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Abstract: Common reed is often used as a model plant to study the anthropogenic impacts on
ecosystems at local and global scales. As a community-forming species, it is directly exposed
to the impacts of human activities on the ecosystem. The aim of our study was to evaluate the
patterns of genetic diversity in common reed stands located in habitats that are differently affected by
anthropogenic factors. We studied whether riverbed modifications, land cover in the neighborhood
of the stand and the chemical and physical parameters of the river water affect the genetic diversity
of P. australis at the studied sites. Using DNA fingerprinting, we genotyped 747 plants from 42 sites
located in 16 small Lithuanian rivers. Bayesian clustering and principal coordinate analysis revealed
two main gene pools at the population (river) level. At the site level (i.e., considering all sites
independently of their rivers), polymorphism was high even between sites in the same river. Our
study revealed a negative relationship between the concentration of nitrogen compounds and the
genotypic richness of P. australis populations. We did not find any correlations between the other
chemical parameters of the water and the parameters of the genetic diversity. Additionally, there
were no genetic differences between sites in modified and unmodified river sections or between sites
that differed in land cover type in the neighborhood of the stand.

Keywords: DNA polymorphism; ISSR; genetic structure; habitat fragmentation; eutrophication;
nutrients; clonal diversity

1. Introduction

Genetic diversity is an essential component of biodiversity. It is an objective measure
of species dynamics and is generally regarded as an indicator of environmental conditions
on the basis of all processes on which biodiversity (species diversity, ecosystem diversity)
depends [1]. The extent of genetic diversity controls the ability of populations to adapt to
environmental changes and is therefore the core of their long-term survival [1,2]. Together
with species diversity, it can play a very important role in ecosystem responses to stressors.
High genetic diversity can, in fact, increase the likelihood in the community of genotypes
being resistant to one or multiple biotic or abiotic factors in the community and, at the same
time, enhance the ability of the ecosystem to function under adverse conditions [3]. The
loss of genetic diversity puts species at risk of extinction [4].

Anthropogenic stressors cause changes in gene flow and selection and can trigger
genetic drift and mutations in populations and increase population differentiation [5–7].
It has been demonstrated that fragmentation of natural habitats results in a decrease in
genetic diversity within populations [8]. In many cases, anthropogenic pressure interacts
with natural factors [9,10]. Therefore, it is important to understand how genetic diversity
changes with global environmental changes, especially in habitat-forming species, and
predict patterns of ecosystem functioning.
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Common reed (Phragmites australis (Cav.) Trin. ex Steudel) is a habitat-forming species
in aquatic ecosystems that serves important functions such as stabilization and protection
of the shore, removing significant amounts of pollutants from agricultural runoffs and
providing food and a home to animals and other organisms [11,12]. Common reed is
widespread all over the planet along riverbanks and lakeshores on all continents except
Antarctica [13–15]. This genetically diverse plant can grow under very different climatic
and ecological conditions. Some lineages of the common reed are invasive and colonize
various disturbed ecosystems in North America [16–18]. P. australis, like many other
macrophytes, can reproduce sexually through seeds and asexually through rhizomes or
broken rhizome fragments [19,20]. Pollen and seeds are carried by the wind [20]. Dispersal
also occurs through water, as rhizome fragments and seeds can float on water [21], or can
be carried by birds [13,22]. The role of rhizome fragments in the dispersal of species over
large distances appears to be rather limited compared to that of seed dispersal [23–25]. Seed
germination usually results in genetically distinct individuals, while spread via rhizome
fragments or vegetative growth inside stands determines clonal propagation. Kettenring
et al. [17,26] reported that the proportion of viable seeds and seed viability were positively
associated with stand genetic diversity; therefore, the greater the genetic diversity of
a stand is, the more seeds are produced. It has been recognized that genetic diversity,
either from sexual reproduction or from genome structure rearrangements and changes
in gene expression, can be an important factor for invasion in new ranges [27–30]. River
ecosystems and especially macrophyte communities are strongly impacted by natural and
anthropogenic environmental changes. Humankind disturbs river ecosystems via pollution,
damming, hydrological alterations and alien species dispersal [10,31–35]. Anthropogenic
and natural factors frequently leave detectable footprints on affected populations genetic
diversity patterns and structure [8,34,36–38]. For example, Koppitz and Kühl [39], based
on DNA polymorphisms in common reed stands, revealed that polymorphic multiclonal
populations established by seeds can become dominated by one or a few locally adapted
genotypes over time, probably due to competition. In accordance with this, Engloner and
Major [40] showed that the genotype number in a population decreases with increasing
water depth as a result of competition among clones toward the open water. McCormick
et al. [37] revealed that common reed populations were more genetically diverse and had
more genotypes as habitat disturbance increased. Hazelton et al. [41] observed that older
common reed stands exhibit lower clonal richness and shorter interclonal genetic distances
than young stands. Liu et al. [34] highlighted the potentially negative impact of dams
on rhizome dispersal and local adaptation of P. australis. Kuprina et al. [25] analyzed
the genetic diversity of populations from northeastern Germany under different levels
of disturbance caused by water salinity and mowing and concluded that disturbance is
important for the accumulation of genetic diversity. Guo et al. [18] found that even on a
continental scale, the human footprint has a stronger effect than climate on the genetic
structure of P. australis populations. In contrast, Paul et al. [42] did not find any correlation
between the impact of management and/or habitat disturbance and the genetic diversity
pattern of common reed stands in the United Kingdom.

