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Abstract The genetic structure of European mud-
minnow populations throughout the species range was
examined using mitochondrial DNA and seven
microsatellite loci. Ten mitochondrial haplotypes
were detected, suggesting three phylogeographic lin-
eages, which likely diverged during the Early and
Middle Pleistocene. These three lineages geographi-
cally correspond to three regions: the Danube drainage
including the Drava system and Dniester Delta, the
Sava system and the Tisza system. High genetic
diversity observed using mtDNA was confirmed with
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microsatellite data, suggesting the existence of 14
populations in the studied area. The isolation-with-
migration model showed that migration rates between
populations were generally low and were highest
between the Drava and its tributary Mura. According
to the inferred relative population splitting times,
Umbra krameri likely spread from the eastern part of
the species range to the west, which also showed the
highest genetic diversity and largest population size.
As reported by the time-calibrated phylogeny, sepa-
ration of the European and American Umbra occurred
roughly at the end of Late Cretaceous and in the first
half of the Paleogene (60.57 Ma with 95% highest
probability density of 39.57-81.75). Taking these
results into account, appropriate guidelines are pro-
posed to conserve European mudminnow populations.
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Introduction

Longitudinal and transverse damming of rivers has
altered water flows and the habitats of many freshwa-
ter fish species, and is often considered a major cause
of the freshwater fish biodiversity crisis (Abell, 2002;
Cambray, 1997). Transverse damming is performed
for power generation and to improve navigation
conditions, whereas longitudinal damming is usually
tied to flood control and re-claiming arable land. In
lowland landscapes, the predominantly longitudinal
damming of rivers has intersected formerly vast
wetlands and marshes associated with larger rivers,
dramatically altering the landscape. Wetland- and
marsh-adapted species have been particularly affected
by these changes, and previously vast habitats have
been largely diminished, leading to dramatic popula-
tion declines and local extinctions (Olden, 2016).

A notable example is seen in the European mud-
minnow (Umbra krameri Walbaum, 1792), a fish
specifically adapted to the margins of lowland rivers,
floodplains and marshes (Banarescu et al., 1995;
Wanzenbock, 1995, 2004; Banarescu & Banaduc,
2007; Pekarik et al., 2014; ). U. krameri could serve as
a focal species for this specific type of threatened
ecosystem (Lambeck, 1997; Mace et al., 2007) or as
indicator species for ecosystem function (Wanzen-
bock, 2004). It has a relatively small distribution area
restricted to the lowlands of the Danube and Dniester
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drainages. Its populations are believed to be declining
in many countries (Mikschi & Wanzenbock, 1995;
Banaduc, 2008); however, some previously unrec-
orded populations have recently been reported (Trom-
bitsky et al., 2001; Velkov et al., 2004; Govedic, 2010;
Sekuli¢ et al., 2013; unpublished data). They are
located scattered in small floodplain pools, oxbow
lakes and marshy wetlands. During floods, populations
may be interconnected, allowing for genetic exchange
in a metapopulation framework (Akcakaya et al.,
2007).

Umbra krameri has been listed as a vulnerable
(VU) species by the TUCN (Freyhof, 2013) and is
strictly protected under the Bern convention (Ap-
pendix II), and protected by the EU Habitats Directive
92/43/EEC (listed in Annex II) and the national
legislation in most countries in its range. While legal
protection is guided internationally, conservation
efforts are generally localized and are often not
coordinated at the national level. Ideally, conservation
planning should be performed irrespective of social
and administrative entities (i.e. countries or pro-
vinces), and should address biologically meaningful
spatial scales. This starts with the strategic consider-
ation of conservation management at the spatial scale
of the total distribution range and should be succes-
sively broken down into smaller spatial scales such as
river basins, sub-basins and river stretches. Particu-
larly rare genotypes may deserve higher conservation
priority overriding other spatial considerations (Mor-
itz et al., 2002).

Along with U. krameri, the family Umbridae
includes four other species according to the traditional
taxonomy (Umbridae sensu lato): the central mud-
minnow (U. limi), eastern mudminnow (U. pygmaea),
Olympic mudminnow (Novumbra hubbsi) and Alaska
blackfish (Dallia pectoralis), all populating North
America, with the latter also extending into northeast
Siberia (Kuehne & Olden, 2014).

Genetic studies of the Umbridae are relatively
scarce; molecular phylogeny of the family has been
primarily studied in the context of higher evolutionary
ranks regarding Esociformes and Salmoniformes (e.g.
Loépez et al., 2000; Lopez et al., 2004; Campbell et al.,
2013; Shedko et al., 2013). These studies revealed that
North American and European representatives of
Umbra (U. limi, U. pygmaea and U. krameri) are
monophlyetic (1), while Umbra, Dallia and Novumbra
form a paraphyletic group (2), where Dallia and
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Novumbra are actually in monophyly with Esox (3).
Therefore, it was suggested that the family Umbridae
should only contain the genus Umbra and the closely
related fossil genera Boltyshia, Paleoesox and Proum-
bra (Umbridae sensu Gaudant, 2012), while the family
Esocidae should also contain Dallia and Novumbra
along the genus Esox (Campbell et al., 2013).

Phylogeographic and/or population genetic studies
have been performed on Dallia (Campbell & Lopez,
2014; Campbell et al., 2014), N. hubbsi (Pickens,
2003; Adams et al., 2013; DeHaan et al., 2014) and on
U. krameri at a limited scale in Serbia, Bosnia-
Herzegovina and Hungary (Maric et al., 2015; Takacs
et al., 2015). Contrary to N. hubbsi, which was found
to be genetically homogeneous at the mitochondrial
DNA level, Dallia and U. krameri populations showed
extensive phylogeographic structuring.

In this study, we analyses the genetic structure of U.
krameri using mitochondrial (cytochrome b) and
nuclear (tetranucleotide microsatellites) markers
(Winkler & Weiss, 2009) throughout most of its
range—the Danubian drainage including its major
systems, the Drava, Tisza and Sava Rivers, and the
Dniester River Delta. This analysis aims to give a
comprehensive overview of the phylogeography and
population genetics of the species, while also provid-
ing fundamental guidelines for its conservation.

