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Abstract

Biodiversity is a key factor for the functioning and efficiency of an ecosystem. Greece,

though covering a relatively small surface area, hosts a great deal of species diversity. This

is especially true for freshwater fishes. In recent years, the traditional methods of species

identification have been supplemented by the use of molecular markers. The present study

therefore aims to extensively produce DNA barcodes for Greek freshwater fish species and

investigate thoroughly if the presently accepted species classification is in agreement with

molecular data. A 624-bases long fragment of the COI gene was sequenced, from 406

freshwater fish specimens belonging to 24 genera and originating from 18 lake and river

sites. These sequences were used along with 596 sequences from the same genera, recov-

ered from BOLD, for the construction of phylogenetic trees and the estimation of genetic dis-

tances between individuals. In total, 1002 sequences belonging to 72 species were

analyzed. The method was found to be effective for 55 of 72 studied species. 17 closely

related species with low interspecific genetic distances were observed, for which further

study is proposed. It should also be noted that, in four cases, cryptic diversity was observed,

where groups originally identified as one species exhibited genetic distance great enough to

be separated into discrete species. Region specific haplotypes were also detected within

populations of 14 species, giving the possibility to identify even the geographic origin of a

species. Our findings are discussed in the light of the rich history of the Balkan peninsula

and provide a significant steppingstone for the further study of Greek and European fresh-

water fish biodiversity.
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1. Introduction

Biodiversity is a key factor for the functioning and efficiency of an ecosystem [1], while it also

has an important role in the production of goods and a major economic impact on human

societies [2]. In recent years, a plethora of human activities has led to the destruction of many

ecosystems and consequently to the loss of biodiversity with the disappearance of a large num-

ber of species [3]. The consequences of this ecological disaster are unpredictable and poten-

tially perilous for humanity [4]. The conservation and management of biodiversity have thus

been designated as critical issues [5] and, as biodiversity is directly related to the number of

species living on earth [6], species identification is of great importance.

Although Greece has a relatively small surface area (about 132,000 Km2), it hosts a great

deal of species diversity [7]. This is especially true for freshwater fishes, since 177 species have

been recorded in Greece [8], 47 of which are endemic [9]. Almost all the endemic species are

protected by National and European legislation (i.e., 92/43/EC). The study and conservation of

this diverse ichthyofauna requires the accurate identification of the species present in each

region.

The distribution of freshwater fish species in Greece has been shaped by its geographical

history and characteristics [10]. Based on the distribution of species, Greece has been divided

into biogeographical regions, with the most recent division consisting of four main regions

[11], namely the regions northern Aegean, south-eastern Adriatic, Ionian, and western

Aegean. Oikonomou et al. [12], based on the distribution of endemic species, proposed the

existence of a fifth biogeographical region, which consists of only two lakes, the Mikri Prespa

and Megali Prespa Lakes.

In recent years, the traditional methods of species identification have been supplemented

by the use of molecular markers [13]. One such approach is DNA barcoding, proposed by

Hebert et al. [14], which relies on the sequence of a fragment of the cytochrome c oxidase sub-

unit I (COI) gene to separate species and assign individuals to species. The sequences used in

this approach are called DNA barcodes and they are submitted to BOLD (http://boldsystems.

org/), a database for storing and analyzing DNA barcodes [15].

The efficiency of DNA barcoding has been proved in many studies [16–19], since in most

of them more than 90% of the species studied can be accurately identified to species level [20].

DNA barcoding can reveal cryptic diversity [21,22] and identify samples when morphological

traits cannot, for example in the case of processed commercial products [23–25]. Additionally,

DNA barcoding offers the possibility to detect the presence of species in an area by analyzing

environmental DNA, in an approach called DNA metabarcoding [26,27].

DNA barcoding has been successfully used in studies on many groups of animals, such as

birds [28], fishes [29], gastropods [30], spiders [31] and Lepidoptera [22,32]. An international

campaign for DNA barcoding of freshwater fishes [33] has taken place in many different parts of

the world, e.g., America [34–36], Africa [37], Asia [38,39], Australia [29] and Europe [40–42].

DNA barcoding on Greek freshwater fish species has been initially applied by Triantafyllidis

et al. [42], who focused on the fish species diversity of four lakes of northern Greece, while Gei-

ger et al. [40] analyzed specimens from various Greek regions through their broader study

around the Mediterranean. The present study aims to study the freshwater fish biodiversity of

Greece, providing new data on its genetic diversity, not only by analyzing additional samples

from already studied sites, but also by studying new, unexplored populations. The results of

the two aforementioned studies were also combined with the findings of the present study,

providing a more complete picture of the population and species relationships. Additionally,

through the DNA sequences, it was even possible to search for region specific haplotypes of

the studied species.
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2. Materials and methods

2.1 Sampling

544 specimens of Greek freshwater fishes were collected from 18 lake and river sites (Fig 1).

All specimens were preserved in 99% ethanol and were initially identified on species level by

using morphological traits (S1 Table).

Sampling in river sites was conducted by electrofishing (Hans Grassl ELT60IIHI device) fol-

lowing the European protocol CEN 2003 [43]. Accordingly, specimens from lakes were derived

by net sampling, following the European protocol CEN 2005 [44]. During the samplings, all

captured fish were identified on site, and after their total length was recorded, they were released

back in the water alive. For the Barcoding purposes, at least 2–3 individuals per common species

(when available) were preserved in alcohol. In the case of protected species, a small part of the

fish, i.e., a fin, was stored for the DNA analysis and the fish was released back to the water alive.

2.2 Ethical statement

The samples were collected during faunal monitoring surveys which were conducted in the

frame of the implementation of WFD 2000/60 in Greece, covering the period 2010–2015.

Fig 1. Map of sample origin areas. For the rivers, the location of the mouth is given. Rivers are marked with blue and lakes with red. A location marked with

gold corresponds to the name of the broader sampling region and not a specific river or lake. The areas from which samples were gathered during the present

study are marked with an asterisk.

https://doi.org/10.1371/journal.pone.0263118.g001
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All necessary permissions were provided by the Ministry of Environment, Energy & Cli-

mate Change (in Greek).

Fish handling and treatment were in accordance with the local guidelines for treating ani-

mals which comply to the Official Journal of the Greek Government No. 106/30 April 2013 on

the protection of animals used for scientific purposes.

2.3 DNA extraction and PCR

DNA was successfully extracted from 406 samples, belonging to 24 genera and 39 species,

using the protocol of Hillis et al. [45]. The numbering of the samples, the species in which they

belong, and their sampling sites are given in S1 Table. All specimens are stored in the Labora-

tory of Animal Population Genetics in the School of Biology of the Aristotle University of

Thessaloniki. PCR was used for the amplification of a fragment of 624 bases from the 5’ end of

the COI gene, using the primers FishF2 and FishR2 for Gambusia holbrooki Girard, 1859 and

the primers FishF1 and FishR1 for all other species [29]. Each PCR reaction had a volume of

22.0 μl, containing 1.1 μl of template DNA, Qiagen Taq DNA polymerase (5.00 units/μl) at a

final concentration of 0.04 units/μl, QIAGEN PCR Buffer at a concentration of 1X, a concen-

tration of 1.0 pmol/μl for each primer and 0.2 mM for each deoxynucleotidetriphosphate

(dNTP). Reactions were amplified through 35 cycles with the following parameters: initializa-

tion step at 95˚C for 5 min, denaturation at 94˚C for 45 s, annealing at 60˚C for 45 s, elonga-

tion at 72˚C for 90 s and final elongation at 72˚C for 7 min.

Sanger sequencing of the DNA fragments was carried out at Genewiz (www.genewiz.com),

using ABI 3730xl DNA Analyzers.