The genetic diversity of P. australis populations can also be influenced by environmen-
tal pollution caused by agriculture, sewage and industry. Reeds thrive in environments
enriched with nutrients (eutrophication) and industrial pollution [43–45] and are success-
fully used for contamination control and phytoremediation [46–48]. For example, it has
been shown that reeds can accumulate heavy metals [43,49,50]. On the other hand, heavy
metals and other toxic chemicals are environmental stressors and can cause genetic effects
in plants [31,51]. Competition between common reed genotypes may also take place in such
stressful environments. Coppi et al. [31] found a significant correlation between genetic
diversity and environmental concentrations of certain heavy metals and explained this
phenomenon as the possible genotoxic effect of heavy metals (Cr, Cu and Zn). Excess
nutrients in the environment can also impact the genetic structure of clonal plants that use



Diversity 2023, 15, 1116 3 of 16

both vegetative and sexual reproduction, leading to shifts to prevalent clonal growth and
changes in reproductive modes [13,52,53].

Common reed is abundant in all the territory of Lithuania, mainly around water bodies
and occasionally in roadside ditches and sandy soils [35]. These plants establish themselves
in new sites quite quickly, whenever suitable moisture and nutrient conditions occur. This
indicates that there is a constant circulation of seeds of this species in the environment.
River ecosystems shape suitable conditions for the establishment of reedbeds and have
an impact on their genetic diversity [34]. Lithuania’s rivers are suffering eutrophication
due to intensive agriculture and urbanization. According to the Lithuanian Environmental
Protection Agency (EPA) [54], the concentration of nitrogen nitrate in river catchments
in agricultural districts is significantly higher (at least 3–4 times higher) than that in the
rivers in forest areas. Nitrate levels in some rivers significantly exceed the values of
good water quality by 2–3 times (in 60% of cases), and this excess is 4–9 times higher in
one third of the cases. High concentrations of N were detected in common reed leaves
collected in many Lithuanian rivers [33]. The reedbeds in Lithuanian rivers were also
influenced by river regulation works, which were very intense in 1950–1990 [35]. The
excavation works associated with the straightening and modification of the riverbeds
and the removal of the upper soil layer could have contributed to the establishment
of new reed populations from the soil seed bank or from seed [25,36,55]. In a previous
study [35], we used simple sequence repeat (SSR) markers to assess how river modifications
impact the genetic diversity patterns of Lithuanian P. australis populations. Our results
showed that differences in genetic diversity between the populations in modified and
natural river sections cannot be explained solely by the hydraulic works carried out in
the past century. In this study, we analyzed a larger sample set and other regions of
the Phragmites genome to assess the anthropogenic factors that can impact the genetic
diversity of the populations of this species. Here, we employed intersimple sequence
repeats (ISSRs), dominant molecular markers that are highly polymorphic, sufficiently
reliable, inexpensive and, as some other dominant markers, equally informative as SSRs in
the analysis of polyploid genotypes [56]. The application of the ISSR technique enabled
the investigation of DNA polymorphisms between adjacent, inverted microsatellite loci,
located at suitable distances for PCR amplification, and produced reproducible multilocus
band patterns [38,57–63]. In addition, these markers allowed us to assess a larger number
of loci than the 10 SSR loci commonly used for P. australis [64].

Our aim was to quantify the genetic diversity of Lithuanian common reed populations
using ISSRs and to assess how disturbance, land cover in the neighborhood of the stand
and the chemical and physical parameters of the river water affect the genetic diversity of
P. australis populations. Our study should provide new insights into the adaptation and
dynamics of common reed populations to anthropogenic disturbance.

2. Materials and Methods
2.1. Sampling Sites and Common Reed Samples

A total of 747 common reed samples were collected in the summer periods of 2015–
2018 from 42 sites located at 16 Lithuanian rivers (Table 1, Figure 1).

Table 1. Phragmites australis 42 sampling sites name, code, number of analyzed samples and identified
genets, location and some habitat characteristics.

No. River Site Code
Samples Coordinates

L M H
N G Latitude Longitude

1. Varėnė 1 VR1 24 9 54.391611 24.407747 A + −
2. Varėnė 2 VR2 16 16 54.329047 24.511211 N − +
3. Varėnė 3 VR3 28 13 54.250614 24.554161 U − −
4. Merkys 1 MR1 24 24 54.436978 24.982144 A + +
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Table 1. Cont.

