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Abstract

Sago pondweed (Stuckenia pectinata (L.) Börner) is a genetically and ecologically diverse
submerged macrophyte, notable for its versatile reproductive characteristics, with a broad
global distribution, excluding only the Arctic and Antarctic regions. This cosmopolitan
species remains underexplored genetically in Lithuania compared to some other European
regions. The aim of this study was to investigate the state and distribution of genetic
diversity across Lithuanian river populations. We analyzed genetic variation in ten riverine
populations using both simple sequence repeats (SSRs) and intersimple sequence repeats
(ISSR). Genetic distances between genotypes and populations, as revealed by SSR markers,
correlated with those determined using ISSR markers, confirming consistency across the
two marker systems. STRUCTURE analysis revealed the presence of two distinct genotype
pools. Our study demonstrated that the majority of genetic variation resides within popu-
lations, with an FST value of 0.212 (SSR) and a ΦPT value of 0.352 (ISSR). These findings
suggest high genetic differentiation among populations. The absence of a relationship
between genetic diversity and hydrochemical or hydromorphological parameters at plant
collection sites suggests that the population structure of this species is shaped primarily by
evolutionary and/or demographic mechanisms, rather than by local environmental hydro-
chemical conditions. Overall, this study revealed high within-population genetic diversity
and underlying genetic structure in S. pectinata populations across Lithuanian rivers.

Keywords: molecular markers; Stuckenia pectinata; genetic diversity; genetic structure

1. Introduction
Small and medium-sized rivers constitute a significant portion of Europe’s waterways,

and their health significantly affects the ecosystems within or near the river. International
agreements such as the Ramsar Convention, Natura 2000, and the EC Water Framework
Directive (2000/60/EC) [1] have been established to safeguard the most valuable water
ecosystems [2]. For the sustainable development of these resources, it is essential to have
comprehensive knowledge about them. The state of the riverine ecosystem is closely associ-
ated with the state of the freshwater plant (macrophyte) species inhabiting it. Macrophytes
are the fundamental components of stream and riverine ecosystems, which experience
multiple anthropogenic stressors. They provide food and shelter for a variety of animals.
Macrophytes also significantly impact water quality. They stabilize sediments, participate
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in the cycling and storage of nutrients, enrich water with oxygen, absorb excess nitrogen
and phosphorus, and release substances that inhibit water blooms [3–7]. However, in
certain ecological situations, macrophytes (especially invasive ones) can overgrow water
bodies, reduce current velocity, and degrade water quality [8,9].

Among submerged keystone macrophytes, Sago pondweed Stuckenia pectinata (L.)
Börner is an important and ecologically and genetically diverse species distributed across
all geographic zones except the Arctic and Antarctic regions [10–14]. S. pectinata engages in
a variety of reproductive strategies. This species reproduces sexually by seeds and asexually
by tubers, rhizomes, and stem (shoot) fragments [3,5,13]. Sago pondweed demonstrates
high morphological and ecological plasticity, enabling it to thrive in various habitats,
including various freshwater sources and brackish coastal marine sites, as well as in
waters with varying trophic conditions [10]. This species is widely used as a model
organism in ecological research [3,7,8,10,11,14]. For example, Janauer [11] reported that
eutrophication alters certain metabolic parameters of S. pectinata. Nolet et al. [15] analyzed
the impact of Tundra swans foraging on sago pondweed tubers. The authors reported
a positive relationship between giving-up density and water depth [15]. S. pectinata is
considered an indicator species for eutrophicated waters, but it also grows in waters with
low total phosphorus levels, indicating that it may not be a reliable indicator of eutrophic
conditions [16]. In the first studies of genetic diversity, isozyme markers were analyzed,
and the results indicated high population differentiation, low genetic polymorphism, and
a significant impact of vegetative reproduction on population structure [17,18]. In this
work [17], some genetic differentiation between brackish water and freshwater genotypes
was observed. For later studies, the advancement of molecular markers enabled a more
comprehensive analysis of population genetic diversity. For example, using DNA markers,
Mader et al. [19] reported relatively high clonal diversity and emphasized the importance
of sexual reproduction in the genetic variation in S. pectinata. Hangelbroek et al. [20] used
random amplified polymorphic DNA (RAPD) markers and reported a surprisingly high
number of genets in the S. pectinata population from Lake Lauwersmeer in the Netherlands.
The high degree of clonal diversity indicated that sexual reproduction is significant in
sago pondweed populations. The genetic parameters of the population are affected by
various biotic and abiotic factors. The authors indicated that factors such as water depth,
silt content, and tuber predation by Bewick’s swans reduce clonal diversity. In their 2002
study, King et al. [21] analyzed the polymorphisms of ISSR loci in populations of S. pectinata
around the Baltic Sea. The authors reported that lower levels of population differentiation
on the southeastern Swedish coast can be associated with significant waterfowl migration
through this area.

