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Abstract

The contemporary diversity and distribution of species are shaped by their evolution-
ary and ecological history. This can be deciphered with the help of phylogenetic and
demographic analysis methods, ideally combining and supplementing information
from mitochondrial and nuclear genomes. In this study, we investigated the demo-
graphic history of Eurasian perch (Perca fluviatilis), a highly adaptable teleost with a
distribution range across Eurasia. We combined whole-genome resequencing data
with available genomic resources to analyse the phylogeny, phylogeography, and
demographic history of P. fluviatilis populations from Europe and Siberia. We identi-
fied five highly diverged evolutionary mtDNA lineages, three of which show a strong
signal of admixture in the Baltic Sea region. The estimated mean divergence time
between these lineages ranged from 0.24 to 1.42 million years. Based on nuclear
genomes, two distinct demographic trajectories were observed in European and Sibe-
rian samples reflecting contrasting demographic histories ca. 30,000-100,000 years
before the present. A comparison of mtDNA and nuclear DNA evolutionary trees
and AMOVA revealed concordances, as well as incongruences, between the two
types of data, most likely reflecting recent postglacial colonization and hybridization
events. Overall, our findings demonstrate the power and usefulness of genome-wide
information for delineating historical processes that have shaped the genome of
P. fluviatilis. We also highlight the added value of data-mining existing transcriptomic
resources to complement novel sequence data, helping to shed light on putative gla-

cial refugia and postglacial recolonization routes.

KEYWORDS
demography, mtDNA, phylogeny, phylogeography, SNPs, whole-genome sequencing

Mikhail Ozerov is the first author.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2024 The Author(s). Journal of Fish Biology published by John Wiley & Sons Ltd on behalf of Fisheries Society of the British Isles.

J Fish Biol. 2024;1-15.

wileyonlinelibrary.com/journal/jfb

1


https://orcid.org/0009-0007-5955-0479
mailto:vitalii.lichman@emu.ee
mailto:anti.vasemagi@slu.se
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/jfb
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjfb.15821&domain=pdf&date_stamp=2024-06-19

LICHMAN ET AL.

2N .....- FISH BIOLOGY

1 | INTRODUCTION

Understanding how geological, ecological, and demographic processes
have shaped the genetic variation in extant species has been a long-
standing question in evolutionary biology (Coyne, 1994; Wall, 2003;
Yoder et al., 2010). Major breakthroughs in sequencing technology
have allowed us to resolve the evolutionary relationships and recon-
struct the demographic history of a species from the genomic data
obtained from its present-day representatives (Beichman et al., 2018;
Mather et al, 2020). As a result, the genome-wide perspective
improves the discriminatory power and enhances our understanding
of the speciation process (Arbogast & Kenagy, 2001; Hewitt, 2001),
adaptive divergence (Ramette & Tiedje, 2007), and the history of
migration, dispersal, and hybridization (Hewitt, 1999; Taberlet
et al., 1998).

Eurasian perch (Perca fluviatilis L.), yellow perch (Perca flavescens
[Mitchill 1814]), and Balkhash perch (Perca schrenkii [Kessler 1874])
are three species of the genus Perca from the family Percidae
(Collette & Banarescu, 1977). The native range of Eurasian perch
encompasses the major part of the north temperate zone of Eurasia,
stretching out from the lberian Peninsula in the west to the Chukotka
region in the Russian Far East, reaching the Caucasus on the south
and partially covering Arctic regions in the north (Collette &
Banarescu, 1977; Thorpe, 1977). Besides their tolerance to a broad
temperature range, Eurasian perch can be found in diverse freshwater
habitats and even in brackish water environment (Christensen
et al., 2019; Diehl, 1992; Nilsson et al., 2004; Ozerov et al., 2022). In
many lakes, Eurasian perch (hereinafter perch) acts as a keystone spe-
cies exerting a large impact on nutrient cycling and food webs through
predation (Persson et al., 2003). Furthermore, recent findings have
demonstrated that perch has a significant role in carbon cycling via
methane efflux, through its effects on the zooplankton predation
(Devlin et al., 2015). Perch is also a popular target for fisheries
(Watson, 2008) and a promising candidate species for aquaculture
(Policar et al., 2015).

The ubiquitous spatial distribution and wide environmental toler-
ance of perch are of particular interest from the phylogeographic and
ecological perspectives. For example, the determination of relation-
ships between contemporary populations and their approximate time
of divergence from common ancestral groups can shed light on poten-
tial glacial refugia and the routes of postglacial recolonization. Earlier
studies based on short mtDNA fragments have suggested the pres-
ence of several evolutionary diverged lineages of perch in Europe and
Siberia (e.g., Nesbg et al., 1999; Ragauskas et al., 2020; Toomey
et al., 2020). However, reliable delineation of phylogenetic relation-
ships based on short DNA fragments is challenging (Vasemagi
et al., 2023; Wilke et al., 2013), and frequently, short stretches of
DNA provide insufficient resolution to accurately reconstruct the evo-
lutionary history within species (Erpenbeck et al, 2006;
Kivisild, 2015). Thus, genome-scale data fueled by the high-
throughput sequencing technologies might fill this gap to advance the
knowledge of phylogenetic relationships and demographic history of
perch (Foster et al., 2009; Gronau et al., 2011).

Here, we aim to provide a whole-genome perspective of the phy-
logenetic and demographic history of P. fluviatilis by merging newly
generated whole mitochondrial and nuclear genome data with publicly
available genomic and transcriptomic resources. First, we character-
ized phylogenetic relationships based on near-complete mitochondrial
genomes and identified several evolutionary lineages that likely reflect
distinct glacial refugia and subsequent postglacial colonization pat-
terns. Second, we estimated the divergence times between distinct
lineages based on complete mtDNA genomes. Third, we tracked the
demographic changes over approximately 300,000 years by using
pair-wise sequentially Markovian coalescent (PSMC) analysis using >1
million nuclear single nucleotide polymorphism (SNPs). Finally, we
examined how genetic structuring in perch is manifested in mitochon-
drial versus nuclear genomes by characterizing both similarities and
inconsistencies between their evolutionary trees. Overall, our findings
demonstrate the power of genome-wide information to refine existing
and gain new knowledge on the historical processes that have shaped
the genetic diversity and structuring of Eurasian perch.

