-
phospecies. Of 38MOTUs from the analysis of all specimens,
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19 perfectly matched the morphospecies of Tetraserica. Using
unique haplotypes, ABGD split the data into 34 MOTUs of
which 18 matched the morphospecies (Fig. 2).

PTP modelling for all specimens resulted in a total of
30 MOTUs and 18 were identical to the morphospecies.
PTP modelling for unique haplotypes resulted in identical
entities. Parsimony network analysis subdivided the

unique haplotypes into 37 different networks. Twenty-
two of them perfectly matched with the morphospecies
assignments. The GMYC analysis for all specimens re-
sulted in 29 entities, 17 of them matching the morphospe-
cies. The GMYC modelling for the unique haplotypes
identified 28 entities; 17 perfectly matching the morpho-
species. The likelihood surface graphs of all specimens

Fig. 2 Tree from Bayesian inference along with the information about
morphospecies assignment (column morphology, paraphyletic
morphospecies red), collecting sites (cf. Fig. 1), results from the various
methods of species delimitation (columns 3–8, mPTP and GMYC with
results for all specimens (all) and for unique haplotypes (ht)) and illustra-
tions of the respective morphospecies’ aedeagi. Green boxes indicate

accordance of molecular methods with morphospecies and red boxes
indicate disagreement. Bootstrap values above 0.5 are shown next to
the branches. Localities, in which more than one species is occurring,
are highlighted by coloured boxes. Overall sympatric occurrence (after
Fabrizi et al., unpublished data) is shown by the grid map (below left),
with colours coding the number of species occurring per grid
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and of haplotypes as well as GMYC support values indi-
cated reasonable performance of the method.

The various molecular species delimitation methods result-
ed in considerable deviation from morphospecies which was
expressed by rather low matching ratios (Table 1). These re-
sulted from additional splitting (i.e. individuals of one mor-
phospecies were separated into two or more different
MOTUs) or lumping (i.e. individuals of two or more different
morphospecies were joined in one MOTU). GMYC and PTP
generally tended to lump morphospecies into larger MOTUs
while ABGD and TCS more often split morphospecies. In 26
cases, the results of at least one molecular method matched
with morphospecies assignments. Statistical parsimony net-
work analysis had the highest match ratio (0.51), while
AGBD had the lowest (0.43) (Table 1).

Although intraspecific sampling is limited for this dataset,
genetic differentiation within species with multiple specimens
seems to be not purely driven by geographic distances.
Stronger differentiated haplotypes do occur even from the
same locality, while haplotypes are shared by sites separated
by a distance of even more than 700 km.

Discussion

Morphological species identification and delimitation of
Tetraserica are quite straightforward due to rather distinct
shape differences in the highly complex genitalia of the spe-
cies. In this study, both morphological data and single-locus
mtDNA were used to delimit species. For the latter, several
different DNA-based approaches were explored to detect sta-
tistically definable groups, which were compared with the
preliminary morphological species assignment.

The rather low taxonomic congruence with the morphospe-
cies (Table 1) was, given the strongmorphological distinctive-
ness between morphospecies, quite surprising. Non-
monophyly of some of the morphospecies was surely one of
the causes for this low congruence. The paraphyly encoun-
tered in T. pinjiangensis, T. spTH_V36, and T. liangheensis
could be a result of introgression by hybridization or incom-
plete lineage sorting (ILS). Both phenomena can result in
similar CO1 haplotypes across species and may lead to
paraphyly of a morphospecies and consequently to either
splitting or lumping. There are several tests to distinguish

Fig. 3 Split network of all examined specimens. Singletons are
highlighted in blue, others in orange colours. Tip labels of paraphyletic
morphospecies (species names/acronyms shown) are encircled by dashed

lines while morphospecies nested in others are indicated with red font.
Outgroup branches are grey
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hybridization from incomplete lineage sorting (Sang and
Zhong 2000; Edwards and Beerli 2000; Joly et al. 2009),
which is, however, often difficult in reality (Eberle et al.
2016b). Based on the available data (i.e. only CO1), their
application is impossible.

Hybridization is not unlikely despite strongly differentiated
male genitalia (e.g. Ahrens 2004; Liu et al. 2014) that might
support the classical lock-and-key hypothesis of mechanical
isolation that prevents interspecific mating (Eberhard 1985).
Evidence that female genital structures represent a mechanical
copulation barrier is too weak as female genitalia have not
been studied in sufficient detail (Özgül-Siemund and Ahrens
2015), while tactile isolation by cryptic female choice
(Barnard et al. 2017) should not be excluded. Nevertheless,
when paraphyly involves morphospecies with highly diver-
gent male genitalia, as in the case of T. pingjiangensis and
T. ruiliensis, the chance is significantly higher that this pattern
is caused by hybridisation rather than by ILS. The highly
divergent and complex copulation organs allow us to assume
in comparison with all other known taxa that these are not two
lineages in course of speciation. Hybridisation appears also to
have occurred in case of T. spLA_V8 and T. spTH_V63,
where both taxa have highly dissimilar genitalia and resulted
in a monophyletic cluster (although neither of the two mor-
phospecies resulted paraphyletic) that was detected by nearly
all DNA-based delimitations as single MOTU. In the case of
the paraphyletic T. liangheensis + T. spLA_Annam1, and T.
spTH_V36 + T. spCA_V4, patterns of genital divergence are
not substantial and do not allow similar conclusions (cf. Fig. 2,
male genital photographs).