In previous phylogenetic studies of the genus
Umbra, all three species were not studied together to
produce a time-calibrated phylogeny. For that reason,
the evolutionary relationship of these three taxa was
also examined to infer a time-calibrated phylogeny for
the family Umbridae.

Materials and methods
Sampling and DNA isolation

A total of 341 specimens were collected using
electrofishing and wattle baskets (Sekuli¢ et al.,
2013) from 17 locations across the Danube drainage
and the Dniester Delta (Fig. 1; Table 1), from 2011 to
2015. Fin clips were sampled and stored in 96%
ethanol. Total DNA was isolated using the phenol—
chloroform—isoamyl alcohol method (Sambrook et al.,
1989) or DNeasy Blood and Tissue kit (Qiagen,
Germany) as per manufacturer instructions. Samples
from the five Hungarian populations (Sz6d-Rékos-

patak, Kolon-tavi-Gvcsatorna, Ricsei-csatorna, Hejo
and Zala) were previously used in a population
genetics study of U. krameri in the Hungarian part of
the Carpathian Basin (Takacs et al., 2015), while two
specimens from the Lower Sava (Gromizelj and
Bakreni Batar) and one from the Middle Danube
(Lugomir) were previously used in a study on the
genetic and morphological variability of U. krameri in
Serbia and Bosnia and Herzegovina (Mari¢ et al.,
2015).

Mitochondrial DNA

The mitochondrial protein-coding gene cytochrome b
(entire length of 1141 bp) was PCR-amplified in 182
individuals (Table 1) using GluF and ThrR primers
and the PCR conditions as described in Machordom &
Doadrio (2001). Both-directional sequencing was
carried out on an ABI Prism 3130xI DNA sequencer
using the same primers. DNA sequences were edited
and aligned using the programs Chromas Lite 2.01
(http://www.technelysium.com.au/chromas.html;
Technelysium Pty Ltd, Australia) and Clustal X
(Thompson et al., 1997). Mean genetic net-distances
between phyletic lineages were calculated in the pro-
gram MEGA 5 (Tamura et al., 2011), using the Kimura
two-parameter model (Kimura, 1980). The cyto-
chrome b sequences obtained in this study were
deposited in GenBank (accession numbers
KP898868-KP898876 and KU674836). The
genealogical relations between haplotypes were pre-
sented as a minimum spanning network (MSN) using
the 95% statistical parsimony criterion in the TCS 1.2
program (Clement et al., 2000). Phylogenetic and
molecular clock analysis were performed in BEAST v
1.8.3 (Drummond et al., 2012) using the birth—death
process (Gernhard, 2008), uncorrelated lognormal
relaxed clock (Drummond et al., 2006), TN93 substi-
tution model (Tamura & Nei, 1993), gamma-shaped
rate variation (Yang, 1993) and run online on the
CIPRES Science Gateway portal v. 3.3 (Miller et al.,
2010); the substitution model was selected with
ModelGenerator (Keane et al., 2006) based on the
Aikake Information Criterion (AIC; Akaike, 1974).
For molecular clock analysis, the dataset was
expanded with cyt b sequences of other Esociformes
deposited in GenBank (Table 2). As no appropriate
calibration dates are available for the Umbra genus,
fossil records of other Esociformes were used to
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Danube, Drava,
Dniester

Fig. 1 Main diagram: Map of sampling locations. Names and
codes of sampling locations are reported in Table 1, with square
pie charts representing the distribution and frequencies of
mtDNA haplotypes. The Danube and the Dniester drainage area
are delineated with thick dotted lines, while the borders between
subdrainages are shown with thin dotted lines. The Drava and
the Lake Balaton subdrainages are joined together as they were

calibrate the molecular clock. For the minimum age of
all Esociformes, Esteesox, a stem esociform from the
late Cretaceous (85 Ma, Wilson et al., 1992) was used,
while Esox kronneri Grande, 1999, the first record of
the subgenus Kenoza from the late early Eocene
(42 Ma, Grande, 1999) was used as a minimum bound
for the divergence between Esox lucius and E. niger.
For both fossil calibrations, the lognormal priors
recommended by Campbell et al. (2013) were applied:
the prior for all Esociformes had an offset of 85.0 with
a mean of 1.0 and a SD of 1.0 (5% CI 85.5, 95% CI
99.1), and the prior for the split within Esox had an
offset of 42.0 with a mean of 1.0 and SD 0.65 (5% CI
45.9, 95% CI 52.9). Calculations were conducted
using the BEAGLE library (Ayres et al., 2012) and run
in three independent runs of 30,000,000 generations
sampled every 3000 generations. After verifying
adequate sampling (ESS > 200) and convergence
with Tracer (Rambaut et al., 2014), a 10% burn-in
was applied and the tree files were combined with
LogCombiner. Finally, TreeAnnotator was used to
calculate a maximum clade credibility tree, median
values of divergence times, posterior probabilities and
bounds for the 95% highest posterior density (HPD)
interval.

Microsatellites
Seven microsatellite loci (UkrTetl, UkrTet3—UkrTetS)

were amplified in 341 individuals (Table 1), according
to previously published protocols (Winkler & Weiss,

@ Springer

connected and formed a single drainage until the Late
Pleistocene. Lower left: The genealogical haplotype network
of European mudminnow. Haplotypes are connected with lines
that, regardless of length, represent a single mutation. Black
circles represent missing or theoretical haplotypes. Haplotype
colours correspond to the square pie charts in the central
diagram

2009). Fragment analysis was performed on a 3130xl1
Genetic Analyzer and genotyped using Gene-Mapper
v4.0 (Applied Biosystems).