No. River Site Code
Samples Coordinates

L M H
N G Latitude Longitude

5. Merkys 2 MR2 8 7 54.409117 24.910669 A + +
6. Merkys 3 MR3 8 4 54.388197 24.893189 N − +
7. Merkys 4 MR4 7 3 54.337967 24.822267 N − +
8. Merkys 5 MR5 12 6 54.336086 24.808022 N − +
9. Merkys 6 MR6 11 5 54.118106 24.302706 N − +
10. Skroblus SK 12 1 54.105942 24.279528 N − +
11. Grūda 1 GR1 24 4 54.022956 24.333617 A + +
12. Grūda 2 GR2 14 14 54.110042 24.352975 N − +
13. Verseka 1 VS1 24 4 54.180353 24.949422 A + +
14. Verseka 2 VS2 28 13 54.311475 24.815764 A − +
15. Šalčykščia 1 SC1 10 3 54.255969 25.214581 N − −
16. Šalčykščia 2 SC2 18 8 54.266883 25.178094 N + −
17. Šalčia 1 SL1 18 2 54.319219 25.403611 U + +
18. Šalčia 2 SL2 12 3 54.291917 25.209867 N − +
19. Šalčia 3 SL3 7 4 54.299950 25.202411 N − +
20. Šalčia 4 SL4 3 3 54.304858 25.141147 N − +
21. Beržė BR 41 4 54.298883 25.204058 N + +
22. Visinčia 1 VN1 24 3 54.323150 25.507589 A + −
23. Visinčia 2 VN2 12 2 54.386056 25.374642 A − +
24. Visinčia 3 VN3 6 1 54.370264 25.271892 N − −
25. Taurupis 1 TR1 16 7 54.284014 24.850161 A + −
26. Taurupis 2 TR2 20 4 54.300647 24.838781 A + −
27. Nevėžis 1 NV1 10 3 55.511533 24.768736 A + +
28. Nevėžis 2 NV2 17 8 55.533814 24.682608 A + +
29. Nevėžis 3 NV3 24 8 55.527264 24.698569 A + +
30. Nevėžis 4 NV4 24 2 55.700283 24.433556 U − +
31. Pienia 1 PN1 24 23 55.511019 24.771975 A + +
32. Pienia 2 PN2 16 1 55.434881 24.928181 U − +
33. Širvinta 1 SR1 18 1 55.062150 25.198025 A + +
34. Širvinta 2 SR2 24 3 55.028725 25.008336 N − +
35. Siesartis 1 ST1 24 8 55.227114 25.270822 A + −
36. Siesartis 2 ST2 18 4 55.291158 24.893558 N − +
37. Siesartis 3 ST3 6 3 55.226875 25.248489 A + −
38. Šešupė 1 SP1 20 11 54.356864 23.063047 A + +
39 Šešupė 2 SP2 24 18 54.409133 23.225194 U − +
40. Šešupė 3 SP3 23 17 54.417664 23.250158 N − +
41. Kiauna 1 KN1 24 24 55.306550 25.88635 N − +
42. Kiauna 2 KN2 24 24 55.294283 25.898083 N − +

N—number of analyzed individuals per site; G—number of genets (genotypes); L—land cover type in the
neighborhood of the stand (N—seminatural, A—agricultural, U—urbanized); M—riverbed modification status;
H—availability of hydro-chemical and physical data.

The number of collection sites per river varied from 1 (Skroblus River, Beržė River)
to 6 (Merkys River) and was generally proportional to river size. Plants were sampled on
transects along the coastline. The distance between samples was at least 5 meters if the
stand was small and 10 or more meters if the stand at the sampling site was larger. The
tips of the plants with the youngest leaves were separated from the plant with secateurs,
placed in a plastic bag with an attached label indicating the location of the plant collection
and placed in a car refrigerator on ice. Samples were transported to the laboratory, where
leaves were washed and used for DNA extraction.

The prevailing land cover in the neighborhood of the sampled stand was recorded
using Google Maps and by directly visiting the sites. The land cover type was assessed
as seminatural (N)—undisturbed wetland or forest; urbanized (U)—in the vicinity of
artificial surfaces, in most cases in urbanized territories; and agricultural (A)—near areas
of intensive agricultural land use. Some hydro-chemical characteristics (pH, dissolved
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oxygen, BOD7 (biochemical oxygen consumption over 7 days), ammonium nitrogen, nitrite
nitrogen, nitrate nitrogen, mineral nitrogen, total nitrogen (NT), phosphate phosphorus,
total phosphorus, specific electrical conductivity), during the period of 9 years (2010–2018)
were obtained from the Lithuanian EPA database [54]. Averages of the nine-year values of
these indicators were used. River modification data were obtained from the Lithuanian
EPA and Lithuanian Energy Institute [35].
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2.2. DNA Extraction

Approximately 100 mg of cleaned tissue from young healthy leaves was weighed and
used for DNA isolation. DNA was extracted from leaf tissue using a modified version of
the CTAB method adapted to extract DNA from small amounts of plant material [65]. The
DNA quality was assessed using 0.8% agarose gel electrophoresis and a spectrophotometer.
The DNA concentration was determined using a BioPhotometer (Eppendorf, Hamburg,
Germany). The DNA samples were stored at −20 ◦C until use.

