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Abstract The genus Rutilus is widespread in the
western and central Palearctic region. In the Caspian
Sea, the taxonomic status of different populations of
Rutilus lacustris has been debated due to different
sub-specific names attributed to each population. We
genotyped 7,984 single nucleotide polymorphisms
and sequenced the mitochondrial cytochrome C oxi-
dase subunit I gene of 37 R. lacustris and Rutilus frisii
from the southeast and southwest Caspian Sea and the
Aras River in the Kura River drainage. We analysed
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data using clustering, Bayes factor delimitation,
introgression, assessment of migration rate, and phy-
logenetic analyses. The results showed that the
southeast and southwest Caspian Sea populations of
R. lacustris were closely related, but highly differen-
tiated from R. lacustris in the Aras River. The Bayes
factor delimitation test supported the existence of
three populations of R. lacustris in the studied area.
Three hybrid individuals with mtDNA from Abramis
brama or R. frisii and nuclear DNA from R. lacustris
were detected. To protect R. lacustris in the southern
Caspian Sea, we propose that the Aras River and sea-
run R. lacustris be treated as two separate conservation
units and the southern Caspian Sea R. lacustris
populations should be viewed as two potentially
separate management units.
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Introduction

Identification of biological units at the population and
species levels is highly important for the design and
implementation of rigorous conservation and man-
agement plans. Fishes are among the animal groups
most subject to management actions aimed at both
sustainable commercial use and conservation. Fishes,
especially freshwater and anadromous species, face a
variety of threats, including climate change, impound-
ment of rivers, overfishing, degradation of spawning
grounds, and water pollution (Kiabi et al., 1999;
Abdoli, 2000; Reyhani et al., 2010). In the Iranian part
of the Caspian Sea, a number of migratory fish species,
including sturgeons (Acipenseridae), Caspian salmon
Salmo  caspius Kessler, 1877, vyrezub Ru-
tilus frisii (Nordmann, 1840), and Vobla Rutilus
lacustris (Pallas, 1814), have been artificially propa-
gated and stocked to address these threats to their
survival (Abdoli, 2000). The roaches (genus Rutilus),
distributed in Europe and West Asia, include 13
named species, four of which exist in the Caspian Sea
basin (Kottelat & Freyhof, 2007; Levin et al., 2017):
common roach Rutilus rutilus (Linnaeus, 1758),
vyrezub R. frisii, Mezamor roach R. schelkovnikovi
(Derzhavin, 1926) and Vobla R. lacustris. Rutilus
lacustris is one of the most commercially important
fish species but comprising declining populations in
the south Caspian Sea (Kiabi et al., 1999; Rezvani
et al., 2006). Furthermore, the species is an important
prey item for the Caspian Sea beluga Huso huso
(Linnaeus, 1758) (Keyvanshokooh & Kalbassi, 2006).
Due to the commercial and ecological importance of
declining populations of R. lacustris to sustaining
southern Caspian Sea sturgeon stocks, the Iranian
Fisheries Organization has performed an important
restocking program over the past three decades.
Conservation and management of R. lacustris are
faced with critical questions about the definition of the
species and critical intraspecific units. Some authors
have considered it a subspecies of R. caspicus with
three races, including Turkmen roach R. caspicus
natio knipowitschi Pravdin, 1927 in the southeastern

@ Springer

Caspian Sea, R. caspicus natio Tscharchalensis Berg,
1932, and Kura roach R. caspicus natio kurensis Berg,
1932 in the southwest Caspian Sea in the Kura River
drainage (Abdoli, 2000; Keyvanshokooh & Kalbassi,
2006; Rezvani et al., 2006).

Population genetic analyses of populations from the
southeastern and southwestern Caspian Sea using
restriction fragment length polymorphisms (RFLPs)
of the mitochondrial cytochrome-b gene (Rezvani
et al., 2006) and random amplified polymorphic DNA
(RAPD) (Keyvanshokooh & Kalbassi, 2006) markers
did not reveal significant levels of inter-population
differentiation. However, results from microsatellite
DNA studies (Keyvanshokooh et al., 2007; Reyhani
et al., 2010) returned contradictory results, compli-
cating management of R. lacustris in the southern
Caspian Sea basin. For example, Keyvanshokooh et al.
(2007) concluded that R. lacustris populations from
the southeast and the southwest Caspian Sea were
significantly differentiated, while Reyhani et al.
(2010) considered them a single panmictic population.
Based on osteological analysis, Eagderi et al. (2017)
concluded that the southern Caspian Vobla popula-
tions are probably of the same systematic unit with
phenotypic plasticity driven by environmental condi-
tions, but also proposed that the Turkmen R. lacustris
may be a distinct taxon. Also, it has been shown that
the southwestern and southeastern R. lacustris popu-
lations were morphologically distinct (Abdoli, 2000;
Keyvanshokooh & Kalbassi, 2006; Rezvani et al.,
2006; Keyvanshokooh et al., 2007). All of the
aforementioned contradictory conclusions made based
on data from morphological and genetic approaches
have left the identification of management/conserva-
tion units of the species in the southern Caspian Sea
unresolved. Therefore, robust conclusions have yet to
be reached pertaining to the relationships of these
populations or forms of R. lacustris.