The presence of null alleles, gene diversity
(heterozygosity), F statistics, as well as inter-popula-
tion allele sharing distances (D4s), were calculated for
all populations using Microchecker v2.2.3 (Van
Oosterhout et al., 2004), GENETIX 4.04 (Belkhir
etal., 1996-2004), FSTAT 2.9.3.2 (Goudet, 2002) and
Populations software (Langella, 2002), respectively.
Private alleles and allelic richness were estimated by
rarefaction analysis, using ADZE (Szpiech et al,,
2008), to compare genetic diversity among popula-
tions despite unequal sample numbers and to assess
whether sampling effort was sufficient to capture
genetic diversity. To determine whether stepwise-like
mutations have contributed to genetic differentiation
(Hardy et al., 2003), allele size (Rst) and the allele
identity—based measure (Fgsy) were compared by
testing whether the observed Rgr was larger than the
value obtained after permuting allele sizes among
alleles within populations (pRst) as implemented in
SPAGeDI 1.3 (Hardy & Vekemans, 2002; 20,000
permutations).

Genetic differentiation of the whole sample set was
assessed using hierarchical STRUCTURE analysis
(Pritchard et al., 2000; Viha et al., 2007). STRUC-
TURE 2.3.2.1 runs Markov chain Monte Carlo
(MCMC) simulations to partition individuals into K
clusters. For runs estimating In Pr(XIK) under a certain
K, different run lengths were used (from 20,000 to
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100,000 burn-in and 100,000 to 500,000 total length,
repeated seven times for each K) depending on
convergence. Stepwise exclusion of the most differ-
entiated clusters was conducted in the hierarchical
STRUCTURE analysis, allowing for more precise
clustering of the remaining individuals without elim-
inating admixed individuals. Each excluded cluster
was investigated for possible hidden substructures by
choosing K values according to each specific setting
(Viha et al., 2007). The AK method (Evanno et al.,
2005) was applied to estimate the most probable K
(Appendix 1 in Supplementary Material).

In order to determine the amount of gene flow
between populations and to estimate the parameter
theta (), the isolation-with-migration model (IM, as
implemented in the software IMa2; Hey & Nielsen,
2007) was used. Mitochondrial cytochrome b gene and
microsatellite loci were analysed together. The HKY
model of sequence evolution was applied to mito-
chondrial sequences, and a stepwise mutation model
(SMM) was assumed for microsatellite loci. IM was
applied to all neighbouring populations and to several
additional combinations selected on the basis of the
results from the STRUCTURE analysis (total of 23
combinations; all tested populations are listed in
Appendices 2, 3 and 4 in the Supplementary Material).
Five parameters were estimated for each combination:
current and ancestral population sizes (6;, 6, and
Oanc, Tespectively), relative time since divergence
(r) and a single migration parameter (m). Upper
bounds for parameter priors were estimated for each
tested population pair from consecutive preliminary
runs of the program, based on initial estimates of 6 as
advised in the IMa2 manual and span: —g (30—400),
—m (0.75-4) and —t (4-30). In all combinations, 100
Markov chains were run in parallel under a geometric
heating scheme. Several shorter trial runs with differ-
ent heating schemes were explored between selection
of population pairs (6) to identify high swapping rates
between adjunct chains. The settings (ha = 0.99,
hb = 0.3) gave adequate swapping rates (40-80%
between the majority of adjunct chains) and resulted in
good mixing of the Markov chains for all tested
population pairs. For the final simulations, the manual
recommendations for large datasets were followed.
For each tested combination, two independent jobs
were run until a suitable burn-in was reached for at
least 1,000,000 steps. Next, a new set of runs was
started by reloading the Markov chain state file with an

1.63 £ 25.10
0.61

Pr

1091 £
1.93

FIS Ar
—0.028

0.816

Ho

Microsatellite DNA
Ti2 Sal Da7 N Hg
2 0.776
33 341

18

Appendix 1), considerable deviation between estimations was observed for Zupanijski kanal (*), Lower Sava locations are considered together

Da2 Da3 Da4 Da5 Da6 Til
16

1

mtDNA-haplotype frequency

N Dal

182 43

Coordinates
46°25'12"N
30°07'30"E

Country
Moldova/
Ukraine

Drainage,
system

Dniester
Delta
(P < 0.001), Ar allelic richness, Pr private alleles, 6 average values of effective population sizes calculated from IM model estimations (Original IM model estimates are listed in

N number of individuals, Hy expected heterozygosity in the population, H, observed heterozygosity, F;s values showed no statistically significant deviations from HWE

Table 1 continued

Location
17. Palanca—
Mayaki
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Table 2 List of species
with associated Genbank

accession numbers and
references for each species
used in the molecular clock
analysis

157
Species GenBank References
Umbra limi (Kirtland, 1840) AY497458 Grande et al. (2004)
Umbra pygmaea (DeKay, 1842) NC_022456 Campbell et al. (2013)
Dallia pectoralis (Bean, 1880) NC_004592 Ishiguro et al. (2003)
Novumbra hubbsi (Schultz, 1929) AY497457 Grande et al. (2004)
Esox lucius (Linnaeus, 1758) KM281478 Skog et al. (2014)
Esox niger (Lesueur, 1818) AY497441 Grande et al. (2004)

additional short burn-in period of 100,000 steps and
afterwards 20,000 genealogies were sampled every 50
steps from a total 1,000,000 steps. Both Markov chain
state files generated in burn-in runs were used two
times. Finally, all four replicates were combined in
L-mode run with identical parameter settings. Based
on the 1.3 + 0.5 average age of maturity (Kuehne &
Olden, 2014), migration events were assessed using a
generation time of two years.

Results
MtDNA analysis

Aligned sequences of the 1085 bp 3’-end cytochrome
b mtDNA gene obtained from 182 individuals grouped
into ten haplotypes: Dal and Sal were previously
identified in the Danube and Sava drainages in Serbia
and Bosnia-Herzegovina (Mari¢ et al., 2015), while

Fig. 2 Fossil calibrated
phylogeny of Esociformes
generated using a relaxed
clock in BEAST. 95% HPD 4
intervals are shown as grey
bars at nodes. Median node
ages are shown as node
labels. The upper left square

0.1

the remaining haplotypes (i.e. Da2, Da3, Da4, Da5,
Da6, Da7, Til and Ti2) were not previously described.
The haplotypes Dal, Da2 and Da3 were found
predominantly in the Upper and Middle Danube,
while Da4 and Da5 were detected only in the Danube
Delta. Da6, the most frequent and widespread haplo-
type was restricted to the Drava River system, Lake
Balaton, the Lower Danube River and the Dniester
Delta, but was completely lacking in the Upper and
Middle Danube. Da7 was detected only in the Dniester
Delta, Til and Ti2 only in the Tisza River system in
Hungary. Sal was detected in the Sava River system
and in the Danube River, though only in proximity to
the Sava mouth (Table 1).