2.4 Data analysis

The resulting sequences were aligned, and their quality was assessed using the Geneious 10

software [46]. In total, 1002 sequences were used for subsequent analyses (S2 Table), 406 of

which were obtained during the present study, while the remaining 596 were retrieved from

BOLD (http://boldsystems.org/). The 406 sequences obtained and analyzed in this study were

submitted in the BOLD database and the BOLD IDs assigned to them are GFFB001-17 to

GFFB055-17, GFFB057-17 to GFFB097-17 and GFFB098-18 to GFFB407-18 (S1 Table). The

sequences retrieved from BOLD belonged to the same 24 genera as the sequences of the pres-

ent study, but they include 33 more species raising the total number of species to 72 (S2 Table)

and the total number of sampled sites to 43 (Fig 1). The majority of retrieved sequences belong

to Greek specimens, apart from 30 sequences of the genus Alburnoides, 7 sequences of the

genus Gobio that come from various European countries and 1 sequence of the genus Pseudor-
asbora that comes from Turkey. Information (BOLD IDs, species, and area of origin) for the

sequences retrieved from BOLD is given in S3 Table. The complete dataset of sequences used

during this study is also provided in FASTA format in the Supporting Information.

Phylogenetic trees were constructed for all studied species together as well as for each genus

separately, except for Lepomis gibbosus (Linnaeus, 1758) and G. holbrooki. These two species

exhibited only one haplotype each and therefore there was not any genetic differentiation on

which to base a phylogenetic tree. The phylogenetic trees were constructed with the MEGA7

software [47], using the Maximum likelihood method [48], with Kimura’s two-parameter evo-

lutionary model [49], and applying the bootstrap method [48], set to 1000 replicates for testing

the trees [50,51]. For the construction of the phylogenetic trees, the sequences of each genus

were truncated, so as sequences produced during this study to have the same length as the

ones recovered from BOLD. For the phylogenetic tree of all the species, the sequences were

truncated to a length of 598 nucleotides.
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Subsequently, through the MEGA7 software [47], the genetic distances in various taxo-

nomic levels were calculated, using Kimura’s two-parameter model and bootstrap of 1000 rep-

licates. We calculated the mean genetic distance within and between species, genera and

families, and the mean genetic distance in the total of the sequences. Additionally, we calcu-

lated the pairwise genetic distances between the individuals of each genus. From the pairwise

distances between individuals of every species and each genus, we were interested in the maxi-

mum distance within each species and the minimum distance between species.

Taxonomic changes were proposed by combining the topology of phylogenetic trees with

the calculated genetic distances. When the individuals of a single species were grouped into

distinct clades, genetic distances were used to assess whether these clades corresponded to

populations of the same species or whether each clade could consist a separate species. Addi-

tionally, when different species were grouped together on the phylogenetic tree, genetic dis-

tances were used to assess if these species could possibly consist a single species. This

assessment was made using as a threshold a mean genetic distance of 0.0200, which has also

been proposed in other studies [40,52,53]. Groups that had an average genetic distance greater

than 0.0200 were proposed as potentially separate species, while for groups that had a mean

genetic distance less than 0.0200, further study was proposed, to test whether their merging

into a single species would be justified. One additional condition for proposing the taxonomic

changes was the presence or absence of a barcoding gap [30]. Initially this was proposed by

Hebert et al. [28] for cases that the average genetic distance between groups was ten times the

mean distance within each group, in order for these groups to be classified as separate species.

However, and since the tenfold magnitude has been questioned [54,55], we considered that a

barcoding gap existed when the minimum genetic distance between two groups was greater

than the maximum genetic distance within each group [56].

Additionally, we used the Automatic Barcode Gap Discovery (ABGD) analysis [57]. This

method uses the pairwise distances between the sequences and the prior of intraspecific diver-

gence to detect a gap between intra and interspecific divergence, which it uses to partition the

input samples into groups. The difference from the other approach we used is that ABGD does

not use a lower threshold of differentiation to delimit groups and tries to estimate the size of

the barcode gap by itself. For the analysis we used the web interface of the software (https://

bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html), and the following parameters: Pmin = 0.001,

Pmax = 0.1, Steps = 10, X = 1.5 and the Kimura evolutionary model, with TS/TV = 2.0.

3. Results and discussion

Barcoding has proven to be a reliable approach for documenting biodiversity at species level.

DNA barcoding relies on the comparison of DNA sequences to classify specimens, which

means that it relies on the availability of as many sequences as possible, with the broadest geo-

graphic distribution possible [58]. As more studies on DNA barcoding are implemented and

new populations from more regions are analyzed, the accuracy of the method is improving. By

producing additional DNA barcodes, many of which come from new populations, this study

contributes to the improvement of the overall DNA barcoding accuracy. Our findings also

provide a new insight on Greek biodiversity and valuable knowledge for its management and

conservation, since it consists a hot spot for Balkan’s biodiversity [59].

3.1 DNA barcoding results

Of the 72 studied species, 55 were successfully identified through DNA barcoding, resulting in a

76.4% success rate of the approach. The genetic distances calculated for each species, as well as

information for special cases that are discussed in more detail later, are presented in S4 Table.
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The success rate of DNA barcoding in most studies ranges from 76.75% to 100% [34–

37,39–41,60–63]. Therefore, the success rate in our study is close to, but slightly lower than

that of other published studies.

The 17 species which were not successfully identified had a mean genetic distance from

another species of the genus lower than 0.0200 and there was no barcoding gap between them.

Three of these species are the studied species of the genus Salmo, and the lack of genetic differ-

entiation made it impossible to separate any of these species from the other two. The other 14

species are seven pairs where the two species of each pair cannot be distinguished from one

another, but the pair is clearly separated from the other species of the genus. These cases are

presented in more detail in part 3.4.

Among the species that were successfully identified, 96.4% exhibited a barcoding gap, the

only exception were the species Barbus euboicus Stephanidis, 1950 and Barbus peloponnesius
Valenciennes, 1842. The values of the genetic distances (S4 Table) confirm that only in rare

cases the mean interspecific distance is ten times the mean intraspecific distance, so the

absence of overlap between minimum interspecific and maximum intraspecific distance seems

more efficient as a criterion of barcoding gap.

Apart from the 17 species that were not successfully identified, there were three cases of spe-

cies with mean genetic distance lower than 0.0200 (S4 Table), which exhibited however, a bar-

coding gap and could thus be successfully identified. These cases are presented in more detail

in part 3.4.

Additionally, in the case of five genera (Alburnoides, Cobitis, Gobio, Pelasgus, Telestes), geo-

graphically separated populations of the same species exhibited a mean genetic distance greater

than the threshold of 0.0200 as well as a barcoding gap, which means that according to the cri-

teria we have set, they could be classified as separate species. These cases are presented in more

detail in part 3.3.

It should be mentioned that, during the phylogenetic analysis, the clades of the phylogenetic

trees were supported by high bootstrap values, exceeding 88, with the exception of the genus

Salmo, which had bootstrap values as low as 62. This means that in almost all phylogenetic

trees the clades are well supported, and they most probably represent the true phylogenetic

relationships among the samples. An overview of the relationships of all the different studied

species can be seen on the phylogenetic tree of S1 Fig.

3.2 Genetic distances at above-species level

The mean genetic distance in the total of the sequences was 0.1710, while within the Cyprini-
dae and Cobitidae families, the only families with more than one studied genera, the distance

was 0.1410 and 0.1220 respectively (Table 1).

The intra-family distances were on par with the corresponding values calculated for fresh-

water species in many other studies (Table 2), slightly lower than the only other study dealing

Table 1. Mean genetic distance in the total of sequences and mean genetic distance on a family, genus, and species

level. In the parentheses is given the standard error of the genetic distance.

Genetic distance Value (Standard Error)

Mean genetic distance in the total of sequences 0.1710 (0.0120)

Mean genetic distance in the family Cyprinidae 0.1410 (0.0110)

Mean genetic distance in the family Cobitidae 0.1220 (0.0100)

Mean genetic distance on family level 0.1315 (0.0105)

Mean intrageneric genetic distance 0.0320 (0.0043)

Mean intraspecific genetic distance 0.0029 (0.0013)

https://doi.org/10.1371/journal.pone.0263118.t001

PLOS ONE DNA barcoding identification of Greek freshwater fishes

PLOS ONE | https://doi.org/10.1371/journal.pone.0263118 January 26, 2022 6 / 21

https://doi.org/10.1371/journal.pone.0263118.t001
https://doi.org/10.1371/journal.pone.0263118


with Greek freshwater species [42], but significantly higher than the one of Geiger et al. [40]

that analyzed fish species around the Mediterranean.