Nies and Reusch [22], using SSR markers, conducted a study in Germany to examine
how habitat configuration and environmental conditions affect the population structure of
S. pectinata. They reported genetic divergence between populations from different habitats,
specifically the Baltic Sea coast and inland lakes. The authors also concluded that the
greater connectivity in Baltic Sea populations than in lake populations was the primary
reason for the more significant genetic differentiation observed in lake populations. Triest
and Fénart [23] reported that the diversity patterns of S. pectinata differ at Woluwe River
(Belgium) sites and in the ponds of the river catchment and may be impacted by their
habitat being subject to stress. The clonal diversity of S. pectinata was greater at the pond
sites. In addition, the authors reported moderate genetic differentiation among the studied
populations. Most identified clones were site specific, except for some proximate sites
that shared a few clones. The impact of habitat type on genetic diversity was also evalu-
ated by Han et al. [24] using amplified fragment length polymorphism (AFLP) markers.
Genetic differences were detected between S. pectinata populations from two lakes with
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different trophic levels (eutrophic and oligotrophic) in China. Age and local adaptations
to varying environmental conditions, such as salinity, were also hypothesized as factors
contributing to the divergence of S. pectinata s.l. in the lakes of southern Siberia, Russia, by
Volkova et al. [25], on the basis of variability in the ribosomal internal transcribed spacer
region (ITS). SSR and ISSR loci studies revealed high genetic diversity and significant
differentiation among S. pectinata populations in Iran, with distinct clustering based on
geographic region [26,27]. In this study, river, wetland, and lake populations were sur-
veyed. The authors reported that the genetic makeup of certain populations is influenced
by geographical barriers such as mountain ranges and desert zones. This makes them
significant independent evolutionary lineages and important for conservation efforts [26].
Fehrer et al. [28] investigated the taxonomy of the genus Stuckenia by sequencing nuclear
ribosomal regions as well as chloroplast intergenic spacers. Their study revealed two main
lineages within this genus. The authors reported that both interspecific hybridization and
intraspecific hybridization are common, with the resulting hybrids displaying varying
levels of fertility. Additionally, environmentally induced variation must also be considered
during taxonomic studies. Two major genotypes of S. pectinata were identified in the study.
Triest et al. [29] investigated the genetic structure of S. pectinata using samples from Europe
and Africa. By employing nuclear SSR markers, complete chloroplast genome sequences,
and rRNA sequences, the researchers confirmed the existence of two main gene pools:
genotype 1a, which includes European populations, and genotype 1b, which consists of
populations from the African Rift lakes. Further analysis revealed additional subdivisions
within lineage 1a, distinguishing two potential gene pools associated with different habitats:
freshwater and brackish water. These findings suggest that contemporary populations
reflect ancient genetic differentiation, highlighting the importance of considering genetic
identity in ecological and reproductive studies of this widespread species.

In previous studies, S. pectinata populations from various water sources, including
seashores, lakes, ponds, river stretches, and wetlands, have been investigated. The focus
of our study was river populations whose disturbance levels and water physicochemical
characteristics varied. The natural river network in Lithuania has undergone significant
changes, largely because of economic activity in the 20th century [30]. Rivers were deep-
ened, dredged, straightened, regulated, and dammed [31]. The reclamation and drainage
of wetlands between 1950 and 1990 had the most significant impact. Only approximately
17% of the riverbeds remain in their natural state. Anthropogenic modifications of rivers
significantly affect the health and sustainability of river ecosystems, particularly by impact-
ing plant components. For instance, the construction of dams and water abstraction reduce
water flow and alter the hydrological regime, leading to a reduction in the overall extent
of river ecosystems [32] and harming riverine communities [33,34]. These anthropogenic
river alterations may also lead to genetic fragmentation and genetic drift. Additionally,
obstacles created in the riverbed and changes in the flow regime cause variations in the
frequency of macrophytes [35], hinder hydrochory dispersal [36], and can affect seedling
survival [37]. River regulation also influences the genetic structure and dispersal patterns
of plant populations [38] and increases the invasion of alien species [39–41].

Given the extensive anthropogenic alterations of Lithuanian rivers and the limited
genetic research on S. pectinata in this region, we aimed to evaluate how genetic variation is
distributed across riverine populations. We hypothesized that the genetic diversity and
structure of S. pectinata are shaped primarily by evolutionary and demographic mechanisms,
such as genetic drift, clonality, and limited dispersal, rather than by local hydrochemical or
hydromorphological factors. To test this hypothesis, we: (1) assessed the level and distri-
bution of genetic diversity using SSR and ISSR markers; (2) compared the congruence of
both marker systems; (3) analyzed genetic differentiation and structure among populations
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using AMOVA, PCoA, and STRUCTURE; (4) evaluated correlations between genetic diver-
sity parameters and hydrochemical or hydromorphological indices; and (5) interpreted the
results in terms of ecological adaptation for Lithuanian freshwater systems.

2. Materials and Methods
2.1. Plant Material

Samples of plant material were collected between 2016 and 2017 from the rivers,
mainly in south and east Lithuania. The rivers varied in size, basin area, discharge, and
extent of riverbed modification (see Figure 1 and Table S1). The sampling site codes for the
plant collection locations shown in Figure 1 are detailed in Table S1.

Figure 1. Map of 30 sampling sites for Stuckenia pectinata located in ten different rivers in Lithuania.
Sites are classified according to river modification status: red dots indicate sites located in modified
river stretches, whereas black dots indicate sites in natural river stretches. The star indicates the
location of the nearest city.

ISSR polymorphisms were analyzed in 10 populations, whereas SSR analysis was
conducted on a smaller sample size in 9 populations from different rivers. There were a
total of 30 sampling sites, with 2 to 4 sites per river. The samples were collected at least 5 m
apart from each other. The plant material was placed in a cooler with ice for transportation
to the laboratory. Once present, the specimens were re-evaluated taxonomically following
the guidelines of Wiegleb and Kaplan [42].