The phylogenetic reconstruction of the mitochon-
drial haplotypes as inferred from the Bayesian tree
(Fig. 2) supports the monophyly of the Umbra genus
and the sister relationship between U. limi and U
pygmaea (Lopez et al., 2000, 2004). U. krameri
clustered into two clades: one was statistically well

0.49¢ panubian
- lineage

U. krameri

1.01]

Tisza
lineage

60.57 D3

shows the same Bayesian
phylogenetic tree with

branch lengths representing E‘:n
substitutions, the scale bar

-
0.70]:

: Sava

: lineage
32{: U. pygmaea
L . timi

indicates the number of

: D. pectoralis

substitutions per site, and

posterior probabilities are
shown as node labels

80.86 : : :
[ B * : N. hubsi
61.16\;%;‘ : E. niger
47:11 E. lucius

] PALEO | “EQCENE I OLIGO | MIOCENE ]PL]P.

Paleogene | Neogene K

Mesozoic Cenozoic
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Fig. 3 Rarefaction analysis of private alleles for five major (locations 1-6; Table 1), Lower Danube-Lower Dniester
clusters as inferred from geography and population analysis (a), (locations 7, 8 and 17), Tisza, Sava including Kraljevac in the
and rarefaction analysis of shared private alleles for combina- Middle Danube, and Drava—Balaton including Mura

tions of major population clusters (b). Upper—-Middle Danube
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supported (0.97 posterior probability) and comprised
very similar haplotypes found in the Drava, Balaton,
Danube and Dniester locations (Danube phyletic
lineage), while the second showed only weak support
(0.47 posterior probability). This less supported clade
is formed by two phyletic lineages, represented by two
haplotypes detected only in the Tisza River (Tisza
phyletic lineage), and a haplotype detected primarily
in the Sava River sites (Sava phyletic lineage). Mean
net-distances between the three lineages were 0.003
between the Danube and Tisza phyletic lineages,
0.006 between the Danube and the Sava phyletic
lineages, and 0.005 between the Tisza and the Sava
phyletic lineages.

MSN (Fig. 1) supported the topology represented
by the Bayesian tree (Fig. 2) and revealed the central
position of the haplotype Da6 as being one or two
mutation steps from the other Da haplotypes, four
mutations from the Til and Ti2 haplotypes, and six
from the Sal haplotype.

The molecular clock analysis based on the align-
ment of ten U. krameri haplotypes and six other
Umbirdae and Esocidae species with two calibration
points (Esteesox for Esociformes and E. kronneri for
the first record of the subgenus Kenoza) yielded a
divergence time for the European and American
Umbra species of 60.57 Ma (with a 95% highest
probability density (HPD) of 39.57-81.75 Ma), while
the diversification within U. krameri was estimated to
start at 1.01 Ma (with 95% HPD of 0.48-1.74)
(Fig. 2). The Tisza 4+ Sava lineages first separated
from the Danubian ones, followed by the splitting of
the Sava and Tisza lineages at 0.70 Ma (with 95%
HPD of 0.19-0.90).

Microsatellite DNA analysis

Rarefaction analysis revealed allelic richness that
varied from 3.4 to 11.1, and observed heterozygosity
varied from 0.331 to 0.819, with the highest values
observed in Enisala (Danube Delta) and the Dniester
Delta, and the lowest in Suma Zutica (Sava) (Table 1).
Rarefaction analysis showed that the private allelic
richness in populations from both deltas (0.64 in the
Danube and 1.63 in the Dniester) did not decrease with
an increasing number of individuals (Fig. 3a;
Table 1). Furthermore, certain population group com-
binations (between Lower Danube & Dniester, Upper
& Middle Danube, Drava & Balaton, Sava and Tisza;

Table 1) showed that the Lower Danube & Dniester—
Tisza combination exhibited the highest private allele
sharing, closely followed by the combinations Sava—
Lower Danube & Dniester, Lower Danube & Dni-
ester—Drava & Balaton, and Upper & Middle Danube-—
Lower Danube & Dniester (Fig. 3b). Neither null
alleles nor deviations from Hardy—Weinberg equilib-
rium were detected in the examined populations.

The degree of differentiation among the 17 anal-
ysed populations was significant and relatively high in
most cases and spanned from 0.022-0.514 for pairwise
cnd 0.108-0.915 for Dg (Table 3).

In the hierarchical STRUCTURE analysis, the most
probable numbers of K values were K = 2 for the 1st
and 3rd steps and K = 5 for both 2nd steps (for details
see Appendix 1 in Supplementary Material). In
accordance with these K values, European mudmin-
nows were partitioned into two groups in the first step:
the Upper and Middle Danube (Lugomir and upstream
locations), Mura, Drava and Balaton (group I), and the
Sava, Tisza, Middle and Lower Danube (Kraljevac
and downstream locations) and Dniester Delta, (group
ID). In further steps, additional partitioning within both
groups became evident; in group I in the Upper and
Middle Danube, each sampling site represented a
genetically well-defined homogeneous population.
The Drava (Zupanijski kanal) and Balaton (Zala)
population showed some inter-population genetic
mixing with the genetically similar population from
the Mura River (Nagy Parlag). In group II, Comana
(Lower Danube) and Suma Zutica (Sava) formed
distinct and well-defined homogeneous populations.
Populations from the Lower Sava (Bakreni Batar and
Gromizelj) and from the Middle Danube near the
mouth of the Sava (Kraljevac) represented an admix-
ture of two distinct genetic units. Within the group of
remaining locations, Palanca—Mayaki (Dniester) and
Ricsei-csatorna (Tisza) were genetically homoge-
neous and distinctive, while individuals from the Hejo
(Tisza) and Enisala (Danube Delta) exhibited admixed
genotypes derived from the previous two populations.
Further intra-population partitioning did not reveal
any additional clusters (Fig. 4; Appendix 1 in Supple-
mentary Material).