The mean intrageneric genetic distance in genera including more than one species was

found to be 0.0340, close to the corresponding values from studies regarding Europe (Table 2).

It is observed that mean intrageneric distances seem to be lower in Europe than in the other

continents.

The mean intraspecific genetic distance calculated (0.0029) either approximated or was

lower than the corresponding values calculated for freshwater species in many other studies

(Table 2). Compared to the two studies that have analyzed samples from Greece [40,42], the

value of mean intraspecific distance in our study was lower. It is observed (Table 2) that on a

global scale the mean intraspecific genetic distance does not exceed 0.0100, while the distances

within a genus are many times greater, which can be used as an argument in favor of the sepa-

ration of species based on genetic distances.

3.3 Species with mean intraspecific genetic distance greater than 0.0200

In the case of five genera (Alburnoides, Cobitis, Gobio, Pelasgus, Telestes), geographically sepa-

rated populations of the same species exhibited a mean genetic distance greater than the

threshold of 0.0200 and a barcoding gap. These five cases seem to represent cryptic diversity

and thus, the splitting of the existing species into additional ones, is proposed. In summary,

one separate species is proposed in the genus Cobitis, one in the genus Gobio, two in the genus

Pelasgus and two in the genus Telestes. It should be noted that we propose the splitting of the

existing species into additional ones, which have not been previously described in Greece,

without necessarily proposing new candidate species. This would require the comparison of

these separate species with all the same species of the genus found outside Greece, a task that

exceeds the goal of the present study. Additionally, we propose the assignment of the studied

Alburnoides bipunctatus (Bloch, 1782) populations to other existing species. More specifically:

Species of the genus Alburnoides
Alburnoides bipunctatus is considered a species with broad distribution in Greece, being pres-

ent in three biogeographical regions (Ionian Sea, Aegean Sea and Southern Adriatic Sea) [9].

However, in the present study, all the populations originally identified as A. bipunctatus were

grouped into three genetically distinct groups (S2 Fig), one containing the populations of Aoos

and Sarantaporos Rivers, another the populations of Aliakmonas, Axios and Pineios (Thessaly)

Rivers, and the third the populations of Strymon River. The genetic distances between those

groups were greater than 0.0200, while the maximum distance within each group did not

exceed 0.0100 (S5 Table). Therefore, the specimens originally identified as A. bipunctatus
could be assigned to other species. The populations from Aoos and Sarantaporos Rivers

Table 2. Mean intraspecific and intrageneric genetic distances from broad scale studies. In the first column the area covered by the study is given, followed by the

study reference.

Study Region Mean intraspecific genetic distance Mean intrageneric genetic distance Mean intra-family distance genetic distance

Northern Greek lakes [42] 0.0066 0.0380 0.1534

Mediterranean [40] 0.0059 0.0290 0.0644

Germany [41] 0.0026 0.0300 0.1577

America [23,34–36,61,64,65] 0.0017–0.0073 0.0400–0.1380 0.1360–0.2100

Africa [37,66] 0.0017–0.0096 0.1030–0.2070 0.1400 (approximately) - 0.1720

Asia [39,60,67,68] 0.0030–0.0042 0.0600–0.1580 0.1250–0.1630

https://doi.org/10.1371/journal.pone.0263118.t002
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exhibited mean genetic distance equal to 0.0020 and maximum genetic distance equal to

0.0080 from Alburnoides prespensis (Karaman, 1924) and thus could be assigned to A. prespen-
sis (which is found in Mikri Prespa and Megali Prespa Lakes). The close genetic relationship of

the Alburnoides populations from these two rivers with the ones found in the two Prespa

Lakes, is an argument in favor of the inclusion of the Prespa Lakes in the same biogeographical

region as the river Aoos [11]. Based on the genetic distances, the populations of Aliakmonas,

Axios and Pineios (Thessaly) Rivers could be incorporated into a distinct species, which has

already been described under the name Alburnoides thessalicus Stephanidis, 1950 and which is

also supported by Geiger et al. [40]. Additionally, our results are in accordance with the revalu-

ation of the Strymon River population by Geiger et al. [40] under the name Alburnoides stry-
monicus Chichkoff, 1940. A very important finding is that all the studied Greek populations

originally identified as A. bipunctatus exhibited genetic distance greater than 0.0200 from

European populations (S5 Table), which means that, genetically, none of the Greek popula-

tions studied can be assigned to A. bipunctatus. These populations could be described as three

other, separate Alburnoides species and other Alburnoides populations should be investigated

as representatives of the species A. bipunctatus in Greece. The maximum distance within each

group (0.0100) is much lower than the maximum intraspecific distance (0.0180) found for

other species of the genus Alburnoides [69], reinforcing the argument that each group could

consist a separate species.

Species of the genus Cobitis. On the phylogenetic tree of the genus Cobitis, the population

of Cobitis strumicae Karaman, 1955 from Strymon River is grouped on a separate clade from

the rest of C. strumicae (S3 Fig). The maximum genetic distance in either of these two groups

is 0.0070 (S6 Table), while the mean distance between the groups is 0.0210 and the minimum

distance between the groups is 0.0200. According to the genetic distances, the samples from

Strymon River, originally identified as C. strumicae, could constitute a species separate both

from C. strumicae and C. punctilineata, which is also found in Strymon River.

Species of the genus Gobio. Regarding the genus Gobio, the populations of Gobio bulgari-
cus Drensky, 1926 from Axios River and Doirani Lake (S4 Fig) exhibited maximum genetic

distance between them equal to 0.0030, while the minimum distance from the other popula-

tion of G. bulgaricus was 0.0440 (S7 Table). Therefore, those two populations could be sepa-

rated from G. bulgaricus and designated as a separate species. The possibility of the Axios

River population consisting a separate species has been previously mentioned by Barbieri et al.

[9] and our genetic data support this. The fact that the minimum genetic distance of these pop-

ulations from the other populations of G. bulgaricus was 5.5 times greater than the maximum

genetic distance in either group, means that the separation of G. bulgaricus into two species

could be genetically verified.

Species of the genus Pelasgus. The population of Pelasgus sp. (S5 Fig) from Kalamas

River exhibited a maximum intra-population genetic distance equal to 0.0020, while the corre-

sponding value for the population of Acheron River was 0.0030. The minimum distance

between the two populations was 0.0330 (S8 Table), while the rest of the Pelasgus sp. specimens

had a minimum genetic distance from the populations of Kalamas River and Acheron River

equal to 0.0200 and 0.0320, respectively. Therefore, the populations of Pelasgus sp. from Kala-

mas and Acheron Rivers could be classified as two different species, since there was a clear bar-

coding gap between them.

Species of the genus Telestes. The populations of the Telestes genus from Acheloos,

Alfeios, Evinos and Pineios (Peloponnese) Rivers, which were originally identified as Telestes
pleurobipunctatus (Stephanidis, 1939) (S6 Fig), also exhibited genetic distances greater than

0.0200 (S9 Table). More specifically, the population from Acheloos River had a maximum

intra-group distance of 0.0000, while its minimum distance from the other Telestes specimens
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was 0.0200, thus the Acheloos population could constitute a separate species. Additionally, the

maximum genetic distance among the populations from Alfeios, Evinos and Pineios (Pelopon-

nese) Rivers was 0.0150 and the minimum and mean distance of these population from the

other T. pleurobipunctatus populations were 0.0170 and 0.0230 respectively (S9 Table). Based

on that, the populations of Pineios (Peloponnese), Evinos and Alfeios Rivers could constitute

another separate species, whose existence in the Alfeios and Pineios (Peloponnese) Rivers has

been mentioned before [70,71], under the name Telestes alfiensis (Stephanidis, 1971). DNA

barcoding seems to confirm the existence of this species, while at the same time it places the

population of Evinos River in it.