2.3. ISSR Marker Analysis

ISSR-PCR conditions were as described previously by Patamsytė et al. [65]. Ampli-
fication was performed in a 10 µL volume containing 1× PCR buffer, 10 ng of genomic
DNA, 3 mM MgCl2, 5 µM primers, 200 µM dNTPs and 0.4 U of Taq DNA polymerase
(Thermo Fisher Scientific Baltics, Vilnius, Lithuania). Amplification reactions were run on a
Mastercycler Pro (Eppendorf, Hamburg, Germany) under the following protocol: starting
denaturation cycle at 94 ◦C for 7 min; 32 cycles of 30 s at 94 ◦C, 45 s at the primer-specific
annealing temperature (from 45 ◦C to 51 ◦C, Table S1) and 2 min at 72 ◦C, and a final step
of 7 min at 72 ◦C. A total of 7 ISSR primers (CCA(GTC)4, (AG)8CG, GTGC(TC)7, (CCA)5,
(GGGT)3GTG, (CA)8A and (AC)8T) suitable for common reed genome analysis were se-
lected from the 20 tested. These primers amplified numerous clear and reproducible DNA
bands. The amplification products were analyzed in large 1.5% agarose gels using 0.5×
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TBE buffer (4 h, 4 V/cm) and stained with ethidium bromide. ISSR-PCR banding patterns
were recorded using a UV transilluminator and BioDocAnalyze software (Biometra, Göttin-
gen, Germany). GeneRulerTM DNA Ladder Mix (100–10,000 bp) (Thermo Fisher Scientific
Baltics, Vilnius, Lithuania) was used for DNA fragment size assessment. DNA bands in the
size range of 310–2000 bp were scored. Each DNA sample was examined in independent
amplification reactions at least twice to ensure reproducibility. The genotyping error rate
was 1.6%. Problematic loci were not included in the data analysis.

2.4. Data Analysis

Reproducible DNA bands generated by ISSR-PCR were scored and used to construct
a binary data matrix that was used for further analyses. The presence of a DNA band was
indicated as 1 and the absence as 0. Monomorphic bands were not included in the analysis.

Genetic diversity parameters and differentiation were assessed on different genotypes
(genets). Identical genotypes (ramets) within sites were excluded from these calculations.
Clones were defined using the multilocus matches function in GenAlEx v. 6.5 [66]. We
calculated the genotypic richness (R) using the formula R = (G − 1)/(n − 1), as suggested
by [67], where G is the number of different genotypes (genets) at a studied site and n is the
total number of plants collected from a given site. The total gene diversity at the species
level (Ht) and average gene diversity at the site and population levels (Hw) were estimated
using AFLP-SURV [68]. The number of alleles (Na), the number of effective alleles (Ne) and
Shannon’s information index (I) were calculated using POPGENE 1.31 software [69]. The
percentage of polymorphic loci (P) and expected heterozygosity (He) were estimated using
GenAlEx v 6.5 [66].

The analysis of molecular variance (AMOVA; [70]) was used to define genetic variabil-
ity among P. australis populations and within populations. AMOVA was performed using
GenAlEx v. 6.5 [66]. AMOVA was also used to assess how genetic diversity is partitioned
between rivers (populations), between sampling sites within rivers and within sites based
on Euclidean pairwise distances among individuals. Only the populations that had two
or more sampling sites were included in this calculation. Significance testing was carried
out using 999 permutations. Four sites were not included in the analysis because they
contained only one unique genotype (see Table 1). Hierarchical AMOVA was also used
to assess genetic differences between sites that varied according to the type of land cover
(seminatural—N; agricultural—A; and urbanized—U) in the neighborhood and groups
of sites from modified and natural river stretches. Genetic distances among sites and
populations were determined using principal coordinate analysis (PCoA) based on the ΦPT
matrix. The PCoA was performed using GenAlEx v. 6.5. The correlation between genetic
(ΦPT) and geographic distances was estimated and the effect of isolation by distance (IBD)
among sites was assessed using the Mantel test (999 permutations) in GenAlEx v.6.5.

The genetic structure and the extent of admixture between genotypes, sites and
populations were assessed using the Bayesian clustering method implemented in the
software STRUCTURE v. 2.3.4 [71,72] using an admixture model. The likelihood L(K)
and the values of K (∆K) from K = 1–42 were computed for the sites and from 1 to 16
for populations, and the most likely number of clusters (K) was identified according to
Evanno et al. [73] with STRUCTURE HARVESTER. The study used an initial burn-in
period of 20,000 steps and 40,000 MCMC (Markov chain Monte Carlo) iterations [73] with
10 independent replicates each.

For the examination of differences between groups of sites subdivided according
to land-use type in the neighborhood of the stand, we used TIBCO StatisticaTM v13.3.0
(TIBCO Software Inc., Palo Alto, CA, USA, 2017) and performed the Kruskal-Wallis H test.
We also assessed the relationships between the P. australis genetic diversity parameters
(R, PL, polymorphism, Na, Ne, I and He) of 32 sites and the water chemical and physical
parameters (pH, dissolved oxygen, BOD7, NH4-N, NO2-N, NO3-N, mineral N, total N,
PO4-P, total P and specific electrical conductivity) using Spearman’s rank correlations.
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3. Results
3.1. Genetic Diversity Based on ISSR Markers

The 747 DNA samples were successfully amplified and yielded reproducible banding
patterns (ISSR phenotypes). Further analysis of these samples with 7 preselected primers
identified 182 loci (bands) (Table S1). The number of polymorphic bands per primer
ranged from 20 to 31. A total of 339 distinguishable multilocus genotypes (genets) were
identified and used for data analysis. Of the 42 sampling sites scored in 16 Lithuanian
rivers, 38 showed genotypic polymorphism (Table 1). The number of genets per multiclonal
site varied from 24 (MR1, KN1, KN2) to 2 (SL1, VN2, NV4). Only 1 genotype per site
was identified at 4 monoclonal sites (SK, VS3, PN2, SR1). Genotypes from these four sites
showed site-specific banding patterns with all tested primers. The mean number of genets
per site was 8.368 ± 1.130. The percentage of polymorphic loci per multiclonal site ranged
from 1.1% (VN2) to 51.1% (KN2), with an average of 26.62 ± 2.36% (Table 2).