The observed Rgt value of the whole sample set
was 0.436, while the pRgr value was 0.151
(P = 0.0000) and the Fgr value was 0.207. The
significantly higher Rgr than pRgt, and considerably
higher value than Fgr, suggested that SMM
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Table 3 Paired values of Fgt above and Dag below the diagonal for microsatellite marker data

1 2 3 4 5 6 7 8 9 10
1. Eckartsau 0.282%%*  (0.346%** (0.240%** (.319%*%* (.263*** (.355%** (.222%%* (.303%** (.23]***
2. Patassky kanal — 0.633 0.265%%* 0. 121%** (Q.131*** (0.107**%* 0.261*** (0.097*** (.192%%* (,]133%**
3. Sz6d-Rakos- 0.588 0.566 0.340%**  (.275%** (0.261%%* (.352%** (.167*** (.213%*%* (.184%**
patak
4. Kolon-tavi- 0.509 0.324 0.764 0.180%**  (.165%** (.329%** (.182%** (.248*** (.209%**
odvcsatorna
5. Lugomir 0.680 0.318 0.532 0.452 0.176%** (0.333%** (. 159%** (.197**%* (.2]19%**
6. Kraljevac 0.695 0.357 0.697 0.515 0.506 0.176%**  0.068*** 0.160%** (0.103%***
7. Comana 0.672 0.582 0.646 0.761 0.735 0.425 0.144%*%* (0.212%**  (.150%%*
8. Enisala 0.609 0.356 0.435 0.623 0.496 0.288 0.360 0.069%**  (0.022%*
9. Ricsei-csatorna  0.710 0.581 0.437 0.697 0.500 0.551 0.479 0.259 0.078%**
10. Hejo 0.554 0.453 0.433 0.646 0.649 0.408 0.352 0.108 0.254
11. Zala 0.528 0.396 0.534 0.435 0.569 0.358 0.321 0.237 0.381 0.228
12. Nagy Parlag 0.531 0.561 0.404 0.634 0.601 0.581 0.382 0.344 0.455 0.410
13. Zupanijski 0.552  0.265 0.430 0.447 0.397 0.283 0.378 0.149 0.451 0.337
kanal
14. Suma Zutica 0915 0.826 0.869 0.832 0.836 0.588 0.656 0.701 0.786 0.722
15. Gromizelj 0.842 0.723 0.839 0.721 0.739 0.381 0.667 0.548 0.654 0.582
16. Bakreni Batar 0.741 0.521 0.679 0.613 0.590 0.121 0.516 0.329 0.535 0.450
17. Palanca— 0.578 0.460 0.486 0.720 0.646 0.363 0.315 0.231 0.461 0.212
Mayaki
11 12 13 14 15 16 17
1. Eckartsau 0.218%%%* 0.278%%* 0.239%%%* 0.514%%* 0.349%%** 0.278%%* 0.219%%%*
2. Patassky kanal 0.126%*%%* 0.232%%% 0.085%%*%* 0.420%*%* 0.244%%*%* 0.152%%%* 0.127%%%*
3. Sz6d-Rakos-patak 0.222%%% 0.247%#%* 0.200%%*%* 0.513%%%* 0.355%%%* 0.261%%* 0.191%%*
4. Kolon-tavi-Gvcsatorna 0.151%%%* 0.267%%%* 0.162%%%* 0.416%%* 0.251%#%%* 0.187%#%* 0.207%%*
5. Lugomir 0.200%%** 0.272%%%* 0.152%%%* 0.437%#%* 0.276%%%* 0.194%#%* 0.203%%*%*
6. Kraljevac 0.098#*%* 0.204#%%* 0.0827%%%* 0.281%#%%* 0.127%%%* 0.038%#** 0.082%%%*
7. Comana 0.138%#%*%* 0.228%#%%* 0.185%%%* 0.429%%%* 0.306%%** 0.219%%** 0.133%%*
8. Enisala 0.053#%%* 0.117%%* 0.037%#%* 0.3227%3%%* 0.165%%%* 0.081%#** 0.041%#%*
9. Ricsei-csatorna 0.114%%* 0.189%%** 0.141%%* 0.407%%* 0.238%%** 0.163%%%* 0.121%%%*
10. Hejo 0.058*%#%* 0.152%%%* 0.093*%*%* 0.355%%%* 0.194%%#%* 0.121%%%* 0.044%%#%*
11. Zala 0.115%%* 0.065%*%* 0.376%%* 0.199%%*%* 0.123%%%* 0.065%**
12. Nagy Parlag 0.296 0.096%%*%* 0.477%%* 0.303#%%* 0.226%%* 0.130%%**
13. Zupanijski kanal 0.222 0.215 0.390%%%* 0.229%#3%%* 0.121%%* 0.069%%**
14. Suma Zutica 0.787 0.863 0.781 0.213%#%%* 0.208%#** 0.348%#**
15. Gromizelj 0.596 0.739 0.687 0.356 0.028NS 0.195%%*
16. Bakreni Batar 0.455 0.622 0.409 0.404 0.075 0.105%%*%*
17. Palanca—Mayaki 0.302 0.363 0.271 0.763 0.670 0.423

NS non-significant after Bonferroni-type correction

*#* P <0.01; #* P <0.001

contributed to genetic differentiation; furthermore, no
non-tetra nucleotide repeat motifs were observed. IM
analysis of neighbouring populations revealed a
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stepping-stone pattern with low levels of migration
(Fig. 5; Appendixs 3 and 4 in Supplementary mate-
rial). In the majority of tested population pairs, runs
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Fig. 4 Estimated population structure as inferred by hierarchi-
cal STRUCTURE analysis of microsatellite marker DNA data.
Black lines separate sampling sites. After three steps, 14 clusters
were identified. The most probable K for the analysed samples
shown in the arrows is based on the AK method; no further