3.4 Species with mean genetic distance lower than 0.0200

In nine cases species exhibited interspecific genetic distance lower than 0.0200 or a group of

one species was grouped with a different species on the phylogenetic tree. These cases regarded

the genera Alburnus, Barbus, Cobitis, Rhodeus, Salmo and Squalius.
Species of the genus Alburnus. The species Alburnus thessalicus Stephanidis, 1950 and

Alburnus macedonicus Karaman, 1928 (S7 Fig) had a maximum genetic distance of 0.0070

(S10 Table) and they shared one haplotype, while the minimum distance between the other

species of the genus was found equal to 0.0140. At the same time, the maximum distance

between two other species of this genus, the species Alburnus volviticus Freyhof & Kottelat,

2007 and Alburnus vistonicus Freyhof & Kottelat, 2007 was 0.0050. These species exhibited

very low interspecific distance and could not be genetically distinguished. It should be noted

here that previously the Alburnus population from Filiouris River was not classified as A. visto-
nicus with certainty [9,72], however the results of the present study seem to strongly place this

population in A. vistonicus. Based on the results of the genetic analysis, the two couples of

Alburnus species mentioned above could be merged into two single species. However, since

other studies have observed low genetic distance between some species of the genus Alburnus
[73,74], further study of these species through nuclear or faster evolving genetic markers could

help define their status more accurately.

During analysis of the samples identified as Alburnus sp. Volvi, a group from Strymon

River (BOLD accession numbers: GFFB311-18—GFFB316-18) exhibited mean genetic dis-

tance lower than 0.0200 from A. thessalicus and A. macedonicus, and at the same a barcoding

gap from these two species and the rest of the Alburnus sp. Volvi samples (S11 Table). Based

on the genetic distances, while Alburnus sp. Volvi seems to be clearly differentiated from A.

thessalicus and A. macedonicus, this certain group seems to be intermediary between them.

Species of the genus Barbus. In the genus Barbus, the specimens belonging to Barbus
euboicus Stephanidis, 1950 were grouped together on the phylogenetic tree, but as a subclade

of a Barbus peloponnesius Valenciennes, 1842 clade (S8 Fig). The maximum genetic distance

between the two species was 0.0110, the maximum intraspecific distance was 0.0160 (S10

Table) and the two species did not have any haplotypes in common. Despite the low genetic

distance of B. euboicus from B. peloponnesius, it was genetically distinct from all studied B.

peloponnesius populations, which means that while B. euboicus could be genetically identified,

however the genetic distances did not support its status as a separate species. These two species

belong to different biogeographical regions, so they are in need of further study in order to

clarify their relationship and investigate if translocations have taken place.

Species of the genus Cobitis. For the genus Cobitis (S3 Fig) the values of minimum

genetic distance between its species (S10 Table) were among the highest for species of the

same genus, meaning that these species were clearly separated. High values of interspecific

genetic distance for the genus Cobitis have been observed in several studies [75,76]. The only
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exception are the species Cobitis hellenica Economidis & Nalbant, 1996 and Cobitis arachtho-
sensis Economidis & Nalbant, 1996 for which the maximum genetic distance was 0.0070 and

the minimum 0.0000. The lack of significant genetic differentiation between these two species

could be attributed to the small distance separating the rivers in which they are found, which

could mean that the species are still in contact. The minimum genetic distances between the

other species of the genus range from 0.0550 to 0.1270, while the minimum genetic distance of

these two species from the other species of the genus was 0.0860. That means the species C. hel-
lenica and C. arachthosensis, with such a low maximum genetic distance, are more likely to

consist a single species.

Species of the genus Rhodeus. In the genus Rhodeus, which included two species, Rhodeus
amarus (Bloch, 1782) and Rhodeus meridionalis Karaman, 1924, specimens belonging to dif-

ferent species were genetically closer to each other than specimens of the same species (S9 Fig)

Additionally, the maximum genetic distance was 0.0220 (S10 Table), which means that the

threshold of 0.0200 is just barely surpassed. The morphological identification of these two spe-

cies is particularly difficult and it has been claimed that their distinction is mainly based on

genetic analysis [72]. However, both the present and a previous study [40] failed to detect

genetic differentiation that could allow the identification of the species. The splitting of Rho-
deus into two species is recent [77] and introgression between species of the genus has been

observed [40,78]. All the above demonstrate that Rhodeus is a genus that needs more thorough

investigation before reaching any conclusions. However, since the two species cannot be dis-

tinguished genetically and their morphological differences are almost imperceptible, their sta-

tus as separate species is questioned.

Species of the genus Salmo. All individuals of the genus Salmo exhibited very low inter-

specific distance and could be distinguished only by morphological characters. The maximum

genetic distance across all specimens was 0.0080, with the mean distance being 0.0040 and the

maximum distance in a single species being 0.0070 (S10 Table). The two samples of Salmo far-
ioides Karaman, 1938 from the Evinos and Arachthos Rivers exhibited haplotypes that were

also found in Salmo peristericus Karaman, 1938, while the specimens of Salmo sp. from Nestos

River were not grouped together on the phylogenetic tree but were distributed among the

groups containing the other species (S. farioides, S. peristericus, Salmo lourosensis Delling,

2011) (S10 Fig). The fact that the species of the genus Salmo have diverged recently [79], com-

bined with the translocations of specimens that took place in past decades in Greece [80] and

the ability of these species to hybridize [81], perplex the efficacy of DNA barcoding

identification.

Species of the genus Squalius. Regarding the genus Squalius, the Aoos River population

has been assigned to Squalius platyceps Zupančič, Marić, Naseka & Bogutskaya, 2010 by some

researchers [40,82], while others describe it as Squalius sp. Aoos Kottelat & Freyhof, 2007

[9,72]. On the phylogenetic tree the specimens of Squalius sp. Aoos and S. platyceps (all of

which originated from the Aoos River) were grouped together with the species Squalius pre-
spensis Fowler, 1977 (S11 Fig). The maximum genetic distance found between specimens of

this group was 0.0030 (S10 Table), while the minimum distance between the other species of

the genus ranged from 0.0150 to 0.0930. This means the separation of the Aoos River popula-

tion from S. prespensis is not genetically justified. The genetic similarity of the Squalius popula-

tions from Aoos River and Mikri Prespa and Megali Prespa Lakes is yet another argument in

favor of grouping these locations in the same biogeographical region, the same as in the case of

the Alburnoides populations of these locations.

According to Barbieri et al. [9], Squalius moreoticus (Stephanidis, 1971) is morphologically

indistinguishable from Squalius peloponensis (Valenciennes, 1844). The available DNA bar-

codes for this species originate from Vouraikos River and their genetic distance from the

PLOS ONE DNA barcoding identification of Greek freshwater fishes

PLOS ONE | https://doi.org/10.1371/journal.pone.0263118 January 26, 2022 10 / 21

https://doi.org/10.1371/journal.pone.0263118


available samples of S. peloponensis is less than 0.0200 (S10 Table), while the two species share

haplotypes. S. moreoticus is endemic in Stymphalia Lake, while its presence in Vouraikos river

was mentioned by Kottelat and Freyhof [72]. The genetic data, however, seem to suggest that

the Squalius population of Vouraikos River should be classified as S. peloponensis. To clarify

the status of S. moreoticus and its relationship with S. peloponensis, samples from Stymphalia

Lake need to be analyzed.