Table 2. Sampling site genetic diversity parameters of Phragmites australis revealed using ISSR
markers.

Site PL P, % R Na Ne I He

VR1 81 44.51 0.348 1.445 1.309 0.256 0.174
VR2 71 39.01 1.000 1.390 1.241 0.210 0.141
VR3 95 52.20 0.444 1.522 1.331 0.284 0.191
MR1 58 31.87 1.000 1.319 1.204 0.171 0.116
MR2 55 30.22 0.857 1.302 1.208 0.171 0.117
MR3 31 17.03 0.429 1.170 1.109 0.092 0.062
MR4 3 1.65 0.333 1.017 1.013 0.010 0.007
MR5 6 3.30 0.455 1.033 1.020 0.018 0.012
MR6 4 2.20 0.400 1.022 1.018 0.014 0.010
SK 0 0 0.000 1 1.000 0.000 0.000

GR1 3 1.65 0.130 1.017 1.009 0.008 0.005
GR2 67 36.81 1.000 1.368 1.262 0.215 0.148
VS1 57 31.32 0.130 1.313 1.221 0.189 0.130
VS2 76 41.76 0.444 1.418 1.285 0.235 0.160
SC1 48 26.37 0.222 1.263 1.182 0.153 0.104
SC2 68 37.36 0.412 1.374 1.266 0.217 0.149
SL1 51 28.02 0.059 1.280 1.184 0.153 0.103
SL2 6 3.30 0.182 1.033 1.017 0.017 0.011
SL3 33 18.13 0.500 1.181 1.128 0.110 0.075
SL4 35 19.23 1.000 1.192 1.140 0.114 0.078
BR 59 32.42 0.075 1.324 1.213 0.180 0.122

VN1 50 27.47 0.087 1.275 1.198 0.162 0.111
VN2 2 1.10 0.091 1.011 1.008 0.007 0.005
VN3 0 0 0.000 0.000 1.000 0.000 0.000
TR1 42 23.08 0.400 1.231 1.154 0.129 0.088
TR2 38 20.88 0.053 1.209 1.148 0.126 0.086
NV1 21 11.54 0.222 1.115 1.081 0.067 0.046
NV2 76 41.76 0.438 1.418 1.304 0.248 0.171
NV3 61 33.52 0.304 1.335 1.225 0.193 0.131
NV4 43 23.63 0.043 1.236 1.167 0.143 0.098
PN1 60 32.97 0.957 1.330 1.206 0.177 0.119
PN2 0 0 0.000 0.000 1.000 0.000 0.000
SR1 0 0 0.000 0.000 1.000 0.000 0.000
SR2 40 21.98 0.087 1.220 1.155 0.128 0.088
ST1 57 31.32 0.304 1.313 1.210 0.178 0.121
ST2 33 18.13 0.176 1.181 1.126 0.107 0.073
ST3 25 13.74 0.200 1.137 1.105 0.083 0.058
SP1 54 29.67 0.526 1.297 1.201 0.168 0.115
SP2 80 43.96 0.739 1.440 1.276 0.236 0.160
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Table 2. Cont.

Site PL P, % R Na Ne I He

SP3 80 43.96 0.727 1.440 1.291 0.243 0.165
KN1 79 43.41 1.000 1.434 1.261 0.228 0.153
KN2 93 51.10 1.000 1.511 1.302 0.268 0.178

Average 1 43.83 24.09 0.399 1.169 1.161 0.136 0.092

SE 1 4.48 2.46 0.052 0.055 0.016 0.014 0.009

Average 2 48.447 26.62 0.441 1.266 1.178 0.150 0.102

SE 2 4.300 2.36 0.053 0.024 0.015 0.013 0.009
PL—the number of polymorphic loci; P—the percentage of polymorphic loci; R—genotypic richness; Na—observed
number of alleles; Ne—effective number of alleles’; I—Shannon’s information index; He—expected heterozygosity;
SE—standard error; 1—all sites; 2—only multiclonal sites.

The genotypic richness (R) at 42 sampling sites ranged from 1 to 0. The highest R
values were detected at the VR2, MR1, GR2, SL4, KN1 and KN2 sites, and the lowest at
the SK, VN3, PN2 and SR1 sites. The mean number of observed alleles (Na) at 38 studied
polymorphic sites was 1.266 ± 0.024 and the mean number of effective alleles (Ne) was
1.178 ± 0.015. The Shannon information index (I) was highest at VR3 (0.284) and lowest at
the VN2 site (0.007). The average value of I was 0.150 ± 0.013. Expected heterozygosity
(He) ranged from 0.191 (VR3) to 0.005 (GR1, VN2).

When genetic diversity parameters were also calculated for the 16 rivers, the following
average values were generated: R—0.377 ± 0.068; Na—1.482 ± 0.105; Ne—1.355 ± 0.033;,
I—0.299 ± 0.028; and He—0.203 ± 0.019 (Table 3).

Table 3. Genetic diversity of Phragmites australis populations at ISSR loci.