: 7| Middle Dan
‘ Kraljevac = (dow(zgn:m of?he ga?aemouth]
‘ Bakreni Batar
| Gromizelj Sava
Suma Zutica i
Ricsei-csatorna .
. Tisza
Hejo i
Enisala-Mayaki
Palanca Lower Danube
and Dniester
Comana |
Zupanijski kanal "] Drava
Zala 7] Balaton
Nagy Parlag | Mura
Lugomir 7]
Szod-Rakos-patak
Kolon-tavi-ovcsatorna | Upper and Middle
Patassky kanal Danube
Eckartsau (upstream of the Drava mouth)

structures were detected in subsequent rounds (after the third
step) and within the excluded clusters (K = 1). Arrows delineate
the progress of the hierarchical approach, where subsets of the
data were subsequently analysed

Fig. 5 Migration patterns
according to IM model
estimates. Arrow width
corresponds to IMa2’s HiPt
estimate of migration rate as
presented in the legend
(upper left). Only migration
rates above 0.05 are shown;
see Appendix 3 in
Supplementary Material and
Table 1 for names of
sampling locations

Danube

produced clear peaks and replicates resulted in similar
estimates of all parameters. An arbitrary value of 0.05
for the bin with the highest value in the migration
histogram (HiPt) was used to identify migration rates
greater than zero. The strongest migration paths were
observed between Mura (Nagy Parlag) and Drava
(Zupanijski kanal) and between the Middle Danube
(Kraljevac) and Lower Sava (Gromizelj and Bakreni
Batar joined). When converting the migration

parameter into per-generation population migration
rates (M = 6 x m/2), peak locations corresponded to
2.61 (Mpmur — Mpra) and 0.56 (Mpra — Myur)
migration events per generation between Mura and
Drava and to 1.12 (Myipan — Mysav) and 3.35
(Mysav = Myipan) events between the Middle
Danube and Lower Sava. This suggests 1.31 or 0.28
migration events per year between the Mura and Drava
and 0.56 or 1.68 events between the Middle Danube
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and Lower Sava when taking into account the average
European mudminnow generation time (two years).
Within the Danubian watershed, migrations were
generally higher in the Middle and Upper Danube
and in the Sava, Tisza and Drava-Balaton watersheds
than in the Lower Danube. Only negligible migration
was detected between Comana and Enisala, while
migration rate between the Lower (Comana) and the
Middle Danube (Kraljevac) was very small. The IM
model also revealed no trans-watershed migrations
between the Sava and Drava and Middle Danube and
Tisza, while low levels of migrations were detected
between the Danube Delta (Enisala) and the Upper
Tisza (Ricsei-csatorna). Migration rates between the
Danube Delta and the Upper Tisza correspond to 0.09
(Mppan = Myms) and 1.83 (Myris = Mppan)
migration events per year.

The IM model showed that Enisala (Danube Delta)
and Palanca—Mayaki (Dniester Delta) populations
were the largest, with 0 values of 44.78 and 25.10,
respectively, followed by the Hejo (Middle Tisza;
0 = 12.09) and Kraljevac (Middle Danube; 0 = 8.37),
while Suma Zutica (Middle Sava) was the smallest
population with the lowest theta value (6 = 0.40). In
the Zupanijski kanal (Drava; 6 = 5.87), considerable
variation was observed in the 0 estimation between the
tested population pairs (Table 1 and Appendix 2 in
Supplementary Material). In addition, the relative
times since divergence calculated by the IM model
were generally older in the eastern range of the species,
especially when comparing the Enisala population
(Danube Delta) to other populations (Appendix 3 in
Supplementary Material).

Discussion

Phylogeography and molecular clock analysis
of U. krameri

The phylogenetic mtDNA analysis of the extensive
sample set, which covered the majority of the U.
krameri range, revealed three phyletic lineages that
corresponded closely to three main rivers in the area:
Danube, Sava and Tisza.

Diversification within U. krameri started at approx-
imately 1.01 Ma (0.48-1.74), which is in general
agreement with the time frame set by Mari¢ et al.
(2015), who proposed that the Sava lineage separated
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from the Danubian lineage approximately 0.70 Ma
ago. The time span of the presumed diversification of
the species includes two Pleistocene glaciations (Giinz
and the first phase of Mindel) (Penck & Briickner,
1909; Gibbard & van Kolfschoten, 2004). Although
the areas inhabited by these mudminnow populations
were not covered with ice sheets (Mangerud et al.,
2004), indirect effects of glacial events could have
shaped the river network of the middle Danube.
Furthermore, intensive tectonic movements occurred
in the same period, which may have resulted in
significant shifts of river courses within the basin
(Brilly, 2010). Thus, the palacogeological events of
the Early and Middle Pleistocene could have played a
significant role in shaping the genetic differentiation
of U. krameri, likely separating the Sava and the Tisza
populations from the Danube—Mura-Drava—Balaton
populations, and initiating their genetic divergence.

As mudminnow can thrive only in a narrow range of
environmental conditions and is sensitive to compe-
tition, in addition to major Pleistocene geological
events, even simple random habitat fragmentation
may have led to population isolation and lineage
formation.

The most frequently observed haplotype (Da6) was
also the most widespread and was found in the most
distant sites of the species range, i.e. in the Mura River
in the west and the Dniester Delta in the east. Also,
Da6 appeared to be the central and presumably the
ancestral haplotype of the entire species. Yet, its
modern distribution is patchy; its occurrence in the
Drava River and relative proximity to Lake Balaton is
expected and likely reflects Late Pleistocene commu-
nication between the two systems, as proposed by
Gabris & Mari (2007). The question arises as to why
this haplotype is lacking in the Upper and Middle
Danube, where it is substituted with its derivatives
(Dal-Da3) and why it is again abundant in the Lower
Danube and Dniester Delta. Considering that U.
krameri is a habitat specialist, and also that mtDNA
has a higher level of genetic drift than nuclear DNA
markers, the most likely explanation for the patchy
distribution of Da6 haplotype appears to be genetic
drift.

