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Abstract

In this study, we provide a first estimation of the molecular diversity of the freshwater fishes
of Georgia. In addition to field collections, we integrated DNA barcode data obtained from
recent works and public databases (BOLD and NCBI GenBank). Currently, the DNA
barcode reference library for freshwater fishes of Georgia comprises 352 DNA barcodes for
50 species, 36 genera and 15 families (52% of total Georgian freshwater fish diversity),
from which 162 DNA barcodes belonging to 41 species were newly generated as part of
this study. A total of 22 species are reported from the Caspian Sea basin and 31 from the
Black Sea basin. Amongst the studied taxa, seven species were found with large
interspecific divergences (> 2%) while 11 species were found to share DNA barcodes
within our dataset. In the course of the study, we found the first evidence of the existence
of Gymnocephalus cernua (Linnaeus, 1758) and also confirm the second occurrence of
invasive Rhinogobius lindbergi (Berg, 1933) in Georgia. Based on the evaluation of
currently-available barcode data for Georgian fishes, we highlighted major gaps and
research needs to further progress DNA-based biodiversity studies in Georgia. Though this
study lays a solid base for DNA, based biodiversity assessment and monitoring
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approaches, further efforts within the recently started CaBOL (Caucasus Barcode Of Life)
project are needed to obtain reference data for the species still lacking DNA barcodes.
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Introduction

Around 15000 freshwater fish species are known worldwide (Tedesco et al. 2017).
Unfortunately, many species are under threat of extinction due to heavy anthropogenic
pressures, such as over-exploitation, pollution, habitat degradation and loss or invasive
species (Dudgeon et al. 2007, Collen et al. 2013). Therefore, monitoring of freshwater
ecosystems and their species is important for conservation planning (Dudgeon et al. 2007).
The Caucasus region (and Georgia as a part thereof) is a biodiversity hotspot (Myers et al.
2000) and characterised by high diversity of landscape types and ecosystems, as well as
high levels of endemism approaching up to 90% in some taxa (e.g. gastropods (Walther et
al. 2014, Grego et al. 2020), millipedes (Kokhia and Golovatch 2018) etc). This is due to
long-term and uninterrupted development of biodiversity in the Great and Lesser
Caucasus, parts of which are suggested as plio-pleisotecene refugial areas (thus
Promethean treasure) (Tarkhnishvili et al. 2012). At the same time, diversity of freshwater
organisms in the Caucasus region remains poorly studied, including fishes and their
distribution (Kuljanishvili et al. 2020, Mumladze et al. 2020). Unfortunately, poaching and
habitat destruction (in situ gravel mining, hydropower plant constructions) threaten the
endangered biota with extinction (Kuljanishvili et al. 2020, Freyhof et al. 2015). The
situation is even more critical as some habitats in Georgia, such as the Rioni River, are
acting as the world’s last refuge and spawning areas for critically-endangered sturgeons (
Acipenser sturio, A. gueldenstaedtii, A. nudiventri, A. persicus, A. stellatus and Huso huso)
(Bacalbaa-Dobrovici and Holik 2000, Guchmanidze 2012, Kuljanishvili et al. 2020).

Broadly, the Georgian ichthyofauna can be divided into the eastern Black Sea and Caspian
Sea basins. According to Abell et al. (2008), Naseka (2010), within the political borders of
Georgia, however, three biogeographic regions exist: A) Black Sea basin, which is
separated from east Georgia by the Likhi and Meskheti ridges and covering the whole
territory of west Georgia; B) Kura basin and C) Terek basin in the northern part of the
country, which is separated from the Kura basin by the Greater Caucasus Mountain Range

(Fig. 1).

Since the late eighteenth century, industrial and economic developments have led to
severe environmental changes in the whole Caucasus region (Davtyan 2014, Freyhof et al.
2015), similar to other parts of the world (Smith et al. 1999). Since freshwater ecosystems
are particularly sensitive and vulnerable to alterations in (gravel mining, hydropower plants)
and adjacent to (land use) the water body (Allan and Flecker 1993), negative impacts on
the ichthyofauna have likely occurred, but have never been scientifically evaluated. This is
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also due to a general data deficiency concerning the whole freshwater realm of the region
(Mumladze et al. 2020). Along with taxonomic uncertainties in some species, major gaps
still exist in the accurate knowledge of species’ distribution ranges within the Georgian
inland waters, while no local conservation assessments exist for any freshwater fish
species (Kuljanishvili et al. 2020). The highly-threatened group of sturgeons (Acipenser
spp.), for example, have never been officially assessed in Georgia and only the
international IUCN status is known. The Red List data for Georgian fishes are inherited
from the Soviet time and thus outdated in many aspects. A new regional assessment,
based on the IUCN system, is not yet available. Thus, the extent and magnitude of past
disturbance or ongoing threats (such as habitat degradation, poaching, pollution and
invasive species) to Georgian freshwater fishes remains largely unknown.
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Figure 1. [ doi
Map of Georgia (based on Google Earth Pro 7.3), showing main watersheds and river basins
(delimited by shaded colours) and annotated with sampling localities (white circles).