The development of next-generation sequencing
(NGS) that can produce data for hundreds to thousands
of loci distributed across the genome in both model
and non-model species has enabled conservation
biologists to gain much finer and exact understanding
of biodiversity and to define defensible conservation
units (Alda et al., 2018; MacGuigan & Near, 2018). To
support application of NGS technology, bioinformatic
approaches to handle large amounts of genomic data
also have been developed (Catchen et al., 2013). Such
developments have increased our ability to assess
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population structure and relationships at fine geo-
graphic scales (Benestan et al., 2015; Hashemzadeh
Segherloo et al., 2018; Tabatabaei et al., 2020a). This
provides the opportunity for conservationists and
biodiversity managers to adapt management measures
based on a clearer knowledge of population structure,
systematics and taxonomy.

To address the methodological drawbacks of pre-
vious studies and to provide a clearer picture of the
management/conservation units of R. lacustris in the
southern Caspian Sea basin, our goals were to assess
the genetic relationships among three populations
representing the southeastern and southwestern Cas-
pian Sea and the Aras River (in the Kura River
drainage, southwestern Caspian Sea) populations of R.
lacustris along with the closely related species R.
frisii. We used a combination of genomic (genotyping-
by-sequencing, GBS) and mitochondrial cytochrome ¢
oxidase subunit I (COI) partial sequence data. Our
aims were to: a) infer the relationships among the
respective populations, and b) provide guidelines for
conservation and management of R. lacustris in the
southern Caspian Sea.

Materials and methods
Collections

The genetic relationships of 27 specimens belonging
to three R. lacustris populations in the southeastern
(ten specimens) and southwestern Caspian Sea (seven
specimens) and the Aras River (ten specimens), plus
ten R. frisii from the southeastern Caspian Sea, which
were caught with seine nets by local fishermen in the
southeastern and southwestern Caspian Sea and in the
Aras Reservoir were analysed (Fig. 1; Table 1).

DNA extraction

DNA was extracted from muscle samples preserved in
alcohol with the salt extraction method of Aljanabi &
Martinez (1997) and an additional RNAse treatment
(Benestan et al., 2015). The quality of extracted total
DNA was assessed by electrophoresis through a 1%
agarose gel. Degraded DNA samples—when
detected—were excluded. For the GBS analysis, the
exact concentration of extracted DNA specimens was

determined using Picogreen (Invitrogen, Carlsbad,
CA) reads and adjusted to 20 ng/pl.

Mitochondrial DNA sequencing

To amplify the mitochondrial COI region, the Fish-
COI-F: 5-AAYCAYAAAGAYATYGGYACCCT-3'
and  FishCOI-R:  5-TANACTTCNGGRTGNC-
CRAAGAAYCA-3’ primers (Ivanova et al., 2007)
were used. The 12.5-ul PCR reaction contained
6.25 pl of Accustart II PCR mix (www.quantabio.
com), 0.5 pl of a 10-pm solution of each primer,
3.25 pl deionized water, and 2 pl of total DNA (10 ng/
pl). Amplification cycles included a preliminary
denaturation for 60 s at 94°C; 30 cycles at 94°C for
30 s, 55°C for 30 s, 72°C for 30 s; and a final exten-
sion for 45 s at 72°C. Sequencing with the FishCOI-F
primer was performed using an ABI Prism 3130
sequencer (http://www.thermofisher.com) at the IBIS
sequencing platform (Laval University, Quebec City,
Canada; http://www.ibis.ulaval.ca).

Genotyping-by-sequencing

The GBS libraries were prepared following the
methods of Mascher et al. (2013) (for more step-by-
step details, see Abed et al., 2019). In brief, genomic
DNA was digested with the PsfI and Mspl restriction
enzymes. After digestion, the DNA samples were
ligated to individual-specific adapters containing both
barcodes and IonTorrent-specific sequences (Supple-
mentary Tables I and IT). After heat inactivation of the
ligase, the samples were pooled and the pooled library
was size-selected on a BluePippin electrophoretic unit
(https://sagescience.com/) with elution times set
between 46 and 60 min on a 2% dye-free agarose
cassette. After 10 cycles of PCR amplifications, the
final library was checked for quality on a DNA high-
sensitivity BioAnalyzer chip (Agilent) and quantified
using a Qbit (ThermoFisher). The final amplified
library contained fragments from 150 to 350 nucleo-
tides in length. Template preparation for sequencing
and loading on an IonTorrent P1 chip was performed
using an Ion CHEF instrument, and sequencing was
performed on an Ion Proton at the Plateforme
d’Analyses Génomique of the Institut de Biologie
Intégrative et des Systemes (IBIS, Université Laval,
Quebec City, Canada; http://www.ibis.ulaval.ca).
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Fig. 1 Sampling localities in the southeast and southwest Caspian Sea and in the Aras River. Red-filled circles denote sampling

localities

Table 1 Sampling details including collected sample size, samples with mtDNA sequences (n. mtDNA), samples with SNP data (n.