2.2. DNA Analysis

DNA was isolated from 100 mg of fresh leaves from 381 S. pectinata plants using a
modified CTAB method [43]. For SSR analysis, 15–24 plants from each population and
7–8 plants from each site were used, for a total of 151 plants. Nine microsatellite loci,
Potpect24, Potpect26, Potpect28, Potpect32, Potpect34, Potpect37, Potpect39, Potpect40,
and Potpect42, previously identified by Nies and Reusch [44], were analyzed. These loci
exhibited variation among Lithuanian populations and were analyzed in 151 individuals
from nine populations. PCR was conducted using a Mastercycler ep gradient (Eppendorf,
Hamburg, Germany) according to the protocol outlined by Nies and Reusch [22]. This
involved an initial denaturation step of 12 min at 94 ◦C, followed by 35 cycles of 30 s
at 94 ◦C, 30 s at 55 ◦C, and 4 s at 72 ◦C, with a final elongation step of 2 min at 72 ◦C.
Each locus was amplified in separate reactions. The reaction consisted of a 10 µL mixture
containing 1 µL of 10 × DreamTaq buffer, 2.0 mM MgCl2, 150 µM dNTP mix, 0.2 µM of
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each primer (with the forward primer labeled with 6-Fam, Hex or Cy3), 2.0 U of DreamTaq
DNA polymerase (Thermo Fisher Scientific Baltics, Vilnius, Lithuania), and 20 ng of DNA.
Genotyping was performed using an Applied Biosystems Genetic Analyzer 3500. Peaks
were scored using GeneMapper software version 6 (Applied Biosystems, Inc., Waltham,
MA, USA), with a custom size standard GeneScan™ 600 LIZ™ (Applied Biosystems, Inc.,
USA) as a reference for fragment sizes. To ensure the reproducibility of DNA amplification,
twenty samples were run in duplicate for all the loci.

For ISSR analysis, 20 oligonucleotide primers were tested across 24 S. pectinata geno-
types from different sites, and eight ISSR primers that generated clear, reproducible DNA
bands were selected. For the initial phase, the same 151 plants as in the SSR assay were
analyzed. On the basis the obtained results, the study was expanded to include 351 in-
dividuals from 10 populations, which were analyzed using the selected primers ISSR
I-32, ISSR I-34, ISSR I-50a, ISSR A, ISSR D, ISSR O, UBC 810, and UBC 890. PCRs were
conducted in a total volume of 10 µL as described previously [45]. The reaction mixture
included 10× DreamTaq buffer, 200 µM dNTPs, 300 µM MgCl2, 20 ng of genomic DNA,
5 µM primer, and 0.5 U of DreamTaq polymerase (Thermo Fisher Scientific Baltics, Vilnius,
Lithuania). ISSR-PCR was performed in a Mastercycler ep gradient (Eppendorf, Hamburg,
Germany) under the following conditions: initial denaturation at 94 ◦C for 7 min, followed
by 32 cycles of denaturation at 94 ◦C for 30 s, an annealing step at the specific temperature
for each ISSR primer for 45 s, and extension at 72 ◦C for 2 min. The reaction was completed
with a final extension at 72 ◦C for 7 min. All reactions were independently repeated at least
twice, and only reliably repeated DNA bands were analyzed. A negative control was in-
cluded in each amplification experiment. PCR products were analyzed using 1.5% agarose
gels in 0.5× TBE buffer at a constant voltage of 3.0 V/cm for 5 h. DNA was visualized by
ethidium bromide staining. Amplification products were recorded and analyzed using
the BioDocAnalyze System (Biometra, Göttingen, Germany). The molecular size of the
amplified DNA fragments was determined using GeneRuler™ DNA Ladder Mix (Thermo
Fisher Scientific Baltics, Vilnius, Lithuania).

2.3. Data Analysis

Considering the small size of the studied rivers and the compact location of the sam-
pling sites, all the samples from the same river were treated as belonging to the same
population (Table S1). This is also based on expected genetic connectivity driven by clonal
growth and the downstream dispersal of vegetative propagules in riverine macrophytes.
Samples from multiple sites within the same river were pooled and treated as a single
population, reflecting expected genetic connectivity driven by clonal growth and the down-
stream dispersal of vegetative propagules in riverine macrophytes. Although S. pectinata is
a hexaploid species, Nies and Reusch [22] reported that the microsatellite loci behave as if
they are diploid. It is believed that the microsatellite loci of Stuckenia evolved independently
within the genome on different pairs of chromosomes. Therefore, the resulting allele data
matrix was constructed on the basis of this assumption. Potential scoring errors (stuttering,
large-allele dropout, and null alleles) were assessed using MICROCHECKER v. 2.2.3 [46] on
the basis of deviations from expected heterozygote frequencies and repeat motif structure
(1000 Monte Carlo iterations, 95% CI). These analyses did not reveal consistent evidence of
null alleles, large allele dropout, or stutter-related scoring errors across loci. Therefore, all
loci were retained for downstream analyses.

Reproducible DNA bands produced by ISSR-PCR were scored and compiled into a
binary data matrix for further analysis. The presence of a DNA band was represented
by a 1, whereas its absence was represented by a 0. Monomorphic bands were excluded
from the analysis. The genotyping error of the ISSR markers was assessed on 20 blind
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samples, as described by Patamsytė et al. [47], and estimated at 1.2% (35 differences in
2955 comparisons). Nonreproducible DNA bands were identified in the consensus samples
and eliminated from the analysis of all the samples.