3.5 Reassignment of populations to species

The specimens of B. peloponnesius from Arachthos River and certain specimens of B. pelopon-
nesius from Kalamas and Acheloos Rivers (S8 Fig) exhibit maximum genetic distance from

Barbus prespensis Karaman, 1924 equal to 0.0150, which is also the value of the maximum dis-

tance within either group. Excluding the samples of B. peloponnesius mentioned above, the

minimum genetic distance of B. peloponnesius from B. prespensis is 0.0260, which means the

two species were clearly differentiated. The minimum genetic distance between the other spe-

cies of the genus was at least 0.0310 and the maximum intraspecific distance found in them

was 0.0060. This means that based on the genetic distances, the samples of B. peloponnesius
from Arachthos River and certain specimens of B. peloponnesius from Kalamas and Acheloos

Rivers could be assigned to B. prespensis. The expansion of B. prespensis beyond the Prespa

Lakes [83] and its presence in Kalamas River [40] have been described before and our findings

not only seem to confirm this, but also indicated that B. prespensis is present in Arachthos

River instead of B. peloponnesius and that the two species are sympatric in Kalamas and Ache-

loos Rivers. Thus, this case seems to be about reassigning certain populations of one species to

another and not about questioning the status of these species as separate ones.

3.6 Automatic Barcode Gap Discovery (ABGD)

The ABGD analysis was also used as a supplementary methodology to species delimitation

when using molecular data. The ABGD analysis calculated the Barcode Gap distance equal to

0.0090. The samples were grouped into 77 groups, provided in S12 Table. Generally, ABGD

grouping was in accordance with the results obtained when using the threshold of 0.0200 crite-

ria, verifying the existence of cryptic diversity in both cases. Differences are found only in

seven cases, where samples considered as one group by the previous analyses, were split in two

separate groups by ABGD. Six of the cases are groups of the same species that exhibit a barcod-

ing gap, but the mean distance between the two groups is lower than 0.0200 and this is the rea-

son they differ from the previous approach. The genetic distances for the groups of these seven

cases are presented in S13 Table. More specifically, of the seven cases that differ between

ABGD and the previous approach:

Two cases concerned species represented by only two or three samples and they were split

by ABGD in two groups. These are possibly artifacts of the small sample size, and no conclu-

sions can be drawn before more samples are analyzed. This is the case for i) the species Cobitis
meridionalis Karaman, 1924 from Megali Pespa Lake (S3 Fig) and ii) the species Pelasgus pre-
spensis (Karaman, 1924) from Megali Prespa and Mikri Prespa Lakes (S5 Fig).

The rest of the cases can act as indications for isolated groups: i) Samples of Barbus pelopon-
nesius from Kalamas River were considered a separate group from samples of Barbus pelopon-
nesius from Alfeios, Vouraikos and Acheloos Rivers and Barbus euboicus (S8 Fig). ii)

Luciobarbus albanicus (Steindachner, 1870), was separated into two groups, one containing

the samples from Arachthos, Kalamas and one sample from Acheloos Rivers and the other

containing the samples from Pineios (Peloponnese) and Acheloos Rivers (S12 Fig). iii) In

Pachychilon macedonicum (Steindachner, 1892), a single sample from Pineios (Thessaly)
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River, was considered a separate group from all the other samples of the species (S13 Fig). iv)

The samples of the genus Rhodeus were separated in four groups, corresponding exactly to the

four clades of the Rhodeus phylogenetic tree (S9 Fig). v) The samples of Telestes pleurobipunc-
tatus from Kalamas and Acheron Rivers were considered a separate group from the ones from

Arachthos and Louros Rivers (S6 Fig).

In the aforementioned cases there is a barcode gap, but the small genetic distances and the

absence of significant morphological differentiation prevent us from proposing the split into

separate species. ABGD has been found to perform well for mitochondrial DNA [84] and this

is also confirmed by our results. However, it is considered more useful as a tool for the delinea-

tion of species, not by itself, but as part of a broader, integrative taxonomic approach [85]. The

discrepancies in species delineation between ABGD and the approach using the barcode gap

and a threshold of genetic distance could be resolved by the analysis of more samples (espe-

cially in cases where small sample sizes were analyzed), the use of different molecular markers

and the combination of genetic data with other taxonomic approaches like biogeography and

morphology.

3.7 Regions with region specific haplotypes

During the analyses, 22 populations exhibited region-specific haplotypes. These cases were

listed in Table 3. In most of these cases, genetic distances do not justify the designation of

these populations into separate species; they simply seem to be isolated populations. Based on

that, if a sample belongs to certain species, we can define whether it originates from one of

those regions. This demonstrates the potential of DNA barcoding to go a step deeper from the

identification of species. This means that if a sufficient number of individuals from these spe-

cies has been analyzed, (in order to avoid errors due to inadequate sampling), the sequence of

the COI gene could potentially be used not only to assign an individual to species level, but

also to track species geographic origin.

4. Conclusion

The constant increase of available DNA barcodes enables the continuous improvement of

DNA barcoding efficiency and the resolution of previously conflicting or unresolved cases.

Table 3. Populations of species with region specific haplotypes.

Species Region

Alburnoides thessalicus Pineios River (Thessaly)

Alburnoides prespensis Prespes Lakes

Barbus euboicus Euboea

Barbus peloponnesius Alfeios River, Vouraikos River

Cobitis strumicae Strymon River

Gasterosteus sp. Louros River, Acheron River, Aris River

Gobio bulgaricus Filiouris River, Evros River

Pachychilon macedonicum Doirani Lake

Pelasgus sp. Kalamas River, Acheron River, Eurotas River, Alfeios River

Rhodeus amarus Kompsatos River

Salmo farioides Aoos River

Squalius sp. Euboea

Telestes pleurobipunctatus Acheloos River, Alfeios River

Vimba melanops Axios River

https://doi.org/10.1371/journal.pone.0263118.t003
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DNA barcoding combined with traditional classification methods provides a powerful tool for

the identification of species, which has already led to many taxonomic revisions and will con-

tinue to do so, as its use becomes more widespread.

The results of the present study will contribute to the recent efforts to revise the taxonomy of

Greek fish species and clarify their phylogenetic relationships, expanding our knowledge on the

biodiversity of Greece and will thus contribute to the efforts to conserve it. At the same time, we

hope that the new sequences produced will enrich, to an extent, the DNA barcode databases

and prove useful for the overall effort to accurately identify species through genetic markers.

For all the cases of low interspecific distance and lack of barcoding gap, we propose further

study in order to determine whether species separation is justified or whether they could be

characterized as synonym species and could possibly be merged. A large-scale sampling,

including regions not covered in past studies, could help to acquire more DNA barcodes for

each species and at the same time clarify if the unclear cases concern only the populations

from certain regions or the entire expansion range of these species. Additionally, in cases of

closely related or sympatric species, the use of nuclear markers could be used to identify

hybrids and introgression between species. It should be noted that any further study of these

cases should be a collaboration of both geneticists and ichthyologists, as well as biogeography

experts, since their combined effort will make it be easier to produce results and reach safer

conclusions. Since the taxonomic status of many Greek freshwater fish species is still unre-

solved [9], a future revision for some of them, that takes into account genetic information, is

bound to improve the accuracy of DNA barcoding.

Supporting information

S1 Fig. Phylogenetic tree (ML) of all studied species. Sequences of the same species have

been collapsed. On each clade, the bootstrap value is given.

(PNG)

S2 Fig. Phylogenetic tree (ML) of the genus Alburnoides. Samples grouped together during

the analyses are marked with the same color. The circle denotes the sequences recovered from

BOLD, while the circular disk denotes the sequences produced from the present study. For

each sample the species, the area of origin and the BOLD accession number are given.

(PNG)

S3 Fig. Phylogenetic tree (ML) of the genus Cobitis. Samples grouped together during the

analyses are marked with the same color. The circle denotes the sequences recovered from

BOLD, while the circular disk denotes the sequences produced from the present study. For

each sample the species, the area of origin and the BOLD accession number are given. The

groups split by ABGD are signified by brackets.

(PNG)

S4 Fig. Phylogenetic tree (ML) of the genus Gobio. Samples grouped together during the

analyses are marked with the same color. The circle denotes the sequences recovered from

BOLD, while the circular disk denotes the sequences produced from the present study. For

each sample the species, the area of origin and the BOLD accession number are given.