2 | MATERIALS AND METHODS

2.1 | Dataand sample collection

The entire dataset used in this study, covering 66 distinct sampling
sites, comprises 114 individual and pooled mitochondrial genomes,
along with 39 individual nuclear genomes. Individual samples were
collected from 32 lakes in Europe (Ozerov et al., 2022), supplemen-
ted with seven newly sequenced specimens obtained from Western
Siberia, Russia (Table 1; Table S1). Both the mitochondrial and
nuclear genomes for these 39 samples were derived from the same
individuals. Additionally, mitochondrial genomes from 55 pool-seq
datasets from different watercourses (with 8-41 individuals in each
pool) were incorporated (Table 1). Furthermore, we retrieved 19 indi-
vidual and pooled RNA-seq-derived mtDNA sequences from the
publicly available GenBank database, along with the mitochondrial
reference genome (NCBI: KM410088.1). Locations for individual and
pool-seq sampling partially overlapped, mainly within lakes across
Estonia, Finland, Sweden, Lithuania, and Russia. Specimens repre-
senting the assembled RNA-seq-derived mtDNA subset were
obtained from GenBank, and originated from Belarus, Ukraine,
Sweden, France, China, and Hungary (accession numbers are avail-
able at Table S1).

Newly analysed fish were captured using gillnets, rods, or beach
seine during the 2016-2020 fieldwork seasons. After capture, individ-
uals were killed with a sharp blow to the head, and tissue samples
were taken and stored in 96% ethanol. Samples were collected in
accordance with national legislation based on permits issued by the
Estonian Ministry of Environment (54/2016; 37/2017; 10-1/18/29;
10-1/19/283; 10-1/20/37) and the regional ethical review board in
Uppsala, Sweden (Dnr 5.8.18-03449/2017). Sampling in Finland,
Lithuania, and Russia was carried out using recreational fishing gear

(rod and line), following the fishing rules set by the national
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TABLE 1 Summary table of Perca fluviatilis samples and datasets used for different types of analyses (detailed information available in
Table S1).
Source of data Number of genomes
Individual Pooled Individual Pooled mtDNA
Type of analysis WGS WGS RNA-seq RNA-seq genome (NCBI) mtDNA nDNA
Phylogenetic 39 55 13 6 1 114
relationships
Haplotype network 39 1 1 41
BEAST 12 1 13
PSMC 39 39
AMOVA 39 1 1 41 39
Tanglegram 39 39 39
Admixture, f3, Ho 39 39

Abbreviations: mtDNA, mitochondrial DNA; nDNA, nuclear DNA; PSMC, pair-wise sequentially Markovian coalescent; WGS, whole genome sequencing.

legislations, and ethical issues related to recreational fishing and han-
dling of caught fish recommended by the recreational fishing federa-
tions of the countries. Ethical aspects of sampling were conducted
according to the requirements of Annex IV (Methods of killing ani-
mals) Section B point 11 of the “Directive 2010/63/EU of the
European Parliament and of the Council of 22 September 2010 on
the protection of animals used for scientific purposes.”

2.2 | DNA extraction
Total genomic DNA (gDNA) from seven Western Siberian samples

(pelvic  fin) was extracted using NucleoSpin tissue kit
(Macherey-Nagel) following the manufacturer's protocol. The concen-
tration of total gDNA was measured using Qubit fluorometric quanti-
fication (Invitrogen), and the quality of gDNA was estimated by
Fragment Analyzer (Advanced Analytical). For pooled samples, total
gDNA was extracted from 1281 individuals using the same method,
and the concentration was measured using a Nanodrop2000 spectro-
photometer. The gDNA was then diluted to a concentration of 50 ng/
uL, and 10 pL of gDNA from each sample was pooled equimolarly

(Lopez et al., in preparation).

2.3 | Library preparation and sequencing

Sequencing libraries for individual Siberian samples were constructed
following the lllumina TruSeq DNA PCR-Free Library Preparation
Guide from 1 pg of total gDNA, with a mean insert size of 350 bp. For
the preparation of pool-seq libraries, we used the lllumina DNA PCR-
Free Library Preparation Kit according to manufacturer's protocol
from 0.3 pg of total gDNA. The samples were then normalized and
pooled for automated cluster preparation using an lllumina cBot sta-
tion. Libraries were pooled and sequenced in four lanes on an lllumina
NovaSeq 6000 using paired-end sequencing (2 x 150-bp read length
with an 8-bp index).

2.4 | Extraction of mitochondrial data from the
publicly available RNA-seq data

The RNA-seq data were retrieved from the GenBank, comprising
perch samples collected from Sweden, France, Belarus, and Ukraine,
as well as China (Table 1; Table S1). We compiled the sequencing read
archives (SRA) from each BioProject and extracted sequence
read archive runs (SRR) using SRA Toolkit ver. 3.0.0 (SRA Toolkit
Development Team). The read quality of raw RNA-seq data was esti-
mated using FASTQC ver. 0.11.8 (Andrews, 2010). Trimming of heads
and tails containing low-quality regions, short (<60 bp), low-quality
reads (mean Phred score <25), and lllumina adapters was performed

using trimmomatic ver. 0.36 (Bolger et al., 2014).