Population PL P, %
Samples

R Na Ne I He
Total G

VR 147 80.77 68 38 0.552 1.808 1.494 0.430 0.288
MR 132 72.53 70 49 0.696 1.725 1.458 0.389 0.263
SK 0 0 12 1 0.000 0.000 1.000 0.000 0.000
GR 90 49.45 38 18 0.459 1.495 1.358 0.289 0.199
VS 113 62.09 52 17 0.314 1.621 1.409 0.340 0.231
SC 110 60.44 28 11 0.370 1.604 1.412 0.337 0.230
SL 119 65.38 40 13 0.308 1.654 1.457 0.372 0.254
BR 59 32.42 41 4 0.075 1.324 1.214 0.180 0.122
VN 94 51.65 42 6 0.122 1.517 1.312 0.277 0.185
TR 78 42.86 36 9 0.229 1.429 1.275 0.235 0.158
NV 136 74.73 75 22 0.284 1.747 1.500 0.419 0.285
PN 83 45.60 40 24 0.590 1.456 1.283 0.241 0.162
SR 62 34.07 42 4 0.073 1.341 1.241 0.199 0.136
ST 113 62.09 48 14 0.277 1.621 1.420 0.349 0.238
SP 129 70.88 67 46 0.682 1.709 1.460 0.389 0.263
KN 119 65.38 48 48 1.000 1.654 1.393 0.342 0.229

Average 99.00 54.40 46.69 20.25 0.377 1.482 1.355 0.299 0.203
SE 9.25 5.08 4.16 4.09 0.068 0.105 0.033 0.028 0.019

PL—the number of polymorphic loci; P—the percentage of polymorphic loci; G—number of genets; R—genotypic
richness; Na—observed number of alleles; Ne—effective number of alleles; I—Shannon’s information index;
He—expected heterozygosity; SE—standard error.

The highest number of genets was found in the Merkys River (MR)—49; the lowest
number of genotypes was detected in samples from the Skroblus River (SK)—1. The mean
number of genets per population was 20.25 ± 4.09. The genetic diversity at the species
level was calculated with AFLPSURV, Ht = 0.3503, and that calculated at the population
(river) level was Hw = 0.2201.
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The correlation between genetic and geographical distances of sites according to the
Mantel test was nonsignificant (R2 = 0.0033, p = 0.255).

3.2. Genetic Differentiation of Sites and Populations

The hierarchical AMOVA partitioned the total genetic diversity of Lithuanian com-
mon reed into the following components: among populations (rivers), among sites and
within sites. The percentages of these components of genetic diversity were 14, 33 and 53,
respectively. The ΦPT value calculated on the basis of ISSR markers was 0.322 (p = 0.001).

We carried out principal coordinate analysis (PCoA) for the comparison of genetic
relationships among polymorphic study sites. The first axis of the PCoA explained 22.3%
of the genetic variance among sites. Three main axes explained 59.18%. The resulting
diagram of the first two principal coordinates shown in Figure 2 illustrates the pattern of
site grouping.
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Figure 2. The grouping of 38 polymorphic sampling sites in the PCoA plot. The site codes correspond
to the codes explained in Table 1.

The sites were divided into two subgroups. Twenty-four sites formed the larger
subgroup on the right side of the PCoA plot. A smaller number of sites (12), including all
sites in Siesartis (ST1–ST3), Kiauna (KN1, KN2), Šešupė (SP1–SP3), Taurupis (TR1, TR2) and
some other sites, formed a smaller subgroup on the left side of the plot. Some sites from
the same river tended to cluster according to their origin. For example, this was typical
for sites SP1–SP3, ST1–ST3 and SL1–SL4. The sites from other rivers were scattered on the
plot. Sites in the Merkys River (MR2, MR3 and MR4) were especially genetically divergent.
Although the sampling sites of some rivers tended to cluster together, their grouping was
not related to the geographical location of the rivers.

The analysis of the genetic structure of 16 P. australis populations was performed
using the Bayesian clustering method using STRUCTURE. The highest Delta K value was
observed at K = 2 (144.83) (Figure 3a), which means that the studied reed populations could
be divided into two genetic clusters. Additional peaks were detected at K = 9 (17.07) and
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K = 12 (7.66) but were very weak and uncertain to be able to recognize a secondary
population structure. STRUCTURE analysis revealed two gene pools and divided the
populations into green and red clusters (Figure 3b). Two large populations (SP and KN)
were attributed to the red cluster, and five populations (MR, GR, VS, VN and PN) were
attributed to the green cluster. The remaining populations were admixed. The highest
Delta K for sites (Figure 4a) was K = 14 (331.52), with a few small secondary peaks at K = 12
(44.76), 22 (20.02) and 33 (21.83).

Bayesian analysis of the genetic structure of the sites revealed the genetic specificity of
separate sites and a high level of admixture (Figure 4b).
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Figure 3. Analysis of the genetic structure of common reed at the population level: (a) Most likely
number (K = 2) of genetic pools among 16 populations of P. australis inferred by Evanno‘s Delta K
method. (b) Genetic structure of P. australis populations (K = 2) revealed using the STRUCTURE
program. Codes below the bar indicate populations according to Tables 1 and 3. Each individual is
represented by a thin vertical line and its color depends on its partitioning into the K clusters. Black
lines separate plants from different populations.
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3.3. Assessment of Environmental and Anthropogenic Impacts on Genetic Diversity

We compared site genetic diversity parameters with water chemical characteristics
at 32 sites (Table S2) and found a weak negative correlation between the genetic richness
(R) and the concentrations of nitrogen forms (R:NO2—r = −0.3485, p = 0.05; R:Mineral
N:—r = −0.3458, p = 0.05; R:NT—r = −0.3446, p = 0.05). For nitrates, the significance of
the correlation with genetic richness was very close to significance (R:NO3—r = −0.3401,
p = 0.0569). There were no significant relationships between the other genetic diversity
parameters of P. australis and the river water chemical and physical characteristics at these
sites (p > 0.05).