Time-calibrated phylogeny for Umbridae family

This phylogenetic analysis confirmed the paraphyly of
the Umbridae family (Umbra, Novumbra, Dallia),
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placing Novumbra and Dallia within the Esocidae
(Gaudant, 2012; Campbell et al., 2013; Shedko et al.,
2013) and confirming the monophyly of the genus
Umbra (Lopez et al., 2000, 2004). Previous phyloge-
netic studies of the Umbridae family did not examine
all three Umbra species together to produce a time-
calibrated phylogeny (c.f. Lopez et al., 2000, 2004;
Campbell et al., 2013; Shedko et al., 2013), and thus
the time of the split between the North American and
European Umbra was not resolved. According to the
time-calibrated phylogeny presented here, Umbra
separated from the rest of the Esociformes approxi-
mately at the end of the Early or in the Late
Cretaceous, which is comparable to the time estima-
tion in Campbell et al. (2013), while the separation of
the European and American Umbra species roughly
spans the end of the Late Cretaceous into the first half
of the Paleogene. During that period, the Atlantic
Ocean was already well formed, separating Eurasia
and North America (Scotese, 2001), and thus this
estimate places the split between the European and
American Umbra much later than at the breakup of the
Laurasian supercontinent. The molecular results pre-
sented here indicate that the split between the North
American and European Umbra pre-dates the oldest
known fossil representative of the genus Umbra,
collected in Northern Bohemia and dating to the Late
Oligocene (U. prochazkai Oberhlova, 1978), making
ancestral Umbra a contemporary of the oldest known
fossil representative of the Umbridae family (sensu
Gaudant, 2012) collected in the Boltyshka basin of
Ukraine and dating to the late Palacocene (Boltyshia
brevicauda Sytchevskaya & Daniltschenko, 1975).
The split between the North American and European
Umbra is decidedly deeper than the split between the
subgenera Kenoza and Esox and is comparable to the
split between the genera Novumbra and Esox in terms
of the molecular clock analysis. Therefore, differences
between the North American and European Umbra
could well be interpreted at the genus level; or at least,
classification into the subgenus Melanura (Agassiz,
1853) as defined by Nelson (1972) should be followed.

Based on the time-calibrated phylogeny presented
in this study, the distribution of ancestral Umbra might
have extended bi-continentally either across the North
Atlantic Land Bridge (NALB) and/or the Beringia
Land Bridge (BLB), which linked the continents
across the Atlantic and the Pacific oceans and were
available intermittently from the beginning of the

Paleocene (Brikiatis, 2014), with final subsidence of
the NALB during the late Miocene (Tiffney, 1985;
Denk et al., 2011) and loss of the BLB near the end of
the Pleistocene (Gladenkov et al., 2002). However,
given that the native distribution of Umbra in North
America (subgenus Melanura) is exclusive to the
Atlantic drainage, and that the distribution of Umbra
in Eurasia (subgenus Umbra) is restricted to Central
Europe and the Black Sea watershed (including the
fossil record), the distribution of a once common
ancestor most likely extended across the North
Atlantic Land Bridge. Furthermore, a lack of fossils
from the family Umbridae (sensu Gaudant, 2012) from
North America indicates that the genus may have
originated in Europe. A similar biogeographic origin
and distribution pattern between sister lineages was
recently described for the freshwater fish genera
Sander (Haponski & Stepien, 2013) and Perca
(Stepien et al. 2015), where North American and
European sister lineages diverged much later than the
breakup of Laurasia and coincided with the closure of
the NALB during the Miocene. The examples of
Sander and Perca clearly demonstrate that such
biogeographic scenarios are also possible with fresh-
water fish.

Population genetics and demography of U. krameri

Although the results of the mtDNA analysis of U.
krameri showed a considerable level of genetic
variation observable through the clustering of haplo-
types into three phylogeographic lineages, analysis of
microsatellite loci allowed for a more precise resolu-
tion of genetic variation. Namely, the pairwise Fgr
values (Table 3) revealed a strongly significant statis-
tical difference between 16 of the 17 sampled
locations, with the exception of Bakreni Batar and
Gromizelj (Lower Sava), where mudminnows were
recognized as a uniform population. In addition to this
pair, STRUCTURE analysis did not separate popula-
tions from Zupanijski kanal (Drava)-Zala (Lake
Balaton) and Enisala (Danube Delta)-Hejo (Lower
Tisza). Therefore, the Danube watershed and Dniester
Delta harbour at least 14 genetically differentiated
populations of U. krameri.

Regarding the population pairs from the Lower
Sava (Bakreni Batar—Gromizelj) and from the Drava
and Lake Balaton (Zupanijski kanal-Zala), the geno-
type clustering results are not surprising, as respective
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pairs were physically connected until recently (Gabris
& Mari, 2007; Mari¢ et al.,, 2015). This is also
supported by the shared haplotypes (Sal and Da6,
respectively) (Table 1). However, the relationship
between the two deltas (especially Danube Delta)
and the Middle Tisza population remains puzzling.
Although these three populations are geographically
very distant, and though the populations from both
deltas share no haplotypes with the Tisza population,
microsatellite analysis suggested their similarity. But
even so, the IM model showed no migration between
them, which suggests that the apparent genetic sim-
ilarity is likely a consequence of ancestral polymor-
phism rather than gene flow. This assumption is
congruent with the fact that ancestral alleles persist
longer in large populations, such as Enisala, Palanca—
Mayaki and Hejo, the three largest populations in this
study. Furthermore, large effective population sizes
can lead also to allelic saturation. If so, similar allelic
frequency profiles may not indicate recent extensive
genetic exchange or retention of ancestral polymor-
phisms, but could reflect size homoplasy leading to
misinterpretations of long-term relationships (Estoup
et al., 2002).