2.5 | Quality control and generation of consensus
mtDNA sequences

To assess the read quality of seven individual samples from Siberia
and pool-seq samples, we used FASTQC. For trimming, fastp ver. 0.20
(Chen et al., 2018) was used to remove short (<60 bp) and low-quality
reads (mean Phred score <25) along with lllumina adapters. Filtered
paired-end sequence reads of individual genomic and transcriptomic
data, as well as pool-seq genomic data, were mapped to the mito-
chondrial reference genome (NCBI: KM410088.1) of perch using
bowtie2 ver. 2.3.5.1 (Langmead & Salzberg, 2012) with default param-
eters except for the modified score minimum threshold (—score-min L,
—0.3, —0.3) and maximum fragment length for valid paired-end align-
ments criteria (—X 700). Aligned consensus mtDNA sequences were
extracted using bcftools ver. 1.17 (Li, 2011) applying a minimum map-
ping quality of 20 (—q 20) and converted to fasta format using seqtk
ver. 1.3 (Li, 2013). The final mitochondrial dataset comprised 114 com-
plete or near-complete mtDNA genomes derived from 39 individual
and 55 pooled WGS datasets, complemented with mtDNA reference
genome sequence (KM410088.1) and mtDNA genomes obtained from
19 RNA-seq datasets from GenBank (Table 1; Table S1).
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2.6 | SNP calling from individual sequences
SNPs for 39 individually sequenced samples were called following
similar procedures as in Ozerov et al. (2022). Filtered sequence reads
of each individual were mapped to the perch reference genome
(NCBI: GCA_010015445.1) using bowtie2, applying the same parame-
ters as for mtDNA consensus sequence generation. SNPs were called
using two alternative pipelines. First, bcftools ver. 1.17 (Li, 2011) mpi-
leup was applied on the locally realigned and sorted BAM files to gen-
erate genotype likelihoods with the following SNP calling. Second,
GATK ver. 4.1.4.1 (McKenna et al., 2010) pipeline was applied to call
variants using the same BAM files with the following import of single-
sample GVCEF files into GenomicsDB using GenomicsDBImport, and
final calling of consensus genotypes with GenotypeGVCFs using the
same parameters as in Ozerov et al. (2022). Further, genomic variants
generated by the two pipelines were filtered using vcftools ver. 0.1.15
(Danecek et al., 2011) applying the following parameters: (i) minimum
and maximum mean sequencing depth (d) was set to 10 and
66, respectively; (i) the consensus quality was >30; (iii) only bi-allelic
sites were included; (iv) a variant had at least two copies of an allele;
(v) a variant did not occur in repetitive genomic regions; (vi) minor
allele frequency (MAF) was 0.05; (vii) mitochondrial variants were
excluded; and (viii) no missing data were allowed. After the quality fil-
ters were applied, bcftools and gatk pipelines resulted in the genera-
tion of 1,204,984 and 1,157,228 SNPs, respectively. Finally, to ensure
high quality and reliability of the data, only the variants consistently
called by both pipelines were retained (1,128,043 SNPs).
Mitochondrial variants were extracted from the vcf data generated
by bcftools and GATK pipelines by retaining only mitochondrial
genome as described earlier, except that maximum mean sequencing
depth was unlimited due to high copy number of mtDNA and MAF fil-
ter was not applied. In total, 131 and 129 mtDNA SNPs were detected
by bcftools and GATK pipelines, respectively. The final dataset included
129 mtDNA SNPs consistently called by the two pipelines.

2.7 | Haplotype network analysis

Haplotype network analysis was carried out for whole mtDNA genomes
that did not contain any ambiguous nucleotides. This analysis involved
examining 41 mtDNA genomes (39 individual mtDNA genomes from
WGS complemented with one RNA-derived sequence from Noreikiene
et al., 2020 and a reference genome). Construction of haplotype net-
work was performed using PopART ver. 1.7 software (Leigh &
Bryant, 2015). The median-joining network method (Bandelt et al., 1999)
was employed to construct the haplotype network, which allows for the

representation of genetic relationships between haplotypes.

2.8 | Analysis of phylogenetic relationships

Because the vast majority of the RNA-seq-derived mtDNA consensus

sequences varied in length, we trimmed the whole mitochondrial

genome data (16,537 bp) to 16,152 bp by excluding a part of the
D-loop sequence that was not present in all studied sequences. Over-
all, phylogenetic analysis was performed using 114 near-complete
mtDNA genomes. After collating the data, we aligned the sequences
using MUSCLE ver. 3.8 (Edgar, 2004) and ran jModelTest2 (Darriba
et al.,, 2012; Guindon & Gascuel, 2003) to determine the optimal evo-
lutionary substitution model for the multiple sequence alignment data
obtained. According to AIC, the best-fit configuration was Transitional
Incremental Model 2 (TIM2), whereas the Bayesian Information Crite-
rion (BIC) estimate suggested Hasegawa-Kishino-Yano (HKY) as the
best supported model of DNA sequence evolution. Therefore, to
resolve the ambiguity, we ran a similar test in ModelFinder (included
in IQ-TREE ver. 2.1.3, Kalyaanamoorthy et al., 2017), which involves
calculating log-likelihoods for the starting parsimony tree across a
range of DNA models of base substitution rates. ModelFinder incor-
porates corrected AIC (AlCc), adjusted for correction in the bias due
to small sample size, in addition to AIC and BIC.

Finally, we identified the HKY + F + | substitution model as the
best fit for a given dataset. Here, the F parameter was applied by vir-
tue of observed unequal base frequencies, and the | option was
added due to the presence of invariable sites. Finally, we inferred
the maximum likelihood (ML) tree with ultrafast bootstrap approxi-
mation in IQ-TREE ver. 2.1.3 (Minh et al., 2020) setting the minimum
number of replicates to 1000 as recommended (Hoang et al., 2018).
The resulting consensus trees were subsequently visualized in Fig-
Tree (Rambaut, 2009).

2.9 | Analysis of molecular variance

AMOVA was applied to evaluate the proportion of within- and
among-group genetic variation between highly diverged mitochondrial
lineages and countries. Mitochondrial sequence alignment data in
FASTA format were transformed to Arlequin ver. 3.5.2.2 (Excoffier &
Lischer, 2010) input files for later processing, whereas for nuclear
SNP dataset we applied function poppr.amova from the R package
poppr (Kamvar et al., 2014). Standard AMOVA tests (distance matrix
computation, pair-wise differences) for haploid and diploid data were
conducted, and an overall estimation of genetic differentiation across
all populations (global Fst) was performed. The populations were des-
ignated by the number of highly diverged evolutionary lineages
(n = 5) and by country of origin (n = 6).