Genetic diversity parameters and differentiation were evaluated across various geno-
types (genets). Identical genotypes (ramets) within specific sites were excluded from
these assessments to prevent the overestimation of allelic frequencies caused by large
clones. Clones were determined using the multilocus matches function in GenAlEx version
6.5 [48]. Hardy–Weinberg equilibrium (HWE) was assessed for each locus and population
using GENEPOP v4.7.5. Exact tests for codominant microsatellite loci were conducted
with a Markov chain algorithm involving 1000 dememorization steps, 100 batches, and
1000 iterations per batch. Significance across loci and populations was determined using
Fisher’s combined probability test. The inbreeding coefficient (Fis) and genetic differenti-
ation (FST) were calculated using FSTAT v2.9.4 [49]. The total number of alleles (Na), the
number of effective alleles (Ne), and Shannon’s index were calculated using POPGENE
1.31. GenAlEx v. 6.5 was used to determine the number of different SSR alleles recorded
in each population (Nd), to calculate the observed heterozygosity (Ho) and expected het-
erozygosity (He), and to perform principal coordinate analysis (PCoA). The ISSR band
richness (Br) and the proportion of polymorphic bands (PLP, at a 5% level) for standardized
sample sizes, were analyzed using AFLPDIV v. 1.1 [50]. Genetic diversity parameters,
such as Na, Ne, I, He, and P, were calculated from ISSR data for populations and sites
separately. Genotypic richness (GR) was calculated for the populations using the following
formula [51]: R = (G − 1)/(n − 1), where G represents the different genotypes at a studied
site and n represents the total number of individuals sampled from all the studied sites.
Analysis of molecular variance (AMOVA) was used to measure genetic variability among
and within populations of S. pectinata. This AMOVA was conducted using GenAlEx v. 6.5,
with significance testing performed through 999 permutations.

The genetic structure describes how allele and genotype frequencies are spatially
or hierarchically distributed across populations or sampling units. The genetic structure
and degree of admixture among various genotypes and populations, based on ISSR mark-
ers, were evaluated using the Bayesian clustering method incorporated in the software
STRUCTURE version 2.3.4. An admixture model was employed for this analysis [52].
The likelihood L(K) and the values of K (∆K) were computed for sites ranging from K
= 1 to 30 and for populations from K = 1 to 10. The optimal number of clusters (K) was
identified following the criteria established by Evanno et al. [53], with the aid of STRUC-
TURE HARVESTER [54]. The methodology included an initial burn-in period consisting
of 20,000 steps, followed by 40,000 iterations of the Markov chain Monte Carlo (MCMC)
method, with ten independent replicates conducted for each analysis.

The Mantel test, as implemented in GenAlEx v. 6.5, was conducted using 999 random
permutations to evaluate the influence of geographical distance on population genetic
structure. Correlations were calculated between estimates of genetic distance (FST or ΦPT)
for pairs of sites and the corresponding pairwise geographic distances between those sites,
based on data obtained from microsatellite and ISSR markers.

To analyze differences between groups of sites categorized by river modification status
(Table S1), we used IBM SPSS Statistics v.23 for Windows and performed the Mann–Whitney
U test. We assessed Pearson correlations between genetic diversity parameters Na, Ne, I, He,
P, and average values of indices of water chemical and physical characteristics for ten years
(2008–2017) near sampling sites (pH, dissolved oxygen, BOD7, NH4-N, NO2-N, NO3-N,
mineral N, total N, PO4-P, total P, and specific electrical conductivity (SEC)). Additionally,
we evaluated whether there was a correlation between the genetic diversity parameters of
S. pectinata populations and river length (L), basin size (S), and discharge (D).
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3. Results
3.1. SSR Analysis of S. pectinata Populations

SSR analysis was conducted on plants from nine populations. Nine SSR loci yielded
78 alleles (Table 1).

Table 1. Genetic parameters of nine microsatellite loci of S. pectinata analyzed across nine populations.

Locus Primer Sequence (5′ −→ 3′) Repeat Na S Ho He

Potpect 24 F Cy3 TCAGTGAAAGAAAGCCAGGA
R GGGCTTATGGCGTTATCAA (GA)n 11 160–188 0.944 0.584

Potpect 26 F 6-Fam GTATAGGCGAGGTGCGAGAG
R CTTCATGTCGACCACCTTCC (CT)n 14 229–275 0.882 0.570

Potpect 28 F 6-Fam TCGTTTCCTCCATTCGTAGG
R AATAAAAAGGGCCCAGACC (GA)n 5 161–175 0.689 0.485

Potpect 32 F Hex CAGCAAACGAAACAACCAAA
R AAAAGAAGCCGTTGTTTACAGAG (GA)n 10 221–239 0.596 0.470

Potpect 34 F 6-Fam GTAAGGCAAGCAGCGTCAAC
R GTTTGTGAGCTAGCGGGAAG (GA)n 11 222–244 0.850 0.592

Potpect 37 F Hex CACTTCCTCTGTGCTGCTTG
R GCGTGCTCTTCCTGAGTTCT (CT)n 6 142–172 0.721 0.468

Potpect 39 F Hex TCACAACACCTCACCCAGAA
R CCATTTCCATTCCTCACTGC (GA)n 6 142–172 0.768 0.525

Potpect 40
F Cy3
AAATCTCCAAATATTTCCACTGTTG
R CAAAGATTGAGCTCCCCAAA

(GA)n 9 187–209 0.551 0.398

Potpec 42 F Cy3 TTAGCAAGTGGGTGGGTTTC
R TGCACTCGTGTGTCTCTTCC (CT)n 6 192–206 0.591 0.447

Total 78
Mean 8.67 0.732 0.504

SE 1.03 0.047 0.022

Na—number of alleles observed, S—allele size range in base pairs, Ho—observed heterozygosity, He—expected
heterozygosity.

Among them, 14 alleles were identified at the Potpect26 locus, with the highest
number reported per locus in this study. The least number of alleles (5) was identified
at the Potpect28 locus. The average number of alleles identified per locus was 8.67. The
number of plants studied per population varied from 15 (NEM population) to 24 (NER
population). Among the studied plants, 52 unique genotypes were identified, along with
25 multiclonal genotypes (Table 2).

The highest number of unique genotypes (9) was found in NEM and NER popu-
lations. Only one multilocus genotype was identified in each of the three populations
(NEM, ZEI, and SVE). The largest clone was distributed among two populations, NEV
and SVE. The SVE population was monomorphic. The average number of SSR alleles
identified per primer per population was 3.086 ± 0.142, ranging from 1.667 (SVE) to 4.111
(NEM) (Table S2).