A strong genetic spatial structure is also reflected by
the inferred migration pattern. The IM approach
detected a stepping-stone migration pattern with low
levels of migration. Converted per-generation popu-
lation migration rates generally correspond to the
migration of less than one individual per generation
(Appendix 4, in Supplementary Material). In general,
migration was higher in the Middle and Upper Danube
and in the Sava, Tisza and Drava-Balaton watersheds,
and lower in the Lower Danube. As discussed above,
the only population where no migration with neigh-
bouring populations was observed was Palanca—
Mayaki in the Dniester Delta. This absence of gene
flow between the Dniester and the Danube Delta
excludes a migration pathway through the Black Sea, a
speculation originating from the observation of the
species in the Black Sea (Raykov et al., 2012), which
was most likely false (Hajdu et al., 2015). In addition,
the IM model revealed no trans-watershed migration
between the Sava and Drava and Middle Danube and
Tisza, while low levels of migration were detected
between the Danube Delta (Enisala) and the Upper
Tisza (Ricsei-csatorna). Although a connection
between these two populations could theoretically be
explained by ancestral polymorphism, this is highly

@ Springer

unlikely, as the IM approach distinguishes between
potential ancestral polymorphism and recurrent con-
temporary gene flow occurring after population sep-
aration (Marko & Hart, 2012). However, genetic
similarity due to size homoplasy associated with
mutation-driven saturation effects cannot be excluded.
Not considering the cluster joining the Danube Delta
and Hej6é population, the STRUCTURE analysis
largely coincided with the results from the IM
approach and confirmed higher gene flow within the
identified clusters (e.g. between Patassky kanal and
Kolon-tavi-ovcsatorna within the Drava-Balaton
watershed).

Takacs et al. (2015) estimated similar but some-
what higher migration rates between mudminnow
populations from the Carpathian basin using
MIGRATE-N. Direct comparison is difficult, as
Takacs et al. (2015) pooled their samples according
to the STRUCTURE analysis despite large distances
between sampling sites. They reported the highest
rates (>1.5 individuals per generation) between the
Middle Hungarian Region (including Kolon-tavi-
Ovcsatorna) and Hansag-Szigetk6z in the Middle
Danube, from Balaton to Mura in the Drava-Balaton
watershed, and from Middle Tisza including the K&ros
River watershed to the Upper Tisza. The different
migration rates detected between these studies are
likely due to the use of different migration estimation
software. While MIGRATE-N assumes that the size
and the population structure have been stable for ~4
N,r generations, IMa2 does not make this assumption
and thus is well suited for the analysis of younger
populations (reviewed in Kuhner, 2009). Therefore,
when the ratio between Ns and the splitting time is
high, MIGRATE-N cannot distinguish between gene
flow and shared ancestral polymorphism, leading to an
overestimation of migration rates (Marko & Hart,
2012). Furthermore, population subdivision can affect
migration rate estimates (Wakeley et al., 2000).

Defining units for conservation purposes

In comparing the genetic diversity of U. krameri
(Table 1) and its counterparts D. pectoralis and N.
hubbsi in North America (Campbell et al., 2014;
DeHaan et al., 2014), the highest allelic richness was
detected in the lowest reaches of the largest rivers in
all three species. The populations from the Danube
and Dniester deltas displayed the highest
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microsatellite diversity and the largest effective pop-
ulation sizes. Such large differences in 0 between
these two populations and those from other locations
can be attributed to the wide range of habitats in the
Danube and Dniester deltas in comparison with
upstream locations, e.g. the Danube Delta which
covers a vast area of approximately 4152 km?, also
had the highest number of detected mtDNA haplo-
types (4 of 10; Table 1), with the central Da6
haplotype as dominant (Fig. 1). Furthermore, both
deltas and the entire Lower Danube are the only areas
where private allelic richness increased with sample
size (Fig. 3a). Exceptional parameters of genetic
polymorphism and high effective population sizes in
both deltas indicate that the eastern part of the species
range should be considered the centre of the species
diversity. Rich genetic diversity in deltas could be
attributed to the stochastic dynamics typical of large
populations, where the effects of genetic drift is minor
compared to small populations, causing allelic rich-
ness to increase with sample size. The population
divergences estimated using the IM model showed
that the splits between neighbouring populations were
oldest in the eastern part of the range. This suggests a
possible expansive role of habitats in the delta regions,
from where U. krameri likely spread to the west (i.e. to
the remaining sampling area) and not vice versa. This
is also supported by the shared private alleles (mean
number of private alleles for major population cluster
combinations) found in the Upper and Middle Danube
from the Lower Danube & Dniester and in the Tisza,
Sava, Drava & Balaton, (Fig. 3b).

Mitochondrial DNA analysis revealed some
genetic divergence among three geographically well-
defined groups, the Tisza, Sava and Danube (mean
net-distances between them were from 0.003 to
0.006), indicating a certain period of their distinct
evolution (see discussion above). This is also sup-
ported by the estimation of inter-population gene flow,
which was minimal among those three groups,
suggesting considerable reproductive isolation. For
these reasons, these three phyletic lineages, as defined
by the three haplogroups, could be considered poten-
tial evolutionary significant units (ESU). On the other
hand, the uneven distribution of microsatellite poly-
morphism among the small sampled populations and
high genetic structuring within each of the three
phyletic lineages may not reflect a natural evolution-
ary process but rather random drift governed by recent

habitat fragmentation as a result of human impact (e.g.
damming). For example, the smallest population with
the lowest genetic diversity was detected in an isolated
locality in the Sava river system (Suma Zutica) in
Croatia (Table 1) covering just a few square kilome-
tres, with no other known records of U. krameri in the
region. Adaptive differentiation seems unlikely in
very recently split populations with small N, as there
is simply no time for selection to take place. In cases
like this, it is questionable whether such small
populations represent genetically viable entities with
a good prospect of long-term survival. Therefore,
caution should be taken when delineating ESUs on the
basis of microsatellites, as these markers known for
their high mutation rate and neutral evolutionary
history are likely to result in excessive splitting of
populations (Frankham et al., 2012) and are generally
inadequate for characterizing adaptive patterns (Funk
et al., 2012).
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