210 |
mtDNA

Divergence time estimation based on

By assessing the time since divergence between highly diverged line-
ages we aimed to investigate the possible association between the
divergence time and geological events. Stepien and Haponski (2015)
estimated the divergence time for genus Perca using two mtDNA
regions: cytochrome b (cyt b, 1140 bp) and cytochrome c oxidase |
(COl, 1550 bp), as well as nuclear recombination-activating gene
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intron 1 (RAG1, 6879 bp). We partially integrated the framework from
the given study to construct the mtDNA input dataset. Thus, we
imported whole mtDNA genomes of the following species: saw-edged
perch (Niphon spinosus, NC068731.1), as the closest living relative,
was added as the out-group to root the tree and infer monophyly for
family Percidae (Ghezelayagh et al., 2022); sauger (Sander canadensis,
NC021444.1) and walleye (Sander vitreus, NC028285.1) sequences, as
well as smallmouth bass (Micropterus dolomieu, NCO11361.1) and lar-
gemouth bass (Micropterus salmoides, NCO08106.1), were included to
apply fossil priors for Sander and Micropterus genera (Haponski &
Stepien, 2013). Balkhash perch (NC027745.1) and yellow perch
(JX629448.1) were included to supplement the dataset with extra
taxa, as we applied the estimate from the previous study (45 Mya for
split between N. spinosus and Percidae family, Ghezelayagh
et al., 2022) as the molecular prior for calibration within Perca genus.
Twelve newly generated mtDNA genomes of P. fluviatilis and a pub-
lished mtDNA genome from a Hungarian specimen (KM410088.1)
were selected for estimation of divergence time based on the ML phy-
logenetic consensus tree (Table S1).

The presence of multiple species in a dataset resulted in a differ-
ent length of genomic sequences; therefore, we (i) truncated each
sequence by position 15,680, (i) aligned partitions in Muscle
(Edgar, 2004), and (jii) trimmed the sequences again to minimize the
number of gaps. Final alignment, comprising 20 sequences of
15,704 bp length for each partition, was later processed in a statistical
test of best model selection in terms of nucleotide substitution.
TIM2 + F + | + G4 model was suggested as the best fit in ModelFin-
der (Kalyaanamoorthy et al., 2017) according to AIC, AlCc, and BIC
criteria. Extra verification in jModelTest2 (Darriba et al, 2012;
Guindon & Gascuel, 2003) has shown that the given model is within
the range of a credible set of selections. The input file in xml format
was generated in BEAUTI ver. 2.6.7 and was processed later in BEAST
ver. 2.6.7 (Bouckaert et al., 2019). We used a relaxed clock log-normal
model as we assumed that the evolutionary rates could vary due to
the presence of distinct species and taking into account their rela-
tively old age. TIM2 model is not implemented in BEAUTI ver. 2.6.7;
thus, we followed Lecocq et al. (2011) and replaced TIM2 with GTR,
retaining the discrete Gamma site model (G4) for the whole dataset
and applying the given configuration to each of the priors, following
suggestions from Stepien and Haponski (2015) based on the output
from ModelFinder.

We used the configuration of three priors (one molecular and two
fossil) in our analysis. Priors within the Percidae family were calibrated
according to the fossil records of Micropterus (ca. 12 Mya) and Sander
(ca. 15 Mya, Stepien & Haponski, 2015), whereas setting minimum
age constrain for the entire Percidae family was grounded on the
molecular estimate (Ghezelayagh et al., 2022). We also reiterated
the analysis by (i) increasing the chain length from 10 to 50 million
generations, (i) testing with sampled parameters every 100, 1000,
and 10,000 generations, and (i) running the programme with a speci-
fied setup configuration; however, the structure of relationships
remained the same. The results presented in the study represent the
simulation performed for 30,000,000 chain length. Most effective

sample size (ESS) values were >200 with no large-scale fluctuations
observed, indicating that the MCMC chain has converged on a stable
optimum. We discarded the first 20% of logged trees as burn-in, as
the ESS values of all tests within 30,000,000 chain converged to opti-
mum by reaching 6,000,000 steps.

211 | Admixture

We employed ADMIXTURE 1.3 (Alexander et al., 2015) to estimate
individual ancestry proportions, performing 500 bootstraps (-B500)
across a range of ancestral lineages (K) from 1 to 20 and a 10-fold
cross-validation (—cv = 10). This analysis was carried out using
31,896 nuclear SNPs, meeting stringent criteria: a 100% call rate, and
adherence to Hardy-Weinberg equilibrium (p-value <5e-06). Addi-
tionally, to minimize potential confounding effects of linkage disequi-
librium (LD) on admixture patterns (Falush et al., 2003; Kaeuffer
et al., 2007), we restricted LD values to a maximum of 0.2. LD pruning
was performed in PLINK using—indep-pairwise 1000 100 0.2. Overall,
17,048 SNPs and 1,079,099 SNPs were removed by HWE deviation
and LD filtering, respectively.

In addition, we used nuclear SNP data to assess observed hetero-
zygosity (Ho) across the genomes of 39 individuals, as well as to iden-
tify putative signal of admixture in Estonian samples from mtDNA
lineages 2, 3, and 4. To estimate the genetic diversity, we used
vcftools applying-het flag. We used scikit-allele ver. 1.3.8 (Miles
et al., 2024) to generate subsets of genotype arrays for population
triplets (a;b;c), and estimate f3 scores. The f3-score is defined as (a-b)-
(a-c), in which a, b, and c represent vectors with the allele frequencies
in the putatively admixed population A and the two putative donor
populations B and C respectively. Thus, negative f3-score is indicative
of admixture. We calculated f3 for three different triplets:
(i) admixture of Estonian mtDNA lineage 2 (ELOO1, EPAR1, EPAI1,
ESAA1, EANT1), testing the donors of Swedish (lineage 2) and
Estonian (non-lineage 2) populations; (ii) admixture of Estonian
mtDNA lineage 3 (EHIN1, EKUU1, EMAT1, EMEE1, EUDR1, EVII1,
EVIR1), testing the scenario where the donors of gene flow are sam-
ples from Lithuania (lineage 3) and Estonia (outside of lineage 3); and
(iii) admixture of Estonian mtDNA lineage 4 (EHEI1, EPII1, EUIA1,
EVER1), testing the donors of Finnish (lineage 4) and Estonian (non-
lineage 4) samples.