When ramets were excluded from the analysis, the number of analyzed populations
was reduced to eight. In this case, the average number of studied genotypes per popula-
tion was 9.5, and the average number of alleles per population was 3.264 ± 0.248. This
parameter varied among populations from 1.889 (ULA) to 4.111 (NEM). A comparison of
observed heterozygosities (HO) among the populations showed similar variations, ranging
from 0.642 ± 0.104 (ZEI) to 0.821 ± 0.063 (NER), as shown in Table 3. Deviations from
Hardy–Weinberg equilibrium were observed (p < 0.01) at most loci across all populations,
mainly due to heterozygote excess. Fis values in all populations were negative (Table 3).
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Table 2. Genotypic characteristics of S. pectinata plants studied across nine different populations
based on an analysis of nine SSR loci.

Population Plants
Studied GR

Genotypes

Name Code Unique Multiclonal

Nemunas NEM 15 0.643 9 1
Merkys MER 16 0.667 7 4
Ūla ULA 16 0.333 3 3
Neris NER 24 0.522 9 4
Žeimena ZEI 16 0.533 8 1
Šventoji SVE 16 0 0 1
Širvinta SIR 16 0.533 4 5
Nevėžis NEV 16 0.400 5 2
Šešupė SES 16 0.667 7 4

Total 151 52 25
Average 16.78 0.478 5.78 2.78

SE 0.91 0.070 1.01 0.52
GR—genotypic richness, SE—standard error.

Table 3. Genetic diversity parameters of the examined S. pectinata populations based on an analysis
of nine microsatellite loci.

Pop N P, % Nd Ne I Ho He Fis Private Alleles

1 NEM 10 100 4.111 2.850 1.126 0.756 0.615 −0.208 0.778
2 MER 11 100 3.556 2.241 0.919 0.778 0.532 −0.441 0.444
3 ULA 6 88.89 1.889 1.707 0.538 0.648 0.375 −0.630 0
4 NER 13 100 4.000 2.771 1.065 0.821 0.589 −0.392 0.889
5 ZEI 9 100 3.000 2.274 0.898 0.642 0.539 −0.164 0.333
6 SIR 9 100 3.111 2.691 1.021 0.778 0.608 −0.325 0.778
7 NEV 7 88.89 3.000 2.188 0.826 0.651 0.491 −0.316 0.444
8 SES 11 100 3.444 2.699 1.055 0.667 0.594 −0.129 0.667

Average 9.50 97.22 3.264 2.428 0.931 0.718 0.533 −0.326 0.542
SE 0.80 1.81 0.248 0.139 0.066 0.026 0.031 0.058 0.104

N—number of plants per population, P—polymorphism, Nd—number of different alleles, Ne—number of effective
alleles, I—Shannon‘s information index, Ho—observed heterozygosity, He—expected heterozygosity, Fis—fixation
index, SE—standard error.

3.2. ISSR Analysis of S. pectinata Populations

In the initial phase, eight ISSR primers were utilized to analyze the same nine pop-
ulations and genotypes as in the SSR polymorphism study. These primers successfully
identified 146 polymorphic and scorable amplified DNA bands, with a total of 18.25 bands
detected per primer (Table S3). The sizes of these DNA bands varied from 380 to 2000 bp.
The average polymorphism per primer across all samples was 73.27%. The average poly-
morphism per population was 32.65 ± 5.39% (Table S4). Private DNA bands were observed
in ULA and SES populations. The average number of observed alleles per locus (Na)
was found to be 1.326 ± 0.054, and the average number of effective alleles (Ne) was
1.196 ± 0.035. The expected heterozygosity (He) was estimated at 0.123 ± 0.020, and the
average Shannon’s index was calculated to be 0.180 ± 0.029.

We assessed the correlation of genetic distances between genotypes obtained by ISSR
and SSR markers, yielding a correlation coefficient of r = 0.592 and a p-value of 0.001.
Furthermore, we examined the correlations between ΦPT matrices obtained from these
markers, which resulted in a statistically significant correlation of r = 0.619 with a p-value
of 0.001. Given the correlation between the genetic distances determined with both types
of markers, we conducted a larger study using only ISSR markers. We analyzed 381 plants

https://doi.org/10.3390/d18010026

https://doi.org/10.3390/d18010026


Diversity 2026, 18, 26 9 of 18

from 10 different populations using 8 ISSR primers, which identified 159 polymorphic ISSR
bands. From this analysis, we identified 287 unique genotypes (genets). The parameters of
population genetic diversity were determined using these genotypes (Table 4).

Table 4. Genetic diversity parameters of the examined S. pectinata populations based on an analysis
of 159 ISSR loci.

Pop N P, % Br [8] Nd Na Ne I He

1 NEM 25 41.51 1.281 1.277 1.415 1.217 0.197 0.130
2 STR 17 18.24 1.159 0.950 1.182 1.105 0.092 0.062
3 MER 22 50.31 1.448 1.377 1.503 1.360 0.289 0.199
4 ULA 12 20.13 1.193 0.937 1.201 1.134 0.116 0.078
5 NER 66 68.55 1.526 1.642 1.686 1.411 0.354 0.238
6 ZEI 47 59.12 1.448 1.453 1.591 1.347 0.305 0.204
7 SVE 30 37.11 1.302 1.233 1.371 1.230 0.196 0.132
8 SIR 8 21.38 1.214 1.006 1.214 1.155 0.128 0.088
9 NEV 26 49.69 1.390 1.384 1.497 1.292 0.258 0.172
10 SES 34 51.57 1.458 1.415 1.516 1.351 0.290 0.198

Average 28.70 41.76 1.342 1.267 1.418 1.260 0.223 0.150
SE 5.44 5.49 0.041 0.075 0.055 0.034 0.029 0.019

N—number of plants per population, P—percentage of polymorphic loci, Br [8]—band richness with sample size
rarefied to eight individuals, Nd—number of different alleles, Na—number of observed alleles, Ne—number of
effective alleles, I—Shannon’s information index, He—expected heterozygosity, SE—standard error.