Two different types of scenarios are known under
which incomplete lineage sorting is probable to happen:
(1) if there is large effective population size or (2) few
generations during the process of divergence (Maddison
1997). But neither of these cases is known to be true here.
Nevertheless, it is possible that incomplete lineage sorting
happened by simultaneous separation of various morpho-
species through geographical isolation (e.g. spCA_V4,
spThai_V66, and T. wapiensis). This could also be the
case for T. spTH_V36 and T. liangheensis (and related
taxa), which, according to current knowledge, are both
parapatric with their closest related morphospecies
(Fabrizi et al., unpublished data).

The discordance among methods of DNA-based species
delimitation complicates the integrative taxonomic approach
that uses different lines of evidence to assess species identity
(Will et al. 2005) and in particular the evaluation of the results
compared to morphological evidence. GMYC and PTP
tended to lump a number of morphospecies into single
MOTUs. Parsimony networks (TCS) and AGBD tended to
over-split some of the morphospecies. GMYC is also known
to be affected by low tree depth and fluctuation of effective
population size among species (Esselstyn et al. 2012; Paz and
Crawford 2012; Fujisawa and Barraclough 2013; Ahrens et al.
2016). In fact, this could be the case for common species with
wide ranges, which were able to adapt to cultural landscapes
and rare species with very narrow niches that have very re-
stricted distribution and high endemism. However, so far, lim-
ited sampling does not allow a more rigorous evaluation of the
situation. A revision of distribution data of Tetraserica species
from museum specimens indicated most species to be more
localised than widely distributed (Fabrizi et al., unpublished
data). Certain sampling patterns were also suspected to cause
GMYC to over-split true species (Lohse 2009; Ahrens et al.
2016); however, this did not seem to be the case for
Tetraserica data.

The crucial question is how many DNA-based ap-
proaches have to match a morphospecies in order to con-
firm the proper separation of the latter? One, all? Given
the limitations of the CO1 data at hand (Funk and Omland
2003; Ballard and Whitlock 2004; Hebert and Gregory
2005; Dowton et al. 2014; Ross 2014), but also the nu-
merous pitfalls associated with all DNA-based delimita-
tion approaches (Reid and Carstens 2012; Carstens et al.
2013; Ahrens et al. 2016; Eberle et al. 2018), conclusion
should be done with caution. In particular, consensus
strategies (e.g. Miralles and Vences 2013) do not appear
suitable (Carstens et al. 2013) since many biased results
might sum up to a wrong conclusion. While multi-marker
data implementation as in multi-species coalescent ap-
proaches may overcome some problems linked to mito-
chondrial introgression and incomplete lineage sorting
(Yang and Rannala 2014) these methods may also fail
due to the implemented speciation model which might
not be appropriate in all study cases (Sukumaran and
Knowles 2017). Species delimitation using the multi-

Table 1 Match ratio (after Ahrens et al. 2016) of DNA-based species delimitation methods on the Tetraserica clade based on the number of MOTUs
and number of matches between MOTUs and morphospecies entities (Nmorph = 38)

ABGDall ABGDHT PTPall PTPHT TCS GMYCall GMYCHT

Nmatch 19 18 18 18 22 17 17

NMOTU 38 34 30 30 37 29 28

Match ratio 0.43 0.43 0.45 0.45 0.51 0.43 0.44
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species coalescent seeks the ultimate outcome of specia-
tion, i.e. genetic isolation on an evolutionary timescale. If
species are viewed as independently evolving metapopu-
lations (De Queiroz 2007), it is reasonable to expect the
genetic data to fit a species tree with gene tree distribu-
tions described using the multispecies coalescent model
(Yang and Rannala 2003). However, particularly in young
radiations, the signal of divergence observed in commonly
examined DNA data (in this case CO1) might not yet
match the morphological divergence of copulation organs
and may thus cause incongruent results. Recent studies
using integrative taxonomy approaches acknowledged
the crucial role of morphology for robust species delimi-
tation (e.g. Eberle et al. 2016b; Noguerales et al. 2018).
For this study, we did not have multiple markers available
and thus a further test of species hypotheses was
impossible.

Also in the here examined genus Tetraserica, such cases of
young species might be present, which shows limited genetic
divergence and where separate morphospecies were lumped
by DNA-based species delimitation approaches (e.g. for
Tetraserica liangheensis/T. spLA_Annam1, T. maerimensis/
T. longipenis, T. wandingensis/T. wiangpapaoana, and T.
spTH_V36/T. spCA_V4/T. spTH_V66/T. wapiensis).
However, the strongly divergent shapes of their genitalia indi-
cate that these species should be defined as separate species.

In conclusion, in balancing the results of the morphospe-
cies assignments with the results of the molecular methods, it
may be assumed that 38 different Tetraserica species can be
recognised with a certain probability. While some of the taxa
have been identified to be undescribed so far, the formal de-
scriptions of the new Tetraserica species are done in a separate
paper in which all available collection material will be revised
(Fabrizi et al., in review).

However, more molecular data (particularly nuclear
markers) and additional research (e.g. quantifying the
shape divergence between the different putative species
by morphometric analyses, explore local assemblages in
more detail to discover more syntopic species) are needed
to further test (morpho-) species hypotheses. This study
shows that even within one genus, DNA-based methods
can be both congruent and highly contrasting with the
morphology-based species delimitation used traditionally
in taxonomy. In particular, highly incongruent results
among DNA-based delimitation based on the same data
(e.g. CO1) strongly hamper the validation of morphospe-
cies assignments with molecular data such as CO1
barcodes. These results once again show the need of more
robust techniques of DNA-based species delimitation to
be used in rapid biodiversity assessment approaches, and
that morphology-based taxonomy is yet highly essential
as quality control for integrative and DNA-based species
delimitation (e.g. Ahrens et al. 2016; Eberle et al. 2016b).
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