Genome), and geographic details

Species N; Ncor Acces. no. Ngnp  Locality

Geographic
coordinates

Lat Long

R. frisii 10 10 MT756344- 10
MT756353
R. 7 7 MT756354- 7
lacustris MT756360
R. 10 10 MT756361- 9
lacustris MT756370 Azerbaijan
R. 10 10 MT756371- 8
lacustris MT756380

Southeast Caspian Sea, Turkmen Port, Iran

Southwest Caspian Sea, Talesh, Iran

Southeast Caspian Sea, Turkmen Port, Iran

36.879978 54.022211

37.814623 49.012462

Aras River reservoir, border of Iran and Nakhchivan, 39.136942 45.348522

36.879978 54.022211

N; initial sample size, Nco; samples with COI sequence data, Ngyp samples with SNP data, Acces. No. GenBank Accession number

Bioinformatics
Cytochrome C Oxidase subunit I
The 674-bp partial COI sequences were edited using

BioEdit v. 7.2.5 (Hall, 2001). The raw COI sequences
were aligned using Muscle (Edgar, 2004) with the
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default options in MEGA7 (Kumar et al., 2016).
Nucleotide and haplotype diversity indices for non-
hybrid individuals were calculated with DnaSP
V.6.10.03 (Rozas et al., 2017). To visualize the
number of haplotypes, their relative frequencies, their
mutational relationships, and their temporal order
(Templeton, 2004), a TCS haplotype network
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(Clement et al., 2000) was produced using PopART-
1.7 (http://popart.otago.ac.nz). To provide context for
the haplotype network and to root the phylogenetic
tree, COI sequences for European Chub Squalius
cephalus (Linnaeus, 1758) and common nase Chon-
drostoma nasus (Linnaeus, 1758) were used as out-
groups (Levin et al., 2017). As some sequences from
GenBank did not have the same lengths as our
sequences, we used a common 595-bp sequence length
for haplotype network and phylogenetic tree recon-
structions. In addition, other Rutilus spp. sequences
from GenBank were used for reconstruction of the
haplotype network and phylogenetic tree (Supple-
mentary Table III). In order to clarify phylogenetic
relationships, both maximum likelihood (ML) and
Bayesian phylogenetic analyses were performed using
RaxMLGUI 1.5 beta (Silvestro & Michalak, 2012) and
MrBayes-3.2.7 (Ronquist et al., 2012). For both phy-
logenetic inferences performed using the codon par-
titioning approach, the best codon partitioning
schemes were determined using PartitionFinder-2.1.1
(Lanfear et al., 2017). The options used for ML tree
reconstruction were: bootstrap replicates = 1000,
phylogenetic model = GTR + Gamma + I, ML +
rapid bootstrap, and multiple out-groups = S. cepha-
lus and C. nasus. For the Bayesian inference of phy-
logeny, a 2,000,000-generation MCMC search was
run with sampling the Markov chain every 100 gen-
erations. The first 25% of the threes produced were
discarded as burn-in. For both analyses, three codon
partitions were used. The phylogenetic trees were
visualised using FigTree v. 1.4. As we did not have
Rutilus samples from other parts of the Caspian Sea
basin, Cytochrome b (Cyt-b) sequences from the
southern Caspian Sea and from the western and
northern Caspian Sea basin from GenBank (Supple-
mentary Table IV), sources of some of which over-
lapping the distribution of the populations we analysed
here, were used to construct a TCS haplotype network
with PopART-1.7 (Supplementary Figure SI).

Genomic data

To remove the amplification adapter sequences, raw
sequence reads were trimmed with Cutadapt (Martin,
2011), and sequence quality was assessed with FastQC
(Andrews, 2010). Process_radtags included in
STACKS V.1.48 (Catchen et al., 2013) was used to
extract and trim (trimmed length: 80 bp) sequences.