212 | Reconstruction of demographic history

Pair-wise  Sequentially Markovian Coalescent (PSMC; Li &
Durbin, 2011) was used to infer the fluctuations in effective popula-
tion size N, over time using nuclear SNP data by estimating coales-
cence rates between haplotypes through time. The rates of
coalescent events at the specific time, in turn, correlate with the
changes in the local density of heterozygous sites across the genome
and are inversely proportional to N. (Li & Durbin, 2011;
Nadachowska-Brzyska et al., 2016). However, the inferred N,
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dynamics is also strongly affected by population substructure. Whole-
genome diploid consensus sequences were generated using samtools
ver. 1.10 and bfctools ver. 1.17 using default settings (https://github.
com/Ih3/psmc), except that the minimum and maximum read depths
were set to 10 and twice of the average coverage for each sample
(Table S2), respectively. The input files for PSMC modeling were gen-
erated with the fq2psmcfa tool (—qg 20) and processed in psmc apply-
ing the following parameters: —N25 —t15 —r5 —p “4 + 25*2 + 4
4 6,” where N is the number of iterations, t stands for the number of
time intervals per iteration, r denotes the ratio of heterozygosity to
recombination rate, and p defines the N, at each of the four main time
intervals (Li & Durbin, 2011; Patil et al., 2021). A generation time of
3 years (Freyhof & Kottelat, 2008) and a mutation rate of 2.5e-08 (Liu

et al., 2016) were applied for time calibration.

213 | Co-phylogeny of mitochondrial and
nuclear DNA

To evaluate the congruence in genetic structuring between mtDNA
and nDNA trees, we estimated evolutionary distances between
39 individuals of perch, separately for nDNA and mtDNA SNP data-
sets and applied a co-phylogenetic approach to compare them. First,
we calculated p-distance matrices for both datasets, by running
VCF2Dis ver. 1.50 software (https://github.com/BGl-shenzhen/
VCF2Dis). Later, mtDNA and nDNA trees in Newick format were
inferred from p-distance matrices using FastME ver. 2.0 (Lefort
et al., 2015). The generated trees were visualized using phytools pack-
age (Revell, 2012) in R.

3 | RESULTS

3.1 | Haplotype network

The constructed haplotype network revealed the largest genetic dis-
tance between the single Hungarian specimen and the rest of the
samples (97 mutations apart from the closest haplotype, out of
202 variable sites in total). The rest of the analysed mtDNA genomes
were grouped into four distinct lineages (Figure 1b). Six specimens
collected in Finland, as well as two from Lithuania and two from
Russia, possessed identical haplotypes, respectively. However, only
samples from Siberia constituted a clearly separated group in relation
to geographical location, whereas multiple lineages were present in

several countries around the Baltic Sea (Figure 1a).

3.2 | Phylogenetic relationships based on near-
complete mtDNA genomes

Based on 114 near-complete mitochondrial genomes, phylogenetic
ML tree revealed the presence of five highly diverged mitochondrial
lineages, three of which were found in the Baltic Sea basin (Figure 1c).
Similar to haplotype network analysis, the most divergent from all

other haplotypes was a single specimen from Lake Balaton, Hungary
(KM410088.1). The consensus tree without Hungarian sample
revealed divergence among four remaining lineages: a clearly sepa-
rated group consisting of perch from Russia and China (denoted as lin-
eage 1), as well as distinct clades named lineage 2 (Estonia, France,
Ukraine, Sweden), lineage 3 (Estonia, Sweden, Lithuania, Belarus), and
lineage 4 (Estonia, Finland, Ukraine, Sweden, Lithuania; Figure 1d).
Within lineage 2, two haplotypes from Estonia were characterized by
early branching with bootstrap values of 65%. A similar branching pat-
tern was observed in lineage 3 for six Estonian haplotypes and a single

Swedish haplotype, which exhibited multifurcating pattern.

33 | AMOVA

We examined molecular variance based on complete mitochondrial
and nuclear genomes by quantifying the variance associated with the
evolutionary lineages (n = 5) and the countries of origin (n = 6). For
the mitochondrial dataset, the variance associated with differences
between evolutionary lineages was considerably higher (90.78%) com-
pared to the variance explained by the differences between countries
of origin (65.61%, Table 2), reflecting the occurrence of multiple line-
ages in several countries, particularly around the Baltic Sea (Estonia,
Lithuania, Sweden). As for nuclear dataset, the variance explained by
country or lineage was much lower with more variation explained
by country of origin (9.9%) than mtDNA lineage (6.74%).

3.4 | Divergence time estimation

The maximum credibility coalescent tree (Figure 2) suggested a split
between P. fluviatilis, and the other Perca species occurred
approximately 15.82 Mya (95% highest posterior density [HPD]:
10.24-22.05 Mya). The oldest intraspecific split was found between
Hungarian and the remaining samples of P. fluviatilis on Early Pliocene
1.42 Mya (95% HPD: 0.73-2.27 Mya). The pattern of bifurcation was
consistent with the branching of phylogenetic tree: the clade corre-
sponding to lineage 1 is a sister group to lineage 2, whereas lineages
3 and 4 are grouped together. The estimated divergence between
four remaining evolutionary lineages (lineages 1, 2 vs. 3, 4) occurred
0.64 Mya (95% HPD: 0.36-1.02 Mya). The timing of the split between
lineages 1 and 2 was dated to 0.35 Mya (95% HPD: 0.16-0.58 Mya),
whereas the estimated split between lineages 3 and 4 occurred 0.24
Mya (95% HPD: 0.01-0.41 Mya).

3.5 | Admixture

We performed the ADMIXTURE analysis based on nuclear SNPs to
determine the ancestral lineage composition among 39 individuals
(Figure 3). The cross-validation error indicated an optimal clustering at
K = 2, revealing the largest genetic divergence between European
and Siberian (Russia) samples, and potential contribution of Siberian
ancestry to the Baltic region. However, at K = 3, no shared ancestry
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FIGURE 1 (a) Sampling locations of studied Perca fluviatilis populations. Different colors of sampling locations in (a), boxes in (b, c), and the
outmost circle sectors in (d) correspond to the highly divergent evolutionary lineages 1-5. The size of the haplotype bubble reflects the number
of sequences (individuals), its color indicates the country of origin, the numbers above the main branches correspond to bootstrap values, and the
hatch marks on the branches indicate the number of nucleotide differences. ML representation of phylogenetic relationships between
populations as unrooted (c) and circular (d) tree. Different colors in the inner circle in (d) indicate the country of origin of populations. A sample
from Hungary (HBAL, lineage 5) is not present in (d) due to its considerable branch length.