The analysis of these genets revealed an average polymorphism of ISSR loci in the
population of 41.76% ± 5.49%. The highest polymorphism was observed in the NER
population at 68.55%, while the lowest was in the STR population at 18.24%. When
rarefaction was performed on populations of 8 individuals, the highest PLP5% value
(0.686) was observed in the NER population, while the lowest (0.182) was found in the STR
population. The band richness (Br [8]) was also highest (1.526) in the NER population and
the least (1.159) in the STR population. Additionally, the average number of observed alleles
(Na) was 1.418 ± 0.055, and the average number of effective alleles (Ne) was 1.260 ± 0.034.
The average Shannon’s index (I) was 0.223 ± 0.029, and the average expected heterozygosity
(He) was 0.150 ± 0.019. All of these parameters (Na, Ne, I, and He) reached the highest
values in the NER population and the lowest in the STR population.

3.3. Population Genetic Structure

An analysis of the genetic structure among eight populations of S. pectinata, conducted
using SSR markers, indicated an average genetic differentiation (FST = 0.212). Additionally,
an AMOVA revealed that a significant portion of genetic variability exists within the
populations themselves (ΦPT = 0.352). In a subsequent analysis involving ISSR markers and
double the number of genotypes from ten populations, it was again found that a greater
share of genetic variability resides within populations (ΦPT = 0.432) (Table S5). In the
hierarchical analysis of molecular variance (AMOVA), the genetic differentiation observed
between the regions (river basins) was 20%. The genetic structure of ten populations was
assessed using PCoA and STRUCTURE.

In general, based on the PCoA of ISSR markers, genotypes were grouped into two or
three main clusters. The results of the PCoA indicated that most of the population genotypes
formed a common genetic pool and tended to intermingle. However, a portion of the SES
and NER populations exhibited significant differences compared to the other groups
(Figure 2). The first coordinate axis accounted for 24.32% of the total variability, the second
for 19.59%, and the third for 16.23%.
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Figure 2. The grouping of S. pectinata plants from 10 populations is shown in the principal coordinate
analysis (PCoA) plot on the basis of 159 polymorphic ISSR loci. The site codes correspond to those
explained in Table 2.

Using the STRUCTURE software to evaluate the genetic structure of the populations,
the highest DeltaK value was identified at K = 2 (94,6) (Figure 3A). This suggests that the
genetic structure consists of two distinct genotype pools, represented here in two colors:
green and red (Figure 3B).

 

Figure 3. The genetic structure of S. pectinata populations based on ISSR markers. (A). The most
probable (K = 2) number of genotype clusters in the studied S. pectinata populations, determined
using Evanno’s Delta K method. (B). Genetic structuring of S. pectinata populations at K = 2, as
revealed by STRUCTURE analysis. The codes below the bar indicate the populations as listed in
Table 4. Each individual is represented by a thin vertical line, with the color corresponding to its
assignment to one of the K clusters. Black lines separate the different populations.
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The red cluster comprised the genotypes of the NER population (NER1-NER4 sites)
and some genotypes from the SES population (SES3 and SES4 sites). The SES population
was heterogeneous, containing genotypes from both clusters. The eight remaining popula-
tions were grouped into the green cluster, with varying levels of admixture from the red
genotype pool in all populations except for ULA.

The Mantel test revealed no significant correlation (r = 0.09; p > 0.05, r = 0.297; p > 0.05)
between geographical distances and genetic distances among the sites, as evaluated using
both SSR and ISSR markers, respectively.

3.4. A Comparison of Genetic Diversity and Habitat Parameters

To better understand the potential relationships between water chemical parameters
and population genetic parameters, we calculated the latter for each plant collection site
(Table S6). This study examined genetic parameters, including P%, Br, Nd, Na, Ne, I, and
He, for each site. Our analysis of data concerning water physicochemical characteristics
revealed that the lowest levels of dissolved oxygen (O2) were found at the NEV2, SES2,
SIR1, and NEV3 sites (Table S7). The highest biochemical oxygen demand over a 7-day
period (BOD 7) occurred at the NER3, SES4, NEM1, NEM2, NER4, and SES2 locations.
Regarding nutrient concentrations, the highest levels of ammonium nitrogen (NH4-N) were
observed at SES2, followed by SES4 and NER3. For nitrite nitrogen (NO2-N), the highest
concentrations were found at MER1 and MER2, while nitrate nitrogen (NO3-N) levels
peaked at NEV3 and NEV1. The total nitrogen levels were highest at NEV3, NEV1, NEV2,
and SES4, and total phosphorus concentrations were highest at SES4, SES2, SES3, and SIR2.
The pH levels ranged from 7.78 at NEV1 to 8.41 at STR3. However, we found no statistically
significant correlation (Pearson correlation, p > 0.05) between the genetic parameters of
S. pectinata and the physicochemical water characteristics of the sites (Table S8). The
comparison of genotypic richness between natural and modified river stretches revealed
no statistically significant difference between the two habitat types. Although genotypic
richness tended to be higher in natural river stretches (mean rank = 6.40) than in modified
stretches (mean rank = 4.60), the Mann–Whitney U test indicated that this difference
was not significant (U = 8.0, Z = −0.95, p = 0.343). This suggests that river modification
does not lead to a clear reduction in genotypic richness. Additionally, we assessed the
relationship between population genetic diversity parameters and factors such as river basin
size, river length, discharge, and river modification; however, no significant correlations
were detected.