The loci were built de novo with ustacks (minimum
depth of coverage required to create a stack (m) = 4,
maximum distance (in nucleotides) allowed between
stacks (M) = 3, and maximum distance allowed to
align secondary reads to primary stacks (N) =5).
Cstacks, with a maximum between-loci mismatch
parameter of 1, was used to group the loci together
across individuals and to catalogue them, and then to
clarify the alleles at each locus, and loci within each
individual were matched against the catalog with
sstacks. The rxstacks error-correction pipeline (Inl_-
filter = — 1, conf_filter, conf_lim = 0.75, prune_ha-
plo) and then cstacks and stacks with the same
parameters as above were run. Then populations was
used (options: minimum percentage of individuals in a
population required to process a locus for that
population (—r) = 0.5, minimum number of popula-
tions a locus must be present into process a locus
(=p) = 1, minimum genotype coverage (—m) = 4,
minimum genotype log likelihood (Inl_lim) = — 10),
and SNPs were exported as a VCF (variant call format)
file. The VCEF file created by populations was further
filtered with the 05_filter_vcf.py script from stacks_-
workflow  (https://github.com/enormandeau/stacks_
workflow) with the following options: maximum
allelic imbalance (—/) = 4, minimum genotype cov-
erage (—m) = 4, minimum proportion of genotyped
samples at one SNP (—p) = 70, and maximum pro-
portion of heterozygous samples (—H) = 0.6, mini-
mum accepted F;; (—f) = — 0.5, maximum accepted
F;; (=F) = 0.5, maximum number of SNPs in one
locus (—s) = 10. To avoid problems related to linkage
between loci, only unlinked SNPs were kept in the
final VCF file using the 11_extract_unlinked_snps.py
from stacks_workflow. A Ruby script (vcf_to_nex-
us.rb available at: https://github.com/mmatschiner/
tutorials) was used to convert the SNP data to nexus
sequence files. In cases where all individuals of each
population showed missing data for a locus, the locus
was kept as missing data; otherwise, the missing data
were edited according to the genotype found in other
individuals of the same population. For heterologous
loci, IUPAC codes were used (Emerson et al., 2010).

Phylogenomic tree reconstruction
A Maximum Likelihood (ML) gene tree was recon-

structed for SNP sequence data with RaxML v. 1.5
(Silvestro & Michalak, 2012). The options for ML
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gene tree reconstruction were: ML + rapid bootstrap,
1,000 bootstrap replicates, and GTR-gamma sequence
divergence model (as determined by PartitionFinder-
2.1.1).

Inference of dataset incongruence

To provide statistical inference of the congruence of
mitochondrial DNA (mtDNA)- and nuclear DNA
(nDNA)-based tree topologies, an incongruence
length difference (ILD) test (Farris et al., 1994)
implemented in PAUP* V.4.0a (Swofford, 2002)
was performed. To perform the ILD test, a nexus
sequence file with two partitions pertaining to nDNA
and mtDNA sequences was used (Supporting data I).
The options for this test were: number of repli-
cates = 500, optimality  criterion = parsimony,
gaps = missing data, number of trees held at each
step = 1, branch-swapping algorithm = tree-bisec-
tion-reconnection (TBR) with a reconnection limit of
8, mulTrees option, no topological constraints, and
trees = unrooted, and maxtrees = 1000. In addition, to
have a visual comparison of the topology of nDNA
and mtDNA maximum likelihood trees, both trees
were reconstructed using data belonging to the subset
of individuals for which we had both mtDNA and
nDNA data.

Analyses of admixture and introgression

To determine the genomic cluster specific to each
species/population, a Bayesian clustering analysis was
performed on the SNP data using ADMIXTURE
V.1.23 (Alexander et al., 2009). The options for
admixture analysis were: bootstrap = 1,000 and
K = 1-5. The K value (number of admixture clusters)
was selected based on the 10-fold cross-validation
error (CV), i.e., we selected the K corresponding with
the lowest cross-validation errors as the best-sup-
ported number of clusters. In addition, a Principal
Components Analysis (PCA) was performed on the
SNP data with the adegenet R package (Jombart &
Collins, 2015). To reduce the effect of missing data on
PCA analysis, the randomForest R package (Breiman,
2006) was used to impute missing data based on the
existing population/species groups. To further assess
introgression among R. lacustris populations, D-
statistics were calculated using the program Dsuite
(Malinsky, 2019), with 200-bp blocks of SNPs. Rutilus
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frisii was used as the out-group to identify ancestral
SNPs. D-statistics for trios of populations/species (P1,
P2, and P3) vary between 0 and 1. If D = 0, the test
provides evidence of no introgression, butif D = + 1,
it signals introgression between P2 and P3 (if
positive); otherwise, if negative, it indicates introgres-
sion between P1 and P3. Further, we calculated
between-population/species Fgr distances using the
STAMPP R package (Pembleton et al., 2013).

Molecular species/population delimitation

To test our inferences on groups clarified in PCA and
admixture analyses and based on phylogenetic tree
reconstruction, a Bayes Factor Delimitation analysis
(BFD) was performed on SNP data (Leaché et al.,
2014). In this approach, candidate species/population
delimitation scenarios are compared and ranked
according to the marginal likelihood estimates
(MLE). The data were analysed using the SNAPP
plug-in implemented in BEAST 2 (Bouckaert et al.,
2014). To estimate the marginal likelihoods, path
sampling was performed for 56 steps, with a Markov
Chain Mont Carlo (MCMC) chain of 100,000 with
pre-burnin of 10,000 steps for path sampling. XML
files were set up following the instructions in the BFD
tutorial (Leaché & Bouckaert, 2018). In addition to
using sampling localities (for populations of R.
lacustris) and morphological differences between R.
lacustris and R. frisii, we also considered clustering
patterns resolved in PCA and phylogenetic trees to set
up different species/population delimitation scenarios.
Species/population delimitation models were com-
pared based on the Bayes factor (BF) (Kass & Raftery,
1995). To calculate BF statistics, the equation follow-
ing equation was used:

BF = 2 X (MLEy, — MLEy)

where MLE\,. and MLE\, are the marginal likelihood

estimates (log.) of the species/population delimitation
scenario that we considered based on geographic
distribution and clustering patterns of the genetic data
resolved in clustering analyses and the alternative
models, respectively. A positive BF statistic supports
the first population/species delimitation model (Mc
here), and a negative BF statistic supports the alter-
native population/species delimitation model (Ma
here). The tested models are presented in Table 2.
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Table 2 Models tested using the Bayes factor delimitation (BFD) approach
Model Species/population combinations MLE? BF’ Rank
M4 R. frisii  R. lacustris Aras  R. lacustris southwest Cas.  R. lacustris southeast Cas. — 59179.38 — 1
) (uy) (IIT) Iv)
M3_1 R frisii 11+ 1I - R. lacustris southeast Cas. — 60310.12 2261.48 4
) (Iv)
M3_2 R frisii 1 +1IV R. lacustris southwest Cas. — — 60278.74 2198.72 3
@ (1)
M3_3 R. frisii R lacustris Aras 1l 4+ IV - —59300.48 242.2 2
9] (ID
M2 R. frisii 11 4+ 1II 4+ IV - - — 60884.57 3410.38 5

(¢9)

“Marginal likelihood estimate

bBayes Factor; Cas.: Caspian Sea

Migration rates

To determine contemporary migration rates among the
studied populations, a Bayesian likelihood method
using BayesAss3-SNPs (Wilson & Rannala, 2003;
Mussmann et al., 2019) was performed on all SNP data
(5,510 SNPs) for 7,000,000 generations with a burnin
value of 700,000 The optimal mixing parameters were
—a=0.7750, — f=0.0875, and — m = 0.3250,
which were determined using BA3-Autotune (Muss-
mann et al., 2019).

Results
Mitochondrial DNA

The haplotype diversity (Hy) and nucleotide diversity
(P;) in R. frisii (number of individuals (V): 10; number
of haplotypes (nH): 2; Hy: 0.533; P;: 0.001), were
higher than those for R. lacustris from the southwest-
ern Caspian Sea (N: 6; nH: 2; Hy: 0.333; P;: 0.000), R.
lacustris in the Aras River (Kura drainage) (N: 10; nH:
2; Hyg: 0.2; P;: 0.000), and R. lacustris from the
southeast Caspian Sea (N: 8; nH: 2; Hy: 0.25; P;:
0.000). Among R. lacustris populations and R. frisii
specimens that were analysed, eight COI haplotypes
were defined. One of the haplotypes in R. lacustris
from the southwest Caspian Sea was actually from A.
brama. There were also R. frisii haplotypes detected in
two R. lacustris individuals from the southeast
Caspian Sea (Fig. 2). Rutilus lacustris from the

southeast and southwest Caspian Sea possessed shared
haplotypes, but R. lacustris from the Aras River (Kura
drainage) had a different frequent haplotype differing
by 2-3 mutations from R. lacustris haplotypes in the
southeast and southwest Caspian Sea. In addition, R.
lacustris from the south Caspian Sea had a haplotype
also reported in the lower Volga River (GenBank:
MK791226.1).

Within the haplotype network reconstructed for
Cyt-b sequences from GenBank, a few R. lacustris
haplotypes observed in the south Caspian Sea also
were observed in localities up to the lower Volga River
(Supplementary Figure SI). Haplotypes from the Aras
River drainage close to our sampling locality were
placed among haplotypes for R. lacustris from the
south, west, and a few from the north Caspian Sea. The
Aras River Cyt-b haplotype was closely related to that
for R. schelkovnikovi from a tributary of the Aras
River, the Mezamor River. On the other hand,
haplotypes from the Kura River were closely related
to haplotypes from the west and north Caspian Sea, but
not from the south.

Genomic analyses

Three of the 37 individuals analysed did not have
enough reads (less than 2,000,000 reads) for reliable
sequence coverage, and those data were excluded from
further analyses. A total of 96,970 SNPs distributed
across 50,712 loci existed in the input file. After
filtering-out 88,423 SNPs (91.2%), 8,547 SNPs were
retained. To avoid problems related to linkage in the

@ Springer



352

Hydrobiologia (2021) 848:345-361

final VCF file which we used for further analyses, we
kept only unlinked SNPs (7,984 SNPs).