Along with traditional faunistic assessments, molecular genetic tools (such as DNA
barcoding) have emerged as an important aid to deal with uncertainties related to
taxonomy, species boundaries or cryptic diversity and have helped to enable innovative
and efficient ways of biomonitoring (Hebert et al. 2003, Waugh 2007Hajibabaei 2012,
Leese et al. 2018). DNA barcoding is a method to identify species via short, standardised
and easily-obtainable DNA fragments (Hebert et al. 2003, Bhattacharya et al. 2015, Lakra
et al. 2015, Bingpeng et al. 2018). This method is not only limited to identifying specimens,
but can also help to screen unrecognised species diversity (Barman et al. 2018).

The important step for DNA barcoding to be useful in biodiversity study/monitoring, is to
develop a DNA barcode library for a particular taxa or area. The successful completion of
this step, however, requires the integration of traditional taxonomic expert knowledge and
DNA technology. While traditional taxonomic expertise (not only in ichthyology), based on
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academic training, has been largerly neglected in Georgia, as well as in many other
countries — part of the phenomenon known as the ‘taxonomic impediment (e.g.
Giangrande 2003) — DNA-based technologies for biodiversity inventories and research
are gathering momentum in Georgia and can still provide new insights into freshwater fish
diversity (Japoshvili et al. 2013, Ninua et al. 2018, Levin et al. 2018, Levin et al. 2019,
Japoshvili et al. 2020). As a result, new, yet not fully exploited DNA-based information on
Georgian fish diversity and their distribution has accumulated in recent years. Therefore,
the aim of our work was to contribute to the development of a DNA barcode reference
library for Georgian freshwater fishes and to summarise the current state of knowledge.
We thus establish the starting point for DNA-based biodiversity evaluation and monitoring
efforts of freshwater fishes of the Southern Caucasus region. The presented data will
further aid in identifying taxonomically-interesting cases that need to be solved in the
future.

Materials and methods

Data collection and DNA barcoding

In July 2018 and July 2019, concerted collecting activities (BioBlitzes) were organised by
the llia State University - ISU (Georgia) and the Zoologisches Forschungsmuseum
Alexander Koenig - ZFMK (Germany) in the Kintrishi areas in Western Georgia (N41.76
E42.02) and in the Kazbegi region in Northern Georgia (N42.65 E44.64), respectively
(Thormann et al. 2019). During these events, fish sampling campaigns (permissions:
#5615/01, #21/824 and #3875 — 2018/2019 issued by Ministry of Environmental Protection
and Agriculture of Georgia) have been conducted in the Kintrishi and Terek River basins
via electrofishing (device EFGI-650, http://www.electric-fishing.de) and frame net. After
anaesthesia with MS-222 of a subsample of the collected fishes, a fin-clip was taken and
stored in 99.9% molecular grade ethanol and specimens were fixed in 5-7% formaldehyde
or, alternatively, specimens were directly fixed in 99% molecular grade ethanol. In addition,
material collected in different areas (Fig. 1) prior to the above-mentioned activities was
included (see Suppl. material 1). All specimens were identified to species level using
standard morphological characters (e.g. Kottelat and Freyhof (2007)) and tissue samples
of selected specimens submitted to DNA barcoding routines at ZFMK.

Genomic DNA was extracted from sub-samples using a BioSprint96 magnetic bead
extractor (Qiagen, Hilden, Germany). PCRs, targeting the standard DNA barcode region
COl, were carried out in 20 pl reaction volumes including 2 pl undiluted DNA template, 0.8
pl of each primer (10 pmol/ul; LCO1490-JJ: 5-CHACWAAYCATAAAGATATYGG-3" and
HCO02198-JJ: 5" AWACTTCVGGRTGVCCAAARAATCA-3’, (Astrin and Stluben 2008)), 2 pl
‘Q-Solution’ and 10 pl ‘Multiplex PCR Master Mix’ (Qiagen, Hilden, Germany). Thermal
cycling was performed on GeneAmp PCR System 2700 machines (Applied Biosystems,
Foster City, CA, USA) as follows: hot start Taq activation: 15 min at 95°C; first cycle set (15
repeats): 35 s denaturation at 94°C, 90 s annealing at 55°C (-0.2°C/cycle, ‘touch down’)
and 90 s extension at 72°C. Second cycle set (25 repeats): 35 s denaturation at 94°C, 90 s
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annealing at 50°C and 90 s extension at 72°C; final elongation 10 min at 72°C. Purification
of PCR products and bidirectional sequencing was conducted at either BGI (Hong Kong,
China) or Macrogen Europe Laboratories using the amplification primers. Voucher
specimens are kept in the Ichthyological collections at ISU and ZFMK. Extracted genomic
DNA is deposited in the ZFMK Biobank.