Hierarchical AMOVA and the Kruskal–Wallis test did not detect any genetic differ-
entiation among the groups of sites based on similar neighboring land cover; i.e., among
seminatural areas, urbanized areas or agricultural land as well as between sites from natural
and modified river stretches.

4. Discussion
4.1. Genetic Structure of Populations and Sites

The polymorphism of P. australis populations based on ISSR markers was high
(Hw = 0.2201 ± 0.0127; Ht = 0.3503), which corroborates our previous findings based
on SSR markers [35] and with the studies of other authors who have shown that high
genetic diversity in populations of the common reed is due to gene flow between popula-
tions and the relatively frequent establishment by seeds [20,25,36,37,55]. Nevertheless, 4 of
our sites (SK, VS3, PN2, SR1) and 1 population (Skroblus River) were monoclonal. This
latter population was small and we could sample only 12 plants from it (Table 1). Mono-
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clonal patches, stands or populations were found also in several studies [13,20,23,74]. The
population genetic structure that was inferred by the Bayesian clustering method showed
that there are two allele pools that determine the genetic makeup of studied populations
(Figure 3). The Šešupė and Kiauna populations were grouped into the smaller red cluster.
The green cluster included populations from the Merkys, Visinčia, Pienia, Verseka and
Grūda rivers. The remaining populations were combinations of these two allele pools.
Despite their genetic similarity, the Šešupė and Kiauna populations are geographically
distant, confirming that there is no correlation between geographic and genetic distances,
as shown by the Mantel test. Additionally, STRUCTURE analysis carried out at the site
level identified high variation among sites within populations (Figure 4). The sampling
sites can be divided into two groups according to their polymorphism patterns. Some sites
of the same population were genetically similar and were grouped in the same cluster, for
example, sites SP1–SP3 from the Šešupė River and sites SR1 and SR2 from the Širvinta
River. Such grouping can indicate gene flow between adjacent sites of P. australis [75].
However, some sites that are geographically close to each other were genetically different.
For example, sites MR3, MR4 and MR6 from the Merkys River and NV1–NV4 from the
Nevėžis River had rather different genetic structures. The changes in the genetic diversity
of the reed stands of these two rivers could have been influenced by the modification of
the river bed. The part of the Nevėžis River, including riverbank habitats, where our sam-
pling sites (NV1–NV3) are located was strongly modified in the previous century during
melioration and riverbed straightening works [35]. The changes in the genetic structure
of these sites could therefore be determined by the genetic drift because the disturbance
caused by the works, like, for instance, the removal of the upper soil layer, could have
created the conditions for the recruitment of propagules coming from different stands or
from local seed bank. However, we were unable to identify distinct genetic clusters that
could distinguish modified sites from those located in unmodified riverbeds. No correla-
tion of genetic diversity parameters with site disturbance level was found even in several
P. australis studies [25,42]. The results of the Bayesian clustering generally corroborated
the site grouping in the PCoA plot (Figure 2), where sites from the Merkys River and the
Nevėžis River were, in fact, very scattered.

4.2. Eutrophication Impact

We analyzed the impact of anthropogenic factors that can have a strong effect on the
structure of the genetic diversity of the common reed stands. Our study found a weak
negative relationship between the concentration of nitrogen compounds and genotypic
richness. Previous studies analyzed the impact of nutrients, particularly of N, on the
clonal growth and sexual reproduction of plants [52,53] and concluded that clonal plants
can respond to environmental stress by switching reproduction mode [53,76,77]. It was
proven experimentally that clonal growth is stimulated by nutrients. Nitrogen fertilization
increased, for instance, the growth of Leymus chinensis ramets and significantly reduced
sexual reproduction [53]. Therefore, the negative relationships that we found in our study
between genotypic richness and the concentrations of nitrogen compounds could indicate
that an increase in these nutrients in water could stimulate clonal spread. In support of
this, Kirk et al. [13] reported a significant negative relationship between soil potassium
concentration and genotypic richness. The authors suggested that low environmental
stress (consistent with abundant nutrient availability) is beneficial for the clonal spread of
P. australis. Our study also revealed a new potential relationship of genotypic richness with
nitrate (NO3-N) (p = 0.0569). Such a result can be explained by the fact that different forms
of nitrogen can have different effects on plant physiology, including a trade-off between the
two modes of reproduction [13,78,79]. In contrast, McCormick et al. [37] explained the high
genotypic diversity at P. australis sites in Chesapeake Bay by disturbance and increased
amounts of nutrients caused by eutrophication. This contradiction could be due to the fact
that the balance between reproduction modes may be rather plastic and be impacted also
by many other factors than nutrients, like stand age, successional status, ramet density and
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others [53]. We did not find any relationship between the chemical and physical parameters
of the water and the other genetic diversity parameters (Na, Ne, I and He) that we measured.