85U suoWILLOD aAIIeaID a|ceal|dde sy Aq peutenob e sajoie YO ‘9sn Jo sajnt 10} AkeiqiTauluQ A3|IAA UO (SUOIIIPUOI-PUR-SWLB WD A3 | 1M AReiq 1 jpul|uUo//sdny) SUONIPUOD pUe SWB | 8Y) 88S *[7202/90/2] uo ArigiauliuQ AB|IM ‘minL Jo AiseAlun Aq TZ8ST ai/TTTT 0T/I0p/wod A8 | 1M Arelq 1 pul|uo//:sdny wouy papeojumoq ‘0 ‘6798560T



LICHMAN ET AL.

BN ... FISHBIOLOGY |

TABLE 2
(n = 6) or by evolutionary lineage (n = 5).

Results of AMOVA and global Fst values based on 39 whole nuclear (n(DNA) and mtDNA genomes grouped by country of origin

15.819[10.243-22.047]

according to Table S1). The mean

RSVK (SRR25203752) . . .
divergence time estimates are

Sum of squares Variance components Variation (%) Fst
Source of variation mtDNA nDNA mtDNA nDNA mtDNA nDNA mtDNA nDNA
Among countries 419.2 133543.7 13.3 1358.7 65.6 9.9
Within countries 243.0 889625.6 6.9 123575 34.4 90.1
Total 662.2 1023169.3 20.2 13716.2 0.656* 0.099*
Among lineages 590.8 6.7 19.5 915.0 90.8 6.7
Within lineages 71.3 925826.2 2.0 12662.5 9.2 93.3
Total 662.2 1023169.3 21.5 13577.5 0.908* 0.067*
Note: Significance of variance explained set as p-value <0.05 (*).
(a) 03 (b) FIGURE 2 (a) Boxplots of
° observed heterozygosity (Ho) across
025 | nuclear genome in 39 individuals,
oo . o grouped by mtDNA lineage.
0.2 o - EKUU1 (SRS10012787) (b) Estimated divergence times
o ':_’_- LLEN (SRS10012792) |:| 3 (in millions of years ago, Mya) between
0.15 . LPUR1 (SRS10012793) species of the Percidae family and five
0.238[0.099-0.408 - . . .
. i EVER1[(SR810012788)] highly diverged evolutionary lineages
0.1 4 . FKAL1 (SRS10012799) 4 of Perca fluviatilis, based on nearly
FKAR (SRS10012797) whole mtDNA genome sequences. The
0.05 1 . - i i Oégialos'gg%(;ig; 95(} P. fluviatilis lineages 1 to 4 are
1 2 3 4 ( ) represented by three individuals from
. SNED1 (SRS10012768) 2 . . .
mtDNA Lineages SSNO1 (SRS10012789) each lineage, and lineage 5 is
P fluviatilis | $0.35[0.164-0.581] represented by a single individual
1.41710.728-2.274] RIMI (SRR25203753) I HBAL (individual designations
RKIT (SRR25203749) 1
[

26.526[20.189—-33.148]

L— HBAL (KM410088.1)

E P. flavescens (JX629447.1)
P. schrenkii (NC027745.1)

S followed by a 95% HPD (highest
posterior density) interval in brackets.

S. canadensis (NC021444.1)

S. vitreus (NC028285.1)

I — M. dolomieu (NC011361.1)
] i
M. salmoides (NC008106.1)

was observed between Siberian and European samples. Instead, K = 3
separated Finnish samples from the rest of European samples and also
indicated potential contribution of Finnish ancestry to Estonian,
Lithuanian, and Swedish samples. At higher K values, however, the
Siberian and Finnish samples consistently emerged as the most dis-
tinct clusters, and we found no evidence of Finnish or Siberian contri-
bution to the rest of the samples (Estonia, Lithuania, Sweden). Instead,
individual samples started to diverge from the previous clusters most
likely driven by genetic drift (Figure S1).

The results of the f3 test on nuclear SNPs provided no evidence
for admixture in Estonian individuals from lineages 2, 3, and 4. In all
cases, the average f3 score was positive (0.019, 0.024, and 0.024),
and the z-scores were positive, indicating no support for admixture
(Table S4). Finally, the Ho estimates based on nuclear SNP data
(Figure 3, bottom graph; Table S3) indicated that nuclear diversity
estimates in lineage 1 were higher compared to other lineages.

N. spinosus (NC068731.1)

3.6 | Demographic history

The inferred demographic history reveals fluctuations in the population
size dynamics for all studied samples over the past 300,000 years
(Figure 4). However, there is a clear difference in the dynamics
between perch populations from Europe and Western Siberia: during
the early and middle stages of the Last Glacial Period (LGP, ca. 30,000-
100,000 years before present, YBP), the population size of Siberian
perch increased, whereas all European perch samples showed a consis-
tent decline in population size. The growth in the population size of
Siberian genomes overlaps with the Eemian interglacial (corresponding
to Marine Isotope Stage 5e, MIS5e, ca. 120,000 years ago) and lasted
throughout lower and middle Weichselian, until ca. 25,000 years ago.
Interestingly, the population size fluctuations for all European samples
were very similar to each other irrespective of their mtDNA lineage,

indicating that the divergence of mitochondrial lineages to a large
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FIGURE 3 Analysis of Perca Lithuania
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extent predates the demographic history accumulated in nuclear

genome over the past 200,000 years.