(PNG)

S5 Fig. Phylogenetic tree (ML) of the genus Pelasgus. Samples grouped together during the

analyses are marked with the same color. The circle denotes the sequences recovered from

BOLD, while the circular disk denotes the sequences produced from the present study. For

each sample the species, the area of origin and the BOLD accession number are given. The
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groups split by ABGD are signified by brackets.

(PNG)

S6 Fig. Phylogenetic tree (ML) of the genus Telestes. Samples grouped together during the

analyses are marked with the same color. The circle denotes the sequences recovered from

BOLD, while the circular disk denotes the sequences produced from the present study. For

each sample the species, the area of origin and the BOLD accession number are given. The

groups split by ABGD are signified by brackets.

(PNG)

S7 Fig. Phylogenetic tree (ML) of the genus Alburnus. Samples grouped together during the

analyses are marked with the same color. The circle denotes the sequences recovered from

BOLD, while the circular disk denotes the sequences produced from the present study. For

each sample the species, the area of origin and the BOLD accession number are given.

(PNG)

S8 Fig. Phylogenetic tree (ML) of the genus Barbus. Samples grouped together during the

analyses are marked with the same color. The circle denotes the sequences recovered from

BOLD, while the circular disk denotes the sequences produced from the present study. For

each sample the species, the area of origin and the BOLD accession number are given. The

groups split by ABGD are signified by brackets.

(PNG)

S9 Fig. Phylogenetic tree (ML) of the genus Rhodeus. Samples grouped together during the

analyses are marked with the same color. The circle denotes the sequences recovered from

BOLD, while the circular disk denotes the sequences produced from the present study. For

each sample the species, the area of origin and the BOLD accession number are given. The

groups split by ABGD are signified by brackets.

(PNG)

S10 Fig. Phylogenetic tree (ML) of the genus Salmo. Samples grouped together during the

analyses are marked with the same color. The circle denotes the sequences recovered from

BOLD, while the circular disk denotes the sequences produced from the present study. For

each sample the species, the area of origin and the BOLD accession number are given.

(PNG)

S11 Fig. Phylogenetic tree (ML) containing certain species of the genus Squalius. Samples

grouped together during the analyses are marked with the same color. The circle denotes the

sequences recovered from BOLD, while the circular disk denotes the sequences produced

from the present study. For each sample the species, the area of origin and the BOLD accession

number are given.

(PNG)

S12 Fig. Phylogenetic tree (ML) of the genus Luciobarbus. Samples grouped together during

the analyses are marked with the same color. The circle denotes the sequences recovered from

BOLD, while the circular disk denotes the sequences produced from the present study. For

each sample the species, the area of origin and the BOLD accession number are given. The

groups split by ABGD are signified by brackets.

(PNG)

S13 Fig. Phylogenetic tree (ML) of the genus Pachychilon. Samples grouped together during

the analyses are marked with the same color. The circle denotes the sequences recovered from

BOLD, while the circular disk denotes the sequences produced from the present study. For
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each sample the species, the area of origin and the BOLD accession number are given. The

groups split by ABGD are signified by brackets.
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S1 Table. Samples analyzed and submitted to BOLD during the study. For each sample are

given the species to which it belongs, the BOLD accession number, the ID number with which

the sample can be found in the sample collection and the area of origin.

(XLSX)

S2 Table. Species studied during the study. For each species, the number of sequences pro-

duced during the present study and the number of sequences retrieved from BOLD are given.

(XLSX)

S3 Table. Sequences retrieved from BOLD. For each genus, the BOLD accession number and

the area origin of each sequence is given.

(XLSX)

S4 Table. DNA barcoding success for the studied species. For each species it is reported if it

can be successfully identified by DNA barcoding, the mean intra-specific genetic distance, the

maximum intra-specific genetic distance, and the minimum genetic distance from its closest-

related species of the same genus. In the parentheses is given the standard error of the genetic

distance. Species marked with a are species with mean intra-specific genetic distance greater

than 0.0200 and they are presented in more detail in part 3.3 of the manuscript. Species

marked with b are species with mean genetic distance from their closest-related species of the

same genus lower than 0.0200 and no barcoding gap and they are presented in more detail in

part 3.4 of the manuscript. Species marked with c are species with mean genetic distance from

their closest-related species of the same genus lower than 0.0200 but exhibiting a barcoding

gap and they are presented in more detail in part 3.4 of the manuscript. In the columns report-

ing genetic distances from closest-related species of the same genus (columns 5 and 6), a dash

(-) means the species was the only one studied from this genus.

(XLSX)

S5 Table. Genetic distances between populations of the genus Alburnoides originally iden-

tified as A. bipunctatus. The names correspond to the areas of origin of each group. The mean

genetic distance between the groups is given below the diagonal, the maximum distance within

each group on the diagonal and the minimum distance between groups above the diagonal. In

the parentheses is given the standard error.

(XLSX)

S6 Table. Genetic distances between populations of the genus Cobitis originally identified

as C. strumicae. The names correspond to the areas of origin of each group. The mean genetic

distance between the groups is given below the diagonal, the maximum distance within each

group on the diagonal and the minimum distance between groups above the diagonal. In the

parentheses is given the standard error.

(XLSX)

S7 Table. Genetic distances between populations of the genus Gobio originally identified

as G. bulgaricus. The names correspond to the areas of origin of each group. The mean genetic

distance between the groups is given below the diagonal, the maximum distance within each

group on the diagonal and the minimum distance between groups above the diagonal. In the

parentheses is given the standard error.

(XLSX)

PLOS ONE DNA barcoding identification of Greek freshwater fishes

PLOS ONE | https://doi.org/10.1371/journal.pone.0263118 January 26, 2022 15 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263118.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263118.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263118.s016
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263118.s017
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263118.s018
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263118.s019
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263118.s020
https://doi.org/10.1371/journal.pone.0263118


S8 Table. Genetic distances between populations of the genus Pelasgus originally identified

as Pelasgus spp. The names correspond to the areas of origin of each group. The mean genetic

distance between the groups is given below the diagonal, the maximum distance within each

group on the diagonal and the minimum distance between groups above the diagonal. In the

parentheses is given the standard error.

(XLSX)

S9 Table. Genetic distances between populations of the genus Telestes originally identified

as T. pleurobipunctatus. The names correspond to the areas of origin of each group. The

mean genetic distance between the groups is given below the diagonal, the maximum distance

within each group on the diagonal and the minimum distance between groups above the diag-

onal. In the parentheses is given the standard error.

(XLSX)

S10 Table. Genetic distances between and within species with mean genetic distance lower

than 0.0200. In parentheses, the standard error is given.

(XLSX)

S11 Table. Genetic distances between the two groups of Alburnus sp. Volvi and the group

Alburnus thessalicus–Alburnus macedonicus. The mean genetic distance between the groups

is given below the diagonal, the maximum distance within each group on the diagonal and the

minimum distance between groups above the diagonal. In the parentheses is given the stan-

dard error.

(XLSX)

S12 Table. Results of the ABGD analysis. Each line corresponds to one group of samples, as

defined by ABGD. For each group, the name of all the samples belonging to it are given.

(XLSX)

S13 Table. Genetic distances of species divided by ABGD into additional groups.

(XLSX)

S14 Table. Genetic distances between groups of the genus Rhodeus, as defined by ABGD.

The names correspond to the areas of origin of each group. The mean genetic distance

between the groups is given below the diagonal, the maximum distance within each group on

the diagonal and the minimum distance between groups above the diagonal. In the parenthe-

ses is given the standard error.

(XLSX)

S1 File. Dataset used for the analyses. The dataset includes both sequences produced during

the present study and sequences recovered from BOLD. The name of each sequence includes

the genus and species of the sample, the location of origin and its BOLD accession number.
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16. Frézal L, Leblois R. Four years of DNA barcoding: Current advances and prospects. Infect Genet Evol.