5. Conclusions

The analysis of a large number of common reed samples provided a more detailed
picture of the genetic diversity of P. australis and its dynamics in Lithuanian rivers. The
study showed that of all the anthropogenic factors that were tested, the concentration
of nitrogen compounds is the only one that could influence the reed clonal diversity in
the studied sites. As corroborated by other studies, increased nutrient availability may
have promoted clonal growth and reduced seed recruitments at the studied sites. We did
not find any relationship between allelic frequencies and river stretch modifications as
well as between allelic frequencies and land cover type in the neighborhood of the stand.
Further studies are needed to assess population dynamics and adaptation in response to
the human impact.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/d15111116/s1, Table S1. Oligonucleotide ISSR primers used for
diversity analysis in common reed sites and populations, primer annealing temperature, number
of scored and polymorphic bands, percentage of polymorphic loci identified per primer and scored
DNA fragments size range. Table S2. Water hydro-chemical and physical characteristics of common
reed sampling sites.
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Small genome separates native and invasive populations in an ecologically important cosmopolitan grass. Ecology 2018, 99, 79–90.
[CrossRef]

29. Oh, D.-H.; Kowalski, K.P.; Quach, Q.N.; Wijesinghege, C.; Tanford, P.; Dassanayake, M.; Clay, K. Novel genome characteristics
contribute to the invasiveness of Phragmites australis (common reed). Mol. Ecol. 2022, 31, 1142–1159. [CrossRef]

30. Tao, F.; Fan, C.; Liu, Y.; Sivakumar, S.; Kowalski, K.P.; Golenberg, E.M. Optimization and application of non-native Phragmites
australis transcriptome assemblies. PLoS ONE 2023, 18, e0280354. [CrossRef]

31. Coppi, A.; Lastrucci, L.; Cappelletti, D.; Cerri, M.; Ferranti, F.; Ferri, V.; Foggi, B.; Gigante, D.; Venanzoni, R.; Viciani, D.; et al.
AFLP approach reveals variability in Phragmites australis: Implications for its dieback and evidence for genotoxic effects. Front.
Plant Sci. 2018, 9, 386. [CrossRef]
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62. Naugžemys, D.; Patamsytė, J.; Žilinskaitė, S.; Hoshino, Y.; Skridaila, A.; Žvingila, D. Genetic structure of native blue honeysuckle
populations in the Western and Eastern Eurasian Ranges. Plants 2022, 11, 1480. [CrossRef]

https://doi.org/10.1002/rra.3259
https://doi.org/10.1023/A:1026557901479
https://doi.org/10.1016/j.aquabot.2011.02.007
https://doi.org/10.1007/s13157-015-0678-7
https://doi.org/10.1007/s10750-011-0608-5
https://doi.org/10.1016/j.cej.2015.12.108
https://doi.org/10.1016/j.scitotenv.2017.06.131
https://www.ncbi.nlm.nih.gov/pubmed/28648370
https://doi.org/10.2298/BOTSERB1901085P
https://doi.org/10.1080/15226514.2013.821449
https://doi.org/10.1016/j.ecoleng.2017.11.021
https://doi.org/10.1080/09593330.2020.1720311
https://doi.org/10.1016/j.ecolind.2009.11.002
https://doi.org/10.1080/15226514.2010.495258
https://doi.org/10.1016/S0045-6535(03)00367-9
https://doi.org/10.1023/A:1009845014687
https://doi.org/10.1007/s11258-009-9595-2
https://aaa.lrv.lt/lt/veiklos-sritys/vanduo/upes-ezerai-ir-tvenkiniai/valstybinis-upiu-ezeru-ir-tvenkiniu-monitoringas/upiu-monitoringo-rezultatai
https://aaa.lrv.lt/lt/veiklos-sritys/vanduo/upes-ezerai-ir-tvenkiniai/valstybinis-upiu-ezeru-ir-tvenkiniu-monitoringas/upiu-monitoringo-rezultatai
https://doi.org/10.1038/s41598-020-74727-0
https://www.ncbi.nlm.nih.gov/pubmed/33077795
https://doi.org/10.1186/s41065-016-0009-x
https://www.ncbi.nlm.nih.gov/pubmed/28096767
https://doi.org/10.1006/geno.1994.1151
https://www.ncbi.nlm.nih.gov/pubmed/8020964
https://doi.org/10.1111/plb.12330
https://www.ncbi.nlm.nih.gov/pubmed/25765550
https://doi.org/10.1093/aobpla/plu034
https://doi.org/10.3390/d10030079
https://doi.org/10.3389/fevo.2022.845947
https://doi.org/10.3390/plants11111480


Diversity 2023, 15, 1116 16 of 16

63. Lal, A.; Pant, M.; Pant, G.; Palni, L.M.S.; Kumar, A.; Kumar, G. ISSR marker assisted genetic diversity assessment in natural
populations of two endemic orchids Aerides multiflora and Rhynchostylis retusa from Uttarakhand, India. S. Afr. J. Bot. 2023, 157,
151–158. [CrossRef]

64. Saltonstall, K. Microsatellite variation within and among North American lineages of Phragmites australis. Mol. Ecol. 2003, 12,
1689–1702. [CrossRef] [PubMed]
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