3.7 |
genomes

Co-phylogenies of mitochondrial and nuclear

A comparison of mitochondrial and nuclear data-based evolutionary
trees revealed both similarities and incongruences between evolu-

tionary histories inferred from two different types of markers

Years before present (YBP)

(Figure 5). For example, the Siberian samples clustered together
based both on mtDNA and nuclear genome data, reflecting the con-
sistency between maternally and bi-parentally inherited markers. On
the contrary, although nDNA phylogram indicated that all samples
from Finland form a monophyletic group, the mtDNA genome
grouped some Finnish specimens together with Estonian samples.
Similarly, although Swedish specimens clustered separately from
other samples based on nuclear data, mitochondrial sequence data
grouped them together with several Estonian samples within line-

age 2.
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FIGURE 5 The tangle-gram, reflecting co-phylogeny of Perca fluviatilis evolutionary relationships measured based on mitochondrial (left) and
nuclear (right) data. The scale depicts edge length, calculated from the p-distance matrix. The individual samples are designated according to
Table S1; the colors of tips (bubbles) and labels correspond to the countries of origin. mtDNA, mitochondrial DNA; nDNA, nuclear DNA.
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4 | DISCUSSION

The analysis of whole mitochondrial and nuclear genomes has enabled
us, for the first time, to reconstruct the demographic history and esti-
mate the divergence time for the major mtDNA evolutionary lineages
of Eurasian perch. This was achieved by integrating newly obtained
genomic information with the publicly available genomic and tran-
scriptomic datasets, thereby expanding the geographic scope of our
investigation. Mitochondrial haplotype network analysis and phyloge-
netic analysis of near-complete mitochondrial genomes revealed five
highly diverged mtDNA lineages, which have diverged approximately
0.24-1.42 Mya. Notably, three of these lineages show overlapping
distribution in the Baltic Sea region. The presence of multiple evolu-
tionary lineages and their geographic distribution in P. fluviatilis aligns
with known patterns of postglacial recolonization and population
expansion observed in many other species, including teleost fish
(Culling et al., 2006; Sommer & Zachos, 2009). Furthermore, the
examination of nuclear genomes through ADMIXTURE analysis
showed a consistent separation between European and Siberian
perch. Similarly, PSMC analysis revealed distinct demographic trajec-
tories in both groups, most likely reflecting contrasting evolutionary
histories over a period ranging from 30,000 to 100,000 YBP. Together
this suggests that in Europe P. fluviatilis likely underwent postglacial
recolonization from several refugial zones, and experienced different
population size fluctuations and/or isolation dynamics than Siberian
perch.

Our findings partially reaffirm inferences from earlier works based
on D-loop analysis (Nesbg et al., 1999), which suggested that present-
day perch populations in Central and Northern Europe were colonized
from three main refugia located in Southeastern, Northeastern, and
Western Europe. Although the geographic distribution of lineages
observed in our study does not fully match the areas observed in
Nesbg et al. (1999) and Toomey et al. (2020), we did find a similar
admixture pattern for perch in the Baltic region. Therefore, analyses
of near-complete mitochondrial genomes performed in the current
study support the hypothesis that after the last glaciation and ice
retreat, Northern and Central Europe were colonized by perch origi-
nating from three refugia. Moreover, similar to earlier findings based
on D-loop analysis, haplotype network and phylogenetic analyses pre-
sented here revealed that perch in Southeastern Europe belong to the
most ancient mtDNA lineage (Nesbg et al, 1999; Toomey
et al., 2020). Despite the limited number of samples and geographical
coverage, our results also suggest that lineage 2 most likely corre-
sponds to the putative East European refugium, previously designated
as R3 by Nesbg et al. (1999). Similarly, the patterns of haplotype net-
work and geographical distribution of lineages indicate the potential
correspondence of our lineage 3 to the East European refugium R2
and our lineage 4 to the North European refugium R4 of Nesbg et al.
(1999). However, we also detected a clear separation between Sibe-
rian and European haplotypes, which contradicts earlier reports that
suggested close relatedness between the two lineages (Nesbg
et al., 1999). In addition, Siberian and European perch exhibited dras-
tic differences in N. dynamics based on PSMC analysis of nuclear

-~ FISH BIOLOGY [ @ N

data. This suggests the presence of the Siberian lineage, which forms
a monophyletic group based on both mitochondrial and nuclear
genome data. However, expanding the geographical coverage is
clearly needed to provide a less ambiguous and more comprehensive
understanding of the phylogeographic history, glacial refugia, and the
dynamics of the recolonization of Eurasian perch.

This study marks the first instance of approximate divergence
time estimation between evolutionary lineages of P. fluviatilis using
nearly whole mitochondrial genome information. Overall, findings are
broadly compatible with the inter- and intraspecific estimates of
divergence time by Stepien and Haponski (2015), who suggested that
the emergence of contemporary mtDNA lineages of perch took place
around 2.9 Mya. We have included the Hungarian specimen from
Lake Balaton to analyses, which indicated that the first split of
present-day mtDNA haplotypes occurred more recently, ca. 1.42 Mya
(95% HPD: 0.73-2.27). The upper HPD boundary approximately coin-
cides with the extinction of Lake Pannon in Early Pliocene ca 2.4 Mya,
formerly located in the Pannonian basin of Southeastern Europe
(Kazmér, 1990). Notably, the long lifetime of Lake Pannon also con-
tributed to the remarkable diversity of endemic molluscan fauna
(Geary et al., 2000). The subsequent mitochondrial split occurred
approximately 0.64 Mya during the Middle Pleistocene (MIS16),
which was characterized by drastic cooling and intensification of glaci-
ation in the Northern Hemisphere (Hughes & Gibbard, 2018). The
subsequent glacial cycles likely gave rise to the current-day mitochon-
drial lineages, with estimated split times of 0.35 and 0.24 Mya. Thus,
genomic data collected as part of this study suggests that the present
perch haplotypes are older than suggested by Nesbg et al. (1999), and
the observed lineages date back more than two glacial cycles for the
most recent and more than five for the most ancient splits. Compared
to other fish species in Eurasia, the origin of contemporary perch
mitochondrial lineages is similar to the proposed emergence of two
major clades within the European whitefish (Coregonus lavaretus), esti-
mated to occur approximately 0.4-0.6 Mya (Jacobsen et al., 2012).