Data processing

Data processing and sequence assembly was done with the software Geneious Pro v.7
(Drummond et al. 2011) and the Muscle algorithm (Edgar 2004) was used to align the DNA
barcodes after manually screening for indels or stop codons. All newly-generated DNA
sequences with acceptable quality (with less than 1% ambiguous bases and free of stop
codons) were submitted to the Barcode of Life Datasystem (BOLD, http:/
v4.boldsystems.org/), including relevant metadata where they were automatically assigned
Barcode Index Numbers (BINs). They can be accessed via the public dataset “Georgian
Freshwater Fishes” (DS-GGBCPIS).

In addition to the newly-generated DNA barcodes, we included all BOLD-deposited DNA
barcodes that originated from Georgia. Sequences from the BOLD database were included
in our dataset if the specimen metadata explicitly stated the origin of the sample and
provided geo-referenced data (Suppl. material 1). Subsequently, the BOLD v4 tools
evaluated sequence divergence and relationships between and within taxa, based on
uncorrected p-distance. A Neighbour-Joining tree (based on K2P distances) with 1000
bootstrap replicates was constructed to investigate congruence between morphological
identity and genetic relationships. Analyses were performed using MEGA X software
(Kumar et al. 2018) and statistical tools provided by BOLD Systems (Ratnasingham and
Hebert 2007).

Results and discussion

DNA barcodes of 352 individuals representing 50 species, 36 genera and 15 families (52%
of Georgian freshwater fish diversity) are currently available for Georgian fishes. From
these, 162 COI sequences were newly generated for this study, through the GGBC
(Georgian-German Biodiversity Center) initiative, 153 were contributed through the
FREDIE (Freshwater Diversity Distribution for Europe) project (https://www.fredie.eu/), 19
sequences stem from the "Russian Freshwater Fishes" project on BOLD and 18 DNA
barcodes were mined from GenBank through BOLD. In the final dataset of all 352
barcodes, the length of the COIl sequences was, on average, 648 base pairs (minimum
465 and maximum 658) including no stop codons, insertions or deletions. A total of 82
positions out of 658 (13%) were variable, from which 60 positions (9%) were diagnostically
informative. On average, nucleotide base frequency (A-24.47%, C-27.67%, G-18.56%,
T-29.29%) and GC content (46.24%) were well within the range known for fishes (see, for
example, Bingpeng et al. (2018)). Distance summary statistics are provided in Table 1,
showing significant changes of average p-distance amongst family, genus and species
level.
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Table 1.

Summary table of K2P genetic distances within the different taxonomic levels derived from 349
specimens analysed. The list of studied species is provided in Suppl. material 1

Label N Taxa Comparisons Min Dist (%)  Mean Dist (%) Max Dist (%) S.E.
Within Species 349 50 1835 0.00 0.33 2.46 0.01
Within Genera 253 13 1268 0.00 41 9.54 0.00
Within Families 295 5 21804 4.00 16.1 27.98 0.00

Amongst the 50 barcoded species, 26 were represented by more than four sequences in
the dataset allowing intraspecific distance estimates (Fig. 2; Suppl. material 2). The highest
number of barcodes per genus was reached for the genus Alburnoides with two species: A.
fasciatus (24 barcodes) and A. eichwaldii (12 barcodes), followed by the genus Barbus
represented also by two species: B. rionicus (23 barcodes) and B. cyri (12 barcodes). Most
species however, are represented by less than 10 DNA barcodes. Two species,
Romanogobio macropterus and Oncorhynchus mykiss are represented by a single DNA
barcode. Summarised information on barcoded specimens for each species, intraspecific
distances and nearest neighbours according to the ‘Barcode Gap Analysis’ tool available in
BOLD Systems are provided in Suppl. material 2. The full Neighbour-Joining tree, including
all specimens (Fig. 3), resolved almost all morphological species as unique clusters in
congruence with morphological species identification. However, three of the genera (
Chondrostoma, Gobio, Salmo) showed complicated sequence relationships where
maximum within-species distances were larger than the minimum between-species
distances amongst the congenerics (Suppl. material 2), with also low bootstrap support for
species level clusters on the tree (Fig. 3).
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Figure 2. E&