4. Discussion
Our study of the S. pectinata population in Lithuanian rivers revealed that both molec-

ular markers are informative for analyzing genetic diversity. Nybom [55] emphasized
that a minimum fourfold excess of dominant markers is necessary to achieve comparable
resolution and statistical power to that of codominant markers, thereby reducing bias
in marker-based comparisons [55,56]. Following this recommendation, our analysis in-
cluded nine SSR loci as codominant markers and 159 ISSR loci as dominant markers. The
Mantel test revealed a strong and significant concordance in population genetic diversity
estimates between the two marker systems. Notably, studies employing two or more
marker systems are quite common [2,56–61]. The use of two or more molecular markers
provides a more detailed insight into the allocation of genetic diversity among popula-
tions and the evolutionary factors that shape their genetic structure [56]. This approach
helps avoid biases arising from the specific molecular nature and distribution of certain
markers within a species’ genome. A significant correlation between markers suggests
compatibility and indicates that the observed DNA polymorphism is largely independent
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of marker-specific factors and is influenced by key evolutionary forces such as genetic drift
and migration [56,58].

4.1. Genetic Diversity

In our study, within-population genetic variation estimated by SSR markers was
generally greater than that estimated by ISSR markers and showed greater dispersion. The
percentage of polymorphic SSR loci was more than twice as high (97.22%) as that of ISSR
loci, which was 41.76%. This finding supports earlier observations regarding the superior
resolution of codominant markers in capturing intrapopulation variability [55,56].

As previously mentioned, the genetic diversity of S. pectinata is relatively high and can-
not be solely attributed to vegetative propagation. Clones are common within populations,
which is a characteristic typical of species that depend on vegetative reproduction. Usually,
clones are specific to a site. However, one clone was found in three different locations.
High genotypic richness in some rivers (MER, SES, NEM, SIR, ZEI, and NER) suggests
that sexual recruitment occasionally produces new genotypes, which then spread through
clonal growth. Rivers with the highest genotypic richness and the greatest number of
unique genotypes also exhibit relatively high allelic richness and expected heterozygosity,
indicating a greater contribution from sexual reproduction. S. pectinata propagules from
these rivers could be used as starting material in cases of river restoration. Using SSR
markers, we examined 151 individuals and identified 78 SSR alleles. This number of alleles
is greater than that reported by Triest and Fénart [23] and Nies and Reusch [44], who
reported 56 and 65 alleles, respectively, but fewer than the 130 alleles reported by Abassi
et al. [26]. Triest and Fénart [23] collected plants from a small section of the Woluwe River
in Belgium, spanning approximately 10 km. In contrast, the populations studied by Abassi
et al. [26] were separated by distances of up to 1200 km, including barriers such as deserts
and mountains. The geographical distribution of the populations in our study resembled
that of Nies and Reusch [44], who analyzed 192 individuals and examined 40 genotypes
from the Baltic Sea and nearby lakes. The fact that our study involved nine different rivers
may have contributed to the greater number of identified alleles.

Our studies indicated that the Fis value for all the populations was negative, which
suggests an excess of heterozygotes. This phenomenon might be attributed to selective
forces that increase the adaptability of heterozygotic genotypes [62]. Heterozygote excess
across loci does not align with a typical Wahlund effect and instead indicates the widespread
occurrence of clonal reproduction. Because S. pectinata mainly reproduces vegetatively,
long-lived clonal genotypes may retain the genetic signature of historically successful,
possibly heterozygous founders. Another possibility is that recurring bottlenecks, followed
by clonal expansion, may help maintain high-fitness, heterozygous individuals. Previously,
it has been suggested [10,23,63] that the preservation of macrophyte species at a specific
river site relies primarily on the presence of long-lived clones. Heterozygote excess in
S. pectinata was also observed at several sites in the Woluwe River catchment by Triest and
Fénart [23].

4.2. Genetic Differentiation and Population Structure

In terms of genetic differentiation, the FST value (FST = 0.212) obtained in our study
was comparable with those reported in Belgium and Germany. Triest and Fénart [23]
reported an FST value of 0.165, whereas Nies and Reisch [22] reported an FST of 0.234
for freshwater lake populations. According to the authors, compared with Baltic Sea
populations of S. pectinata, which are not separated by geobarriers, lake populations exhibit
greater genetic differentiation due to physical isolation. The higher FST value in our study
can be explained by the greater isolation among S. pectinata populations from different
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Lithuanian rivers, than among populations from the Woluwe River catchment, the latter
of which are located in proximity to each other. Furthermore, the FST values reported
by Abbasi et al. [26] were higher, at 0.336. This greater differentiation, as noted by the
authors, can be attributed to the significantly greater isolation of Iranian populations, which
were separated by mountains and deserts, and the ecological diversity of their habitats.
The genetic differentiation among S. pectinata populations, as revealed in our study using
ISSR markers, was notably greater (ΦPT = 0.352; ΦPT = 0.432). This can be attributed to
the impact of the dominant marker system. In some cases, compared with codominant
markers, dominant markers indicate a greater level of genetic differentiation [20,55].