Phylogeny

The ML and Bayesian phylogenetic trees recon-
structed for COI sequences were similar in topology;
hence, only the Bayesian phylogenetic tree with
bootstrap support values for the ML tree is presented
(Fig. 3). Sequences for all Rutilus spp. collected in this

Fig. 3 Bayesian phylogenetic tree reconstructed for a 595-bp»
COI 5'-end sequence shared among species from GenBank and
our own sequences. The numbers beside tree branches are the
Bayesian posterior probabilities (before slash) and the Maxi-
mum likelihood (ML) bootstrap support values (after slash)
calculated using 1000 permutations. The colored boxes denote
the respective populations/species considered here. A color key
is presented on the upper left side of the phylogram. Sequences
from GenBank are presented with their scientific names

‘ Southwest Caspian Sea

~

Squalius cephalus 1];';: fﬁz
R. rutilus -
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2 2 b 5 1
® o
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Fig. 2 Haplotype network reconstructed for a 595-bp 5’-end
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of mutational differences between each pair of haplotypes. The
black-filled circles with no names beside them are inferred
haplotypes not observed in this study
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Fig. 4 Distribution of different populations/species in PCA graphs along the first four PC axes. The arrow points to the R. lacustris

individual with COI haplotype belonging to A. brama

study or retrieved from GenBank were monophyletic
(bootstrapping value (BS) = 100%; Bayesian Poste-
rior probability (BP) = 0.98; Fig. 3). Among Rutilus
spp. considered here, three clades—including clade 1
(R. lacustris, R. rutilus, and R. sp.; BS = 90%;
BP =1.0), clade I (R. frisii and R. meidingeri,
BS = 99%; BP: 1.0), and clade III (R. ylikiensis, R.
panosi, R. virgo, R. basak, R. prespensis, R. ohridanus,
R. albus; BS = 90%; BP = 0.99)—were identified. In
addition to the noted clades, there were a few species,
including R. rubilio and R. pigus that did not nest
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within any of these three clades with acceptable sup-
port values; we considered ML bootstrap support
values over 70% as strong.

In both genomic and mtDNA phylogenetic trees
reconstructed for individuals used in this study,
populations/species nested in separate groups (Sup-
plementary Figure SII). In both trees, R. lacustris from
the southeast and southwest Caspian Sea and the Aras
River (Kura drainage) nested within a monophyletic
clade with absolute bootstrap support (BS = 100).
Rutilus lacustris from the sowtheast and southwest
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Caspian Sea nested within a monophyletic sub-clade
in both trees, but the bootstrap support for this sub-
clade in the genomic tree (65%) was not as high as that
in the mtDNA tree (96%), although this met the 50%
majority-rule criterion. In both trees, no clear intra-
clade relationship was resolved for R. lacustris from
the Aras River relative to R. lacustris from the
southeast and southwest Caspian Sea. A reciprocal
incongruency was observed in the positions of three
individuals within the genomic and mtDNA phyloge-
netic trees: all these individuals nested within the R.
lacustris genomic clade, but nested in R. frisii or A.
brama mtDNA clades (Fig. 2 and Supplementary
Figure SII). This results suggests that these individuals
may be backcrosses resulting from past interspecific

hybridization events. The incongruence length differ-
ence (ILD) test result also was significant (P < 0.005),
implying discordance between the nDNA and mtDNA
tree topologies.

Population genomics

The first four principal components (PCs) explained
64.55% of the total variability in the genomic data. In
the graphs produced for the first three PCs, three
clearly separate clusters including: a) R. frisii, b) R.
lacustris (from the west and east Caspian Sea in a
shared cluster), and ¢) R. lacustris from the Aras River,
were resolved (Fig. 4). The clusters of R. frisii and R.
lacustris were clearly separated along the first
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(57.37% of total variation) and second (3.93% of
variation) PC axes (Fig. 4). The clusters belonging to
R. lacustris were clearly separated along the second
PC axis. Although the east and west Caspian Sea
populations of R. lacustris were not discriminated
along the first two PCs, they were separated along the
third PC axis (1.66% of variation). The R. lacustris
individual with the mtDNA haplotype belonging to A.
brama was not included in any of the resolved clusters
along the first two PCs, but its position was closer to R.
lacustris clusters.

Based on the admixture program cross-validation
errors (CV), the most probable number of genomic
clusters among the studied populations/species was
K = 2 (CV = 0.33). The next most probable number of
clusters was K =3 (CV = 0.34). With K = 2, all R.
lacustris individuals appeared to be members of a
common admixture cluster different from R. frisii, but
with K = 3, a third admixture cluster belonging to R.
lacustris from the Aras River was resolved. Further
increasing the K value over 3, the hybrid status for the
individual with mtDNA from A. brama was clarified
(Fig. 5). Also, the D-statistic was not significant
(D = 0.006; P > 0.05), indicating the occurrence of
gene flow between R. lacustris populations in the
southeast and southwest Caspian Sea, but not between
the Caspian Sea populations and the Aras River
population. The pairwise genetic differentiation (Fst)
estimates between R. lacustris populations and R. frisii
were very high and varied between 0.70 and 0.78. The
same distance between the southeast and southwest
Caspian Sea R. lacustris populations was 0.03, while it
was around 0.12 between R. lacustris from the Aras
River and each of its conspecific southeast and
southwest Caspian Sea populations.