Barcode frequency distribution for Georgian fish species in a BOLD System at the time of
writing.
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Due to small interspecific genetic distances (i.e. distance to nearest neighbour), several
species were not predicted to be separate taxa by barcode gap analyses. For instance,
nearest-neighbour distances for species belonging to Salmo, Barbus, Capoeta,
Chondrostoma, Gobio and Squalius, showed < 2% divergence, indicating a possible need
for re-evaluating species limits. As an example, all three specimens from Natanebi and
Supsa rivers (Western Georgia, Black Sea Basin), which were identified as Gobio
artvinicus (sequence IDs in BOLD: EUFWF3080-18; EUFWF3079-18; EUFWF4984-19)
according to Turan et al. (2016), though are represented as a separate cluster in the COI
cladogram Fig. 3, have near-zero divergence with the G. caucasicus (23 specimens from
Kura River - Caspian Sea Basin). This might be considered as a result of geographic
divergence between populations rather than attributing the populations to different species.
Thus, additional integrative taxonomic investigation could help to solve the systematics of
the genus Gobio in Georgia. Though the species of some of those genera (Salmo, Barbus,
Gobio) were (re)evaluated as valid species relatively recently (Turan et al. 2016, Ninua et
al. 2018, Aksu and Bektas 2019, Levin et al. 2019, Kuljanishvili et al. 2020), increasing the
sampling (adding both species-level taxa and barcodes per species) and geographic
coverage is necessary to develop an effective barcode library.

Seven species (Chondrostoma cyri, Rutilus lacustris, Alburnus derjugini, Phoxinus
colchicus, Oxynoemacheilus sp., Neogobius fluviatilis and Proterorhinus nasalis) (Fig. 4)
showed maximum interspecific divergence larger than 2% (p-distance) pointing them out
as interesting subjects for further in-depth studies. All these species await additional
studies to clarify their taxonomic positions. The genera Chondrostoma, Rutilus, Alburnus,
Neogobius and Oxynoemacheilus are diverse (i.e. more than two species according to
Kuljanishvili et al. (2020)) in the Caucasus region for which unambiguous systematics, as
well as detailed distribution of separate species or genetic profiling, is still lacking. For
instance, Kuljanishvili et al. (2020) assume the occurrence of four species of Rutilus in the
South Caucasus. However, a study, based on the Cytochrome b marker by Levin et al.
(2017), suggests the possibility that only a single genetically-highly polymorphic R.
lacustris occurs in the Caucasus region. Likewise, the systematics of Caucasian species
and genera of Gobiidae and Nemacheilidae are amongst the most confusing, as already
pointed out by Kuljanishvili et al. (2020). For these taxa, our COIl barcode dataset is
insufficient in order to draw meaningful conclusions; however, large intraspecific distances
further indicate possible yet undescribed diversity within these taxa. For instance,
regionally monospecific genera with high intraspecific genetic distances, such as Phoxinus
and Proterorhinus, are interesting taxa that might be represented by genetically deeply-
structured populations (if not cryptic species complexes) associated with Black vs Caspian
Sea basins.

Loaches of the genus Oxynoemacheilus from the Black Sea basin have recently been
studied including the description of a new species — O. cemali — from the Coruh river
drainage (Turan et al. 2019). The Coruh enters the Black Sea near Batumi in Georgia
about 70 km south of the Rioni River mouth. We therefore compared the DNA barcodes
made available by Turan et al. (2019) to the newly-generated COI sequences, also to test
whether there is molecular support for the Rioni loach belonging to O. cemali. The
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comparison showed that the Rioni Oxynoemacheilus (Fig. 4) is genetically closer to O.
brandtii from the Kura River (7.5% min. K2P distance) than to the presumably also
Georgian O. cemali (11.9% min. K2P distance). It is, therefore, highly unlikely that the Rioni
loach belongs to one of the two species (Fig. 5). As the taxonomic status of
Oxynoemacheilus species in the study area is only partially understood (e.g. O. angorae
alasanicus, O. bergi, O. brandti gibbusnazus or O. lenkoranensis — see Kuljanishvili et al.
(2020)), further studies with larger series of adult specimens are needed to address these
issues and allow taxonomic sound examinations and conclusions.

Figure 4. E1
Sample of taxa studied in this article and their habitats. A - Neogobius fluviatilis (downstream
of Kintrishi River); B - Phoxinus colchicus (Kintrishi River, close to river mouth); C -
Oxynoemacheilus sp. (Lajanuri River - right tributary of Rioni river).