The results of the principal coordinates analysis (PCoA) and STRUCTURE analysis of
the Lithuanian S. pectinata populations are similar. The PCoA plot indicates that the NER
population and some genotypes from the SES population are located outside the main geno-
type cluster. Additionally, the STRUCTURE analysis separated these two genotype groups
into a distinct genotype pool, represented by the red cluster. Our findings indicate that
genetic differences among the river populations of S. pectinata are likely caused by genetic
drift and possibly due to local adaptation [22,23]. Research by several authors [22,29,64,65]
has demonstrated that habitat and local conditions affect population differentiation and
separation in principal coordinate analysis graphs. Both genotype pools were present in
natural and modified river sites, suggesting that the site disturbance status did not affect
this genotype grouping. The absence of significant statistical differences suggests that
historical colonization and drift might have a larger impact than recent river modifications
on shaping the current genetic structure. Isolation by distance was not identified as a
primary factor, as the Mantel test did not reveal a significant correlation between genetic
and geographic distances among sites (p > 0.05). The two genotype pools (K = 2) identified
in our STRUCTURE analysis may be associated with the genetic lineages described by
Fehrer et al. [28] in their taxonomic and molecular study of the genus Stuckenia. These
authors revealed two lineages (African and European) within S. pectinata, and identified in-
traspecific hybrids in Central Europe. Recently, Triest et al. [29] revealed subdivision within
the European gene pool, which was interpreted as reflecting historical divergence between
freshwater and brackish ecotypes. Our results show that the NER population and some of
the SES population form a distinct genetic cluster and may thus represent remnants of this
ancient differentiation, which is potentially linked to local adaptation to different salinity or
hydrological conditions. Although all the Lithuanian sites examined here are in freshwater
systems, the persistence of distinct genetic lineages could reflect historical connectivity
with brackish water systems of the Baltic Basin or long-term reproductive isolation among
populations in different river systems. This interpretation is consistent with the findings of
Fehrer et al. [28], who reported that interspecific and intraspecific hybridization, as well as
environmentally induced phenotypic variation, are common in Stuckenia, suggesting that
the genetic structure observed in our data may also encompass adaptive differentiation
rather than purely neutral processes. Additionally, while the two clusters we detect are
consistent with the existence of multiple gene pools within the European range, our dataset
does not include the same markers and geographic coverage as Triest et al. [29], and we
therefore cannot assign our clusters unambiguously to their identified ecotypes.

Overall, the genetic diversity and structure of Lithuanian S. pectinata populations
appear to result from a combination of historical divergence, local adaptation, and stochastic
evolutionary processes rather than contemporary geographic or environmental factors. The
differentiation of the NER and some of the SES populations into a distinct genetic cluster
may represent the persistence of ancestral genetic lineages, potentially linked to historical
connections with brackish or transitional freshwater systems in the Baltic basin. Despite all
the sites being in freshwater systems, the retention of these lineages could suggest limited
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gene flow and long-term isolation among populations in different river systems. Statistical
tests did not reveal strong, consistent differences in the genetic diversity parameters of
S. pectinata populations between modified and natural river sites, which may reflect the
species’ resilience, differences in the severity of human impacts, or the different timing of
the modifications [66,67]. The lack of correlations between genetic diversity indices and
hydrochemical parameters likely reflects the manifestation of neutral genetic variation, a
disconnect between historical genetic processes and modern environmental conditions,
and the strong phenotypic plasticity and clonality of submerged macrophytes. The high
within-population variability revealed by SSR markers highlights the ability of S. pectinata to
maintain considerable genetic diversity, which may contribute to its ecological plasticity and
wide distribution. On the other hand, sometimes genetic composition can respond quickly
to environmental changes without noticeable shifts in species abundance [68]. Thus, while
S. pectinata is commonly used as a bioindicator species in Europe [6], our results suggest
that its genetic diversity and structure primarily reflect historical and intrinsic biological
processes rather than current ecological status. Collectively, these findings highlight the
importance of considering both the neutral and adaptive components of genetic variation
when interpreting population structure and selecting indicator macrophyte species for
assessing the ecological status of rivers in monitoring programs.

5. Conclusions
This study provides the first comprehensive assessment of the genetic diversity and

structure of Stuckenia pectinata in Lithuanian rivers using complementary SSR and ISSR
markers. Both marker systems revealed consistent diversity patterns, with SSRs capturing
greater within-population variability and finer-scale genetic resolution. The congruence
between markers could suggest that the observed genetic structure reflects evolutionary
and demographic processes, including genetic drift, limited dispersal, and clonality. The
differentiation of the NER and some of the SES populations likely represents remnants
of ancient genetic lineages shaped by historical divergence. The excess heterozygotes
observed suggest potential selective advantages contributing to the maintenance of genetic
diversity despite predominant vegetative reproduction. No significant correlations were
detected between genetic diversity and hydrochemical or hydromorphological factors,
indicating the limited influence of the current local environment on the population struc-
ture of Sago pondweed. Overall, the high within-population genetic diversity highlights
the evolutionary potential and ecological resilience of S. pectinata. However, significant
differences in some genetic diversity parameters and genetic richness in Lithuanian rivers
highlight the importance of incorporating molecular diversity assessments into freshwater
system monitoring programs.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/d18010026/s1, Table S1: Characteristics of the studied Stuckenia pectinata
populations and sites.; Table S2: Genetic diversity parameters of the examined S. pectinata populations
based on an analysis of nine microsatellite loci, including clones; Table S3: Primers used for analysis of
nine S. pectinata populations, number DNA fragments amplified, number of polymorphic fragments,
polymorphism of studied ISSR loci and size of scored ISSR bands; Table S4: Genetic diversity
parameters of the nine examined S. pectinata populations based on an analysis of 159 ISSR loci;
Table S5: Analysis of molecular variance (AMOVA) of Stuckenia pectinata populations based on
ISSR data; Table S6: Genetic diversity parameters of the 30 examined S. pectinata sites based on an
analysis of 159 ISSR loci; Table S7: Water physicochemical characteristics at studied S. pectinata sites;
Table S8: Correlation between genetic parameters of S. pectinata across the 30 studied sites and their
physicochemical water characteristics.
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