Bayes factor delimitation test

Among the five models tested using the Bayes factor
delimitation test, the model in which three populations
of R. lacustris were assumed—respectively in the
southeast and southwest Caspian Sea and the Aras
River—was supported robustly based on BF values
calculated in path sampling (Table 2). The second
best-supported model (rank 2) of populations of R.
lacustris was the model in which the southeast and
southwest Caspian Sea populations were considered as
one population.

@ Springer

Migration rates

Migration rates estimated between each pair of
populations were mostly negligible (Supplementary
Table V). Among the individuals analysed in the
southwest Caspian Sea 0.2421 £ 0.0422 individuals
were identified to be recent migrants from southeast
Caspian Sea but there was no migrants migrating from
southwest to southeast Caspian Sea population of R.
lacustris.

Discussion
Population genetics

Based on our results, R. lacustris populations from the
southeastern and southwestern Caspian Sea are closely
related and show low levels of divergence. This
finding is in agreement with those of Reyhani et al.
(2010) using microsatellite markers and Rezvani et al.
(2006) using mitochondrial DNA markers, but con-
tradictory to those of Keyvanshokooh et al. (2007)
using microsatellite markers. Reyhani et al. (2010)
found that genotype frequencies at a majority of the
microsatellite loci they had used to compare the
southeastern and southwestern Caspian Sea popula-
tions of R. lacustris were not in Hardy—Weinberg
equilibrium, which could be a signature of migration
and population mixing between the southwestern and
southeastern Caspian Sea populations or segregation
of null alleles. Observation of haplotypes shared
among both localities, as well as most of our data
analyses—including D-statistic, admixture and PCA
clustering patterns, and Fgr distances—indicate that
the two R. lacustris sample sets from the southeastern
and southwestern Caspian Sea belong to populations
that are connected by fairly high levels of gene flow.
Also, a non-significant level of divergence was
previously reported between R. frisii populations from
the southern and northern Caspian Sea (Kotlik et al.,
2008), which also suggests pronounced gene flow
between populations in both of these Rutilus spp. The
similarity between the populations from the south-
eastern and southwestern Caspian Sea suggests that
imprinting behavior (adults returning to natal rivers
for spawning) in R. lacustris is not as strong as that
reported in other fishes such as salmonids. However,
results from the BFD test support the view that the
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southeastern and southwestern R. lacustris are two
distinct populations, which may therefore be consid-
ered as distinct management units (sensu Moritz,
1994).

All our analyses support R. lacustris in the Aras
River as a separate population, a finding which is
contradictory to results of an osteological comparison
of R. lacustris from the same region. Eagderi et al.
(2017) concluded that the southwestern Caspian and
the Aras River populations of R. lacustris were similar
and that the southeastern Caspian population was
probably a distinct lineage. In our results, however, the
Aras River population differed markedly from the
populations collected from the southeastern and
southwestern Caspian Sea in having a separate hap-
lotype and comprising a clearly distinct genomic PCA
cluster. We note that the specimens that we collected
from the Aras River all came from the reach upstream
of the Aras Dam (at the border of Iran and Azerbaijan
(Nakhchivan)) that has since 1971 interrupted con-
nectivity between the downstream reaches of the river
and the mainstem Kura River that drains into the
southwestern Caspian Sea. The genomic differentia-
tion of R. lacustris in the Aras River may in part be
attributable to the Aras Dam, but as the haplotype
found in the Aras R. lacustris is different by 2-3 bp
from those of the southeastern and southwestern
Caspian Sea populations considered here, the results
may indicate the existence of a distinct river-resident
population, a life history which has been documented
for roaches (Levin et al., 2017). We could not obtain
and genotype specimens from unblocked sections of
the Kura River drainage, so any definitive inference
about their phylogenetic status based on our data must
be made cautiously. However, the data from GenBank
also showed that Cyz-b haplotypes in the Kura River
are different from the haplotypes reported from the
Aras River (Levin et al., 2017). Also, the haplotypes in
the Aras River are closely related to haplotypes mostly
from the southern and western Caspian Sea, and
haplotypes from the Kura River are close to haplo-
types from the western and northern Caspian Sea.

Hybridization

Our results showed signatures of introgressive
hybridization between R. lacustris and R. frisii, and
in one case between R. lacustris and A. brama.
Hybridization among the members of cyprinid