The analysis based on nuclear genomes provided additional, more
recent insights into the demographic history of P. fluviatilis over the
past 200,000 years. Notably, the PSMC analysis revealed distinct tra-
jectories of Ne dynamics for Siberian and European perch. In Siberian
perch, we observed a decline during the Saalian/Penultimate Glacial
Period (MIS 6, 150,000-300,000 YBP), followed by a bottleneck dur-
ing the Eemian interglacial (MIS 5e, 150,000 YBP), and subsequent
fluctuations in N, during the Last Glacial Maximum (LGM, equals MIS
2). These fluctuations are likely linked to the varying climatic condi-
tions during the Middle and Late Pleistocene. Studies of West-
Siberian lakes have shown that abrupt decreases in temperature after
warm periods caused significant reductions in zooplankton and algae
abundance (Astakhov, 2006; Bezrukova et al., 2010; Mangerud
et al,, 2001; Nazarov et al., 2022). In contrast, the Penultimate inter-
glacial in Siberia led to the formation of numerous lakes after ice core
melting (Mangerud et al., 2004), possibly serving as sanctuaries for
perch. The N, changes in European populations, on the contrary,
showed a continuous decline from 200,000 YBP through the Late Gla-
cial Interstadial period (ca. 13,000-14,000 YBP), followed by a more
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subtle decline during the past 5000 years. These demographic pat-
terns bear resemblance to those observed in other fish species like
big-eye mandarin fish (Siniperca knerii) and Wels catfish (Silurus glanis)
(Lu et al., 2020; Ozerov et al., 2020). However, it is important to
approach the inferences of N. dynamics from PSMC analysis with
caution, as population structuring can significantly influence inferred
coalescence rates used for N. estimation (Mazet et al.,, 2016). For
example, a lack of gene flow may lead to the overestimation of N, due
to limited allele coalescence in different isolated populations (Li &
Durbin, 2011; Nei & Takahata, 1993). Therefore, increases in N,
observed in PSMC plots may not always indicate larger effective pop-
ulation sizes but rather periods of long-term population structuring.
Thus, PSMC outputs can be viewed as N, trajectories if the popula-
tions are panmictic or, alternatively, reflect changes in connectivity
when the population relationships are more accurately characterized
using a structured model. The observed consistent differences
between European and Siberian nuclear and mitochondrial genomes,
however, suggest distinct evolutionary histories between these two
groups before the last Glacial maximum irrespective of changes in
genetic structuring over time.

Deep divergence between European and Siberian samples was
also supported by ADMIXTURE analysis, revealing a potential contri-
bution of Siberian ancestry to the Baltic region. However, no consis-
tent evidence for admixture between European and Siberian samples
was observed at higher K values. Similarly, the lack of Siberian mtDNA
haplotypes in the Baltic region supports deep evolutionary divergence
between European and Siberian samples. Interestingly, Siberian
samples also showed higher nuclear diversity than other European
samples. Furthermore, at higher K values, ADMIXTURE successfully
clustered samples based on the country of origin but failed to reveal
consistent signals of admixture between different mitochondrial line-
ages. Similarly, f3 statistics calculated for specific population triplets
did not provide support for consistent admixture signals. Therefore, to
accurately characterize putative introgression patterns in Eurasian
perch, analyses of samples collected from the whole distribution
range, including southern putative glacial refugium areas, are needed.

By comparing the mtDNA and nuclear genomes obtained from
the same specimens, we identified major phylogenetic incongruences
and differences in variance (AMOVA) between the two types of data.
As such, our findings corroborate an increasing number of studies that
show incongruences between gene trees generated using mitochon-
drial and nuclear data (Toews & Brelsford, 2012). Yet, differentiating
between the possible causes of incongruence is not straightforward,
and mito-nuclear discordance can be driven by various factors, includ-
ing incomplete lineage sorting (McGuire et al., 2007; Pollard
et al,, 2006), introgression or hybridization between lineages (Bernal
et al., 2017; Ozerov et al., 2016), and retention of ancestral polymor-
phisms (Moran & Kornfield, 1993), which are shaped by glacial oscilla-
tions and subsequent colonization and hybridization events.
Intriguingly, the genetic clustering of perch based on nuclear data
closely reflected the geographical origin of the fish, whereas the
mtDNA lineages showed a more mixed pattern. This incongruence

between mitochondrial and nuclear trees in perch likely results from

two main factors. First, it could be attributed to the effect of repeated
glacial cycles, which led to the establishment of multiple refugia and
the emergence of distinct mitochondrial lineages. Second, subsequent
colonization and postglacial dispersal events likely facilitated hybridi-
zation between lineages and the shuffling of nuclear genomes. As
nuclear genomes undergo diploid inheritance and recombination, they
tend to reflect more recent processes of colonization and admixture.
In contrast, the divergent mitochondrial lineages reveal more ancient

evolutionary splits.

5 | CONCLUSIONS

This study provided new whole-genome insights into the phylogenetic
and demographic history of P. fluviatilis. By integrating novel mito-
chondrial and nuclear genome data with the publicly available tran-
scriptomic resources, we shed light on the demographic history of
contemporary mitochondrial lineages, potential glacial refugia, and dis-
persal postglacial routes. Notably, five distinct mtDNA lineages,
including three with extensive overlap in the Baltic Sea area, were
identified, corroborating prior short mtDNA fragment-based infer-
ences. The estimated divergence times between mtDNA lineages
were older (0.24, 0.35, 0.64, and 1.42 Mya) than proposed by Nesbg
et al. (1999) suggesting their emergence at the onset of Saalian glacia-
tion (ca. 150,000-300,000 YBP) and earlier. Thus, dramatic climate
changes characterized by long glacial periods causing large ice sheets
to expand and short warmer interglacial periods have likely shaped
the current-day mtDNA distribution in Eurasian perch. Furthermore,
the analysis of nuclear genomes provided more detailed insights into
the demographic history over the past 300,000 years, reflecting the
distinct demographic fluctuations of perch in Europe and Siberia.
Finally, the incongruences of mtDNA and nDNA evolutionary trees
likely reflect the differences in inheritance and recombination
between markers, as nuclear genomes are predominantly shaped by
recent colonization and admixture processes, whereas divergent mito-
chondrial lineages manifest more ancient evolutionary splits being
spread and redistributed during the recolonization process. Overall,
this study underscores the power of genome-wide approaches to
enhance our understanding of the historical processes shaping the

genetic diversity of widespread freshwater fish species.
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