2008; 8(5):727–736. https://doi.org/10.1016/j.meegid.2008.05.005 PMID: 18573351

PLOS ONE DNA barcoding identification of Greek freshwater fishes

PLOS ONE | https://doi.org/10.1371/journal.pone.0263118 January 26, 2022 17 / 21

https://doi.org/10.1126/science.277.5325.500
https://doi.org/10.1126/science.277.5325.500
https://doi.org/10.1890/06-2091.1
http://www.ncbi.nlm.nih.gov/pubmed/18543617
https://doi.org/10.1126/sciadv.1400253
https://doi.org/10.1126/sciadv.1400253
http://www.ncbi.nlm.nih.gov/pubmed/26601195
https://doi.org/10.1126/science.1088666
https://doi.org/10.1126/science.1088666
http://www.ncbi.nlm.nih.gov/pubmed/14615529
https://doi.org/10.2307/1382546
https://doi.org/10.1023/A:1018335901847
https://doi.org/10.1007/s00267-008-9243-y
http://www.ncbi.nlm.nih.gov/pubmed/19145399
https://doi.org/10.1007/s10750-014-1930-5
https://doi.org/10.1098/rstb.2003.1452
http://www.ncbi.nlm.nih.gov/pubmed/15253345
https://doi.org/10.1098/rspb.2002.2218
http://www.ncbi.nlm.nih.gov/pubmed/12614582
https://doi.org/10.1111/j.1471-8286.2007.01678.x
http://www.ncbi.nlm.nih.gov/pubmed/18784790
https://doi.org/10.1016/j.meegid.2008.05.005
http://www.ncbi.nlm.nih.gov/pubmed/18573351
https://doi.org/10.1371/journal.pone.0263118


17. Armenise L, Simeone MC, Piredda R, Schirone B. Validation of DNA barcoding as an efficient tool for

taxon identification and detection of species diversity in Italian conifers. Eur J For Res. 2012; 131

(5):1337–1353. https://doi.org/10.1007/s10342-012-0602-0

18. Ghahramanzadeh R, Esselink G, Kodde LP, Duistermaat H, Valkenburg JLCH van, Marashi SH, et al.

Efficient distinction of invasive aquatic plant species from non-invasive related species using DNA bar-

coding. Mol Ecol Resour. 2013; 13(1):21–31. https://doi.org/10.1111/1755-0998.12020 PMID:

23039943

19. Mishra P, Kumar A, Nagireddy A, Mani DN, Shukla AK, Tiwari R, et al. DNA barcoding: an efficient tool

to overcome authentication challenges in the herbal market. Plant Biotechnol J. 2016; 14(1):8–21.

https://doi.org/10.1111/pbi.12419 PMID: 26079154

20. Becker S, Hanner R, Steinke D. Five years of FISH-BOL: Brief status report. Mitochondrial DNA. 2011;

22(sup1):3–9. https://doi.org/10.3109/19401736.2010.535528 PMID: 21271850

21. Hajibabaei M, Singer GAC, Hebert PDN, Hickey DA. DNA barcoding: how it complements taxonomy,

molecular phylogenetics and population genetics. Trends Genet. 2007; 23(4):167–172. https://doi.org/

10.1016/j.tig.2007.02.001 PMID: 17316886

22. Hebert PDN, Penton EH, Burns JM, Janzen DH, Hallwachs W. Ten species in one: DNA barcoding

reveals cryptic species in the neotropical skipper butterfly Astraptes fulgerator. Proc Natl Acad Sci.

2004; 101(41):14812–14817. https://doi.org/10.1073/pnas.0406166101 PMID: 15465915

23. Carvalho DC, Neto DAP, Brasil BSAF, Oliveira DAA. DNA barcoding unveils a high rate of mislabeling

in a commercial freshwater catfish from Brazil. Mitochondrial DNA. 2011; 22(sup1):97–105. https://doi.

org/10.3109/19401736.2011.588219 PMID: 21707317

24. Galimberti A, De Mattia F, Losa A, Bruni I, Federici S, Casiraghi M, et al. DNA barcoding as a new tool

for food traceability. Food Res Int. 2013; 50(1):55–63. https://doi.org/10.1016/j.foodres.2012.09.036

25. Wallace LJ, Boilard SMAL, Eagle SHC, Spall JL, Shokralla S, Hajibabaei M. DNA barcodes for every-

day life: Routine authentication of Natural Health Products. Food Res Int. 2012; 49(1):446–452. https://

doi.org/10.1016/j.foodres.2012.07.048

26. Taberlet P, Coissac E, Pompanon F, Brochmann C, Willerslev E. Towards next-generation biodiversity

assessment using DNA metabarcoding. Mol Ecol. 2012; 21(8):2045–2050. https://doi.org/10.1111/j.

1365-294X.2012.05470.x PMID: 22486824

27. Valentini A, Taberlet P, Miaud C, Civade R, Herder J, Thomsen PF, et al. Next-generation monitoring of

aquatic biodiversity using environmental DNA metabarcoding. Mol Ecol. 2016; 25(4):929–942. https://

doi.org/10.1111/mec.13428 PMID: 26479867

28. Hebert PDN, Stoeckle MY, Zemlak TS, Francis CM. Identification of birds through DNA barcodes.

PLoS Biol. 2004; 2(10):e312. https://doi.org/10.1371/journal.pbio.0020312 PMID: 15455034

29. Ward RD, Zemlak TS, Innes BH, Last PR, Hebert PDN. DNA barcoding Australia’s fish species. Philos

Trans R Soc Lond B Biol Sci. 2005; 360(September):1847–1857. https://doi.org/10.1098/rstb.2005.

1716 PMID: 16214743

30. Meyer CP, Paulay G. DNA barcoding: Error rates based on comprehensive sampling. PLoS Biol. 2005;

3(12):1–10. https://doi.org/10.1371/journal.pbio.0030422 PMID: 16336051

31. Barrett RDH, Hebert PDN. Identifying spiders through DNA barcodes. Can J Zool. 2005; 83:481–491.

https://doi.org/10.1139/z05-024

32. Janzen DH, Hajibabaei M, Burns JM, Hallwachs W, Remigio E, Hebert PDN. Wedding biodiversity

inventory of a large and complex Lepidoptera fauna with DNA barcoding. Philos Trans R Soc B Biol Sci.

2005; 360(1462):1835–1845. https://doi.org/10.1098/rstb.2005.1715 PMID: 16214742

33. Ward RD, Hanner R, Hebert PDN. The campaign to DNA barcode all fishes, FISH-BOL. J Fish Biol.

2009; 74(2):329–356. https://doi.org/10.1111/j.1095-8649.2008.02080.x PMID: 20735564

34. Hubert N, Hanner R, Holm E, Mandrak NE, Taylor E, Burridge M, et al. Identifying Canadian freshwater

fishes through DNA barcodes. PLoS ONE. 2008; 3(6):e2490. https://doi.org/10.1371/journal.pone.

0002490 PMID: 22423312

35. April J, Mayden RL, Hanner RH, Bernatchez L. Genetic calibration of species diversity among North

America’s freshwater fishes. Proc Natl Acad Sci U S A. 2011; 108(26):10602–10607. https://doi.org/10.

1073/pnas.1016437108 PMID: 21670289

36. Mabragaña E, de Astarloa JMD, Hanner R, Zhang J, Castro M. DNA barcoding identifies Argentine

fishes from marine and brackish waters. PLoS ONE. 2011; 6(12): e28655. https://doi.org/10.1371/

journal.pone.0028655 PMID: 22174860

37. Nwani CD, Becker S, Braid HE, Ude EF, Okogwu OI, Hanner R. DNA barcoding discriminates freshwa-

ter fishes from southeastern Nigeria and provides river system-level phylogeographic resolution within

some species. Mitochondrial DNA. 2011; 22(S1):43–51. https://doi.org/10.3109/19401736.2010.