subfamily Leuciscinae, especially between A. brama
and R. rutilus, has been known since the late
eighteenth century and is an intergeneric model
system for studying hybridization in fishes (Nazu
Matondo et al., 2010; Konopinski & Amirowicz,
2018). Hybridization between R. lacustris and R. frisii
also has been reported in previous studies (Larmuseau
et al.,, 2009; Levin et al., 2017). In all cases of
hybridization, mtDNA from R. frisii and A. brama was
observed in individuals with genomic clusters and
morphological attributes of R. lacustris, suggesting
backcrossing of hybrids into R. lacustris. Similar
observations have been reported in previous studies of
roaches in other parts of their natural distribution
(Wyattet al., 2006; Hayden et al., 2010; Toscano et al.,
2010; Kuparinen et al., 2014). There, hybridization
was shown to occur between female A. brama and
male R. rutilus, with low levels of backcrossing
(Hayden et al., 2010; Toscano et al., 2010). Our results
appear to be in agreement with the reported direction
of hybridization (Kuparinen et al., 2014), except that
all hybrid individuals detected in our study were
probably old backcrosses, since none contained
detectable nDNA clusters from the mtDNA donor
species. High levels of mito-nuclear discordance also
have been reported in other fish species, which
probably is caused by loss of species-specific mating
signals and non-assortative mating (Kriick et al., 2013;
Geiger et al., 2016; Sousa-Santos et al., 2018; Feng
et al., 2019). The persistence of advanced-generation
hybrid individuals suggests some level of reproductive
compatibility between A. brama and R. lacustris, as
well as survival of their hybrid progeny. However, a
better inference on the success of hybrid individuals
will obviously require data from larger sample sizes,
given that we found a single R. lacustris (male) X A.
brama (female) hybrid, while others were all R. frisii
(female) X R. lacustris (male). The hybrids that we
observed were probably natural, since in the Caspian
Sea all the noted species are sympatric and, in some
cases, syntopic (Abdoli, 2000).

Guidelines for conservation

Our study showed that the southern Caspian Sea
populations of R. lacustris, while being connected by
gene flow, may be considered as isolated populations
(BFD results) with a genetic differentiation (Fs7) of
0.03. This genetic divergence, along with
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a ~ 400 km geographic distance between them, if
also existing in populations falling between the
studied localities, can be interpreted as partial isola-
tion of these populations and no panmixia. However,
these two populations share mtDNA haplotypes and
cannot be considered as different intra-specific lin-
eages. The proportion of migrant individuals from
southeast Caspian Sea in southwest Caspian Sea
population is higher than the10% threshold proposed
for demographic independence (see Palsbgll et al.,
2007). Although, this migration rate is higher than the
threshold proposed for demographic independence of
populations, the migration is unidirectional which may
be a result of small sample sizes used here or
unreported fish transfer from southeast to southwest
Caspian Sea. The genetic distance between southeast
and southwest Caspian Sea populations is in line with
the genetic differentiation-based criteria, but migra-
tion rate is contradictory to demographic indepen-
dence criteria proposed for determination of
management units (Moritz, 1994; Paetkau, 1999;
Palsbgll et al., 2007). We propose the southeastern
and southwestern Caspian Sea R. lacustris populations
to be considered as two potentially separate manage-
ment units. Anyway, as we did not include any
specimen from sites located between the ones anal-
ysed here, and as the observed genetic differentiation
is not as high as 0.06—0.72 reported for other migratory
fish species (S. caspius) in the southern Caspian Sea
basin (Vera et al., 2011; Hashemzadeh Segherloo
et al., 2012; Tabatabaei et al., 2020b), this conclusion
on management units of R. lacustris in the southern
Caspian Sea should be further investigated using
specimens from intermediate localities, since the
identified pattern of genetic differentiation may sim-
ply be the ends of a population genetic continuum.
The R. lacustris population in the Aras River of the
Kura River drainage was isolated from the Caspian
Sea R. lacustris in nDNA-based analyses and its
mtDNA haplotypes were different (2-3 bp). In addi-
tion to its realtively high level of differentiation
(Fst= 0.12), its separate population status was highly
supported in BFD analysis. Furthermore, mtDNA
haplotypes of the Aras River R. lacustris were not
observed in the Caspian Sea samples in our study or in
those of other studies comparing this population to
southern Caspian Sea R. lacustris (Sharifi et al., 2016).
Regarding low haplotype and nucleotide diversity in
the Aras River population, this population may be a
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limnetic population that colonized the Aras Reservoir
from upstream tributaries hosting similar populations,
since the Aras River dam has blocked upstream
migrations from downstream riches. Such coloniza-
tion by R. lacustris of a recently constructed reservoir
(2008 to 2010)—downstream of the Aras River dam
(1971) has been reported (Levin & Roubenyan, 2012).
We suggest that this population can be a limnetic form
of R. lacustris, probably close to the R. schelkovnikovi
inhabiting a tributary of the Aras River (Levin et al.,
2017). These attributes of Aras River R. lacustris
could reflect some level of adaptation to special
habitats (river vs. sea habitat in this case), considerable
reproductive isolation, significant divergence in allele
frequencies, restricted gene flow, and local adaptation
(Moritz, 1994; Fraser & Bernatchez, 2001; Robertson
et al., 2014; Escobar et al., 2015). As such, these
characteristics would justify considering the R. lacus-
tris population and other populations/species inhabit-
ing the upstream riches in the Aras River drainage as
distinct conservation units. Hence, we propose the
Aras River drainage population/s of the R. lacustris be
considered as a separate unit, and that in future
conservation or management plans, transfer of R.
lacustris to the Aras River drainage from other
localities including the southern Caspian Sea should
be avoided.
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