DNA barcoding confirmed for the first time an occurrence of Gymnocephalus cernua
(Linnaeus, 1758) and contributed the second record of alien Rhinogobius lindbergi (Berg,
1933) in Georgia. The former species has never been considered to occur in the country
(Elanidze 1983, Ninua and Japoshvili 2008, Kuljanishvili et al. 2020), but is abundant in the
adjacent northern Caucasus area (Kottelat and Freyhof 2007). Possibly, the species
currently extends its range to the Southern Caucasus, although reports from fishermen are
lacking. As the species is a strong invader and has drastically expanded its range over the
last decades (e.g. to the North American Great Lakes, where it possibly poses a threat to
their endemic fish fauna (Gunderson et al. 1998, Newman 1999), monitoring its status in
Georgia is recommended. Rhinogobius lindbergi was recently first reported from Georgia
as an alien species (Japoshvili et al. 2020). Our data confirm the finding and further
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indicates the widespread distribution of this species in eastern Georgia as already
supposed by Japoshvili et al. (2020). The likely introduction pathways or vectors for this
species are currently unknown. The direct migration from southern Caspian rivers is
probably impossible due to impermeable barriers at the Mingachevir reservoir. Accordingly,
R. lindbergi have been introduced in eastern Georgian rivers by humans, most probably
unintentionally.
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Maximum Likelihood estimation of the phylogenetic relationships of Oxynoemacheilus
loaches, based on the mitochondrial COI barcode region (Kimura 2-parameter model, discrete
Gamma distribution for rate differences with three categories + G parameter = 0.0610).
Nucleotide positions with less than 95% site coverage were eliminated, resulting in 637
analysed positions. Numbers near nodes indicate bootstrap support values from 1000
pseudoreplicates. The tree is drawn to scale, with branch lengths measured in the number of
substitutions per site. The analysis includes 45 nucleotide sequences taken from Turan et al.
(2019) (for asterisked species, NCBI GenBank accession numbers are given in Suppl.
material 3) of this study.

Conclusions

Georgia, as part of the Caucasus and Irano-Anatolian biodiversity hotspots, is
distinguished by its unique biodiversity and rich freshwater resources, which have been
strongly impacted by anthropogenic pressure throughout the 20™ century until the present.
During the Soviet time, large-scale industrial projects presumably had a strong influence on
the Georgian biodiversity and especially on the freshwater fauna. An example of this is the
construction of the Mingachevir Dam in Azerbaijan which acted as an insurmountable
obstacle for anadromous fishes such as sturgeons, Caspian lampreys and salmon
(Kuljanishvili et al. 2020). As a result, these species (in particular, lampreys and sturgeons)
lost the spawning areas in the whole upper Kura basin. In addition, from the 1930s to
1980s, alien species were introduced intentionally or accidentally to Georgia, such as gibel
carp and topmouth gudgeon (Ninua and Japoshvili 2008, Japoshvili et al. 2013,
Kuljanishvili et al. 2020). Although large industrial projects were halted with the collapse of
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the Soviet Union, the recent extensive development of small and medium-sized
hydropower plants in Georgia will presumably have negative impacts on the local
freshwater biodiversity. In addition, illegal fishing, range expansion of non-native species,
water pollution and habitat modification will alter the population dynamics and distribution
of most native freshwater fishes of Georgia, including rare, endemic and especially
anadromous species. Given these expectations, intensive study and monitoring of fishes is
highly recommended to estimate population changes and species distribution and for
subsequent planning of conservation activities and mitigation of irreversible diversity loss.
The fastest and perhaps most cost-effective tools in this regard will be methods based on
DNA barcoding (Kress et al. 2015). However, our study shows that the number of reference
barcodes available for Georgian fishes is not yet sufficient to implement full-scale fish
diversity monitoring programmes. Indeed, the barcodes of nearly 50% of Georgian fish
species are not yet available. This is mainly due to the limited financial/human resources to
investigate the fish diversity on one hand and also due to poor museum collections
available for Georgian fishes. For example, the largest fish collection kept in the Georgian
National Museum has been damaged so badly (as a result of incorrect preservation) that it
is no longer useful for genetic study. Thus unresolved taxonomy (such as
Oxynoemacheilus or Squalius) and insufficient barcode coverage are currently major gaps
that need to be filled in the near future. We hope this is indeed possible, given the
relatively-low species number (compared to mega-diverse regions) and the existing
progress in fish research in the region. The recently-initiated CaBOL project (Caucasus
Barcode of Life) constitutes a chance to close some of these taxonomic gaps over the next
few years.
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