536537 PMID: 21406042

PLOS ONE DNA barcoding identification of Greek freshwater fishes

PLOS ONE | https://doi.org/10.1371/journal.pone.0263118 January 26, 2022 18 / 21

https://doi.org/10.1007/s10342-012-0602-0
https://doi.org/10.1111/1755-0998.12020
http://www.ncbi.nlm.nih.gov/pubmed/23039943
https://doi.org/10.1111/pbi.12419
http://www.ncbi.nlm.nih.gov/pubmed/26079154
https://doi.org/10.3109/19401736.2010.535528
http://www.ncbi.nlm.nih.gov/pubmed/21271850
https://doi.org/10.1016/j.tig.2007.02.001
https://doi.org/10.1016/j.tig.2007.02.001
http://www.ncbi.nlm.nih.gov/pubmed/17316886
https://doi.org/10.1073/pnas.0406166101
http://www.ncbi.nlm.nih.gov/pubmed/15465915
https://doi.org/10.3109/19401736.2011.588219
https://doi.org/10.3109/19401736.2011.588219
http://www.ncbi.nlm.nih.gov/pubmed/21707317
https://doi.org/10.1016/j.foodres.2012.09.036
https://doi.org/10.1016/j.foodres.2012.07.048
https://doi.org/10.1016/j.foodres.2012.07.048
https://doi.org/10.1111/j.1365-294X.2012.05470.x
https://doi.org/10.1111/j.1365-294X.2012.05470.x
http://www.ncbi.nlm.nih.gov/pubmed/22486824
https://doi.org/10.1111/mec.13428
https://doi.org/10.1111/mec.13428
http://www.ncbi.nlm.nih.gov/pubmed/26479867
https://doi.org/10.1371/journal.pbio.0020312
http://www.ncbi.nlm.nih.gov/pubmed/15455034
https://doi.org/10.1098/rstb.2005.1716
https://doi.org/10.1098/rstb.2005.1716
http://www.ncbi.nlm.nih.gov/pubmed/16214743
https://doi.org/10.1371/journal.pbio.0030422
http://www.ncbi.nlm.nih.gov/pubmed/16336051
https://doi.org/10.1139/z05-024
https://doi.org/10.1098/rstb.2005.1715
http://www.ncbi.nlm.nih.gov/pubmed/16214742
https://doi.org/10.1111/j.1095-8649.2008.02080.x
http://www.ncbi.nlm.nih.gov/pubmed/20735564
https://doi.org/10.1371/journal.pone.0002490
https://doi.org/10.1371/journal.pone.0002490
http://www.ncbi.nlm.nih.gov/pubmed/22423312
https://doi.org/10.1073/pnas.1016437108
https://doi.org/10.1073/pnas.1016437108
http://www.ncbi.nlm.nih.gov/pubmed/21670289
https://doi.org/10.1371/journal.pone.0028655
https://doi.org/10.1371/journal.pone.0028655
http://www.ncbi.nlm.nih.gov/pubmed/22174860
https://doi.org/10.3109/19401736.2010.536537
https://doi.org/10.3109/19401736.2010.536537
http://www.ncbi.nlm.nih.gov/pubmed/21406042
https://doi.org/10.1371/journal.pone.0263118


38. Hubert N, Kadarusman, Wibowo A, Busson F, Caruso D, Sulandari S, et al. DNA Barcoding Indonesian

freshwater fishes: challenges and prospects. DNA Barcodes. 2015; 3(1): 144–169. https://doi.org/10.

1515/dna-2015-0018

39. Chen W, Ma X, Shen Y, Mao Y, He S. The fish diversity in the upper reaches of the Salween River,

Nujiang River, revealed by DNA barcoding. Sci Rep. 2015; 5(1):17437. https://doi.org/10.1038/

srep17437 PMID: 26616046

40. Geiger MF, Herder F, Monaghan MT, Almada V, Barbieri R, Bariche M, et al. Spatial heterogeneity in

the mediterranean biodiversity hotspot affects barcoding accuracy of its freshwater fishes. Mol Ecol

Resour. 2014; 14(6):1210–1221. https://doi.org/10.1111/1755-0998.12257 PMID: 24690331

41. Knebelsberger T, Dunz AR, Neumann D, Geiger MF. Molecular diversity of Germany’s freshwater

fishes and lampreys assessed by DNA barcoding. Mol Ecol Resour. 2015; 15(3):562–572. https://doi.

org/10.1111/1755-0998.12322 PMID: 25186809

42. Triantafyllidis A, Bobori D, Koliamitra C, Gbandi E, Mpanti M, Petriki O, et al. DNA barcoding analysis of

fish species diversity in four north Greek lakes. Mitochondrial DNA. 2011; 22(1):37–42. https://doi.org/

10.3109/19401736.2010.542242 PMID: 21261496

43. CEN—EN 14011—Water quality—Sampling of fish with electricity. Brussels: European Committee for

Standardization;2003.

44. CEN—EN 14757—Water quality—Sampling of fish with multi-mesh gillnets. Brussels: European Com-

mittee for Standardization;2005.

45. Hillis DM, Moritz C, Mable BK. Molecular Systematics. 2nd ed. Sunderland: Sinauer Associates;

1996.

46. Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al. Geneious Basic: An inte-

grated and extendable desktop software platform for the organization and analysis of sequence data.

Bioinformatics. 2012; 28(12):1647–1649. https://doi.org/10.1093/bioinformatics/bts199 PMID:

22543367

47. Kumar S, Stecher G, Tamura K. MEGA7: Molecular Evolutionary Genetics Analysis version 7.0 for big-

ger datasets. Mol Biol Evol. 2016; 33(7):msw054. msw054. https://doi.org/10.1093/molbev/msw054

PMID: 27004904

48. Felsenstein J. Evolutionary trees from DNA sequences: A maximum likelihood approach. J Mol Evol.

1981; 17(6):368–376. https://doi.org/10.1007/BF01734359 PMID: 7288891

49. Kimura M. A simple method for estimating evolutionary rates of base substitutions through comparative

studies of nucleotide sequences. J Mol Evol. 1980; 16(2):111–120. https://doi.org/10.1007/

BF01731581 PMID: 7463489

50. Hedges SB. The number of replications needed for accurate estimation of the bootstrap P value in phy-

logenetic studies. Mol Biol Evol. 1992; 9(2):366–369. https://doi.org/10.1093/oxfordjournals.molbev.

a040725 PMID: 1560769

51. Hillis DM, Bull JJ. An Empirical Test of Bootstrapping as a Method for Assessing Confidence in Phyloge-

netic Analysis. Syst Biol. 1993; 42(2):182–192. https://doi.org/10.1093/sysbio/42.2.182

52. Ward RD. DNA barcode divergence among species and genera of birds and fishes. Mol Ecol Resour.

2009; 9(4):1077–1085. https://doi.org/10.1111/j.1755-0998.2009.02541.x PMID: 21564845

53. Pereira LHG, Hanner R, Foresti F, Oliveira C. Can DNA barcoding accurately discriminate megadiverse

Neotropical freshwater fish fauna? BMC Genet. 2013; 14:20. https://doi.org/10.1186/1471-2156-14-20

PMID: 23497346

54. Candek K, Kuntner M. DNA barcoding gap: Reliable species identification over morphological and geo-

graphical scales. Mol Ecol Resour. 2015; 15(2):268–277. https://doi.org/10.1111/1755-0998.12304

PMID: 25042335

55. Hickerson MJ, Meyer CP, Moritz C. DNA barcoding will often fail to discover new animal species over

broad parameter space. Syst Biol. 2006; 55(5):729–739. https://doi.org/10.1080/10635150600969898

PMID: 17060195

56. Meier R, Zhang G, Ali F. The use of mean instead of smallest interspecific distances exaggerates the

size of the “barcoding gap” and leads to misidentification. Syst Biol. 2008; 57(5):809–813. https://doi.

org/10.1080/10635150802406343 PMID: 18853366

57. Puillandre N, Lambert A, Brouillet S, Achaz G. ABGD, Automatic Barcode Gap Discovery for primary

species delimitation. Mol Ecol. 2012; 21(8):1864–77. https://doi.org/10.1111/j.1365-294X.2011.05239.

x PMID: 21883587

58. Hebert PDN, Gregory TR, Savolainen V. The Promise of DNA Barcoding for Taxonomy. Syst Biol.

2005; 54(5):852–859. https://doi.org/10.1080/10635150500354886 PMID: 16243770
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