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Highlights
X Genetic diversity of Lithuanian populations of Lythrum salicaria was relatively low.
X Molecular variance within populations of L. salicaria was much higher compared to variability among populations.
X Hierarchical analysis of molecular variance showed significant differences among populations belonging to distinct river

basins.

X Percentage of polymorphic loci for populations besides regulated fragments of the rivers was lower compared to that for

populations growing along natural riverbeds.

Abstract. The present study evaluated genetic diversity of Lithuanian populations of Lythrum salicaria in relation to parameters of riparian environment. Growing along Nemunas, Seaside and Lielupė river basins, 15 populations were examined using amplified fragment length polymorphism markers. Molecular data were related to the river basins, type of land
use and cover, natural vice versa regulated fragments of the rivers. Population mean genetic diversity parameters were as
follows: percentage of polymorphic loci (57.2), index of Nei’s gene diversity, h (0.183), polymorphismc information content
(0.218). Mantel test revealed correlation (R2 = 0.0986, p = 0.01) between genetic and geographic distance of populations.
Greater genetic diversity within, rather than among populations (ΦPT = 0.213) was observed. According to the Bayesian
clustering, studied populations are admixtures of two gene pools. Analysis of molecular variance revealed significant differentiation between populations belonging to distinct river basins, between populations from natural vs. regulated fragments of the rivers.
Keywords: AFLP molecular markers, riparian ecosystem, aliens, invasions, plant diversity, native distribution, river regulations, land use, aquatic plants.

Introduction
Riparian habitats are very complex and important part of
terrestrial ecosystem. Their plants are distinct by big variety of life forms, and are of high economic, ecological
also aesthetic value (Riis et al., 2020; Nawieśniak-Caesar
et al., 2019). A major concern of such areas is biodiversity,

affected by increasing fluctuations of climate (Kiesel et al.,
2019), multi-component chemical pollution (Yoshikawa
et al., 2015; Stella & Bendix, 2019) and mechanical interventions (Anderson et al., 2018). When compared to land
plants, riparian vegetation is exposed to a much stronger
effect of anthropogenic factors (Kalusová et al., 2017). The
current millennium focuses on the state of threatened
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species or invasive organisms (Dudgeon et al., 2006;
Richardson et al., 2007). In contrast to these groups, naturally occurring common species do not receive adequate
attention (Hejda & de Bello, 2013). It could be true for
populations of riparian species widely growing in pristine
European territories of temperate climate zone although
invasive in some other continents (Kalusová et al., 2017).
Under various scenarios of ongoing climatic change, information about diversity of plants, sampled within natural
distribution range, is crucial for understanding of species
behavior potentials. In special, information about genetic
traits might be valuable tool explaining possible mechanisms of invasiveness success (Richards et al., 2012).
Belonging to Rosid clade, Myrtales order, Lythraceae
family (with 31 genera), purple loosestrife (Lythrum salicaria L.) is one out of 34 species of Lythrum genera (Gu
et al., 2019). It is tall perennial herb (50–150 cm) with
showy arranged in racemes flowers of bright purple, red
or pink color (Anderson & Ascher, 1993; Thompson et al.,
1987; Migliore et al., 2010). It is polyploid, very conservative according to chloroplast genome (Gu et al., 2019),
outcrossing species, pollinated by bees, butterflies, one
individual producing up to 3 mln seeds inclosed into capsules (Thompson et al., 1987).
Lythrum salicaria is a species of the Northern Hemisphere with a broad native distribution in Europe, the
Mediterranean, North Africa, northern and western Asia
and the Himalayas (Thompson et al., 1987). This species is
widely investigated along his invasive distribution range
in North America, and natural areas of West Europe
(Houghton-Thompson et al., 2005). Information about
the species in more northern-eastern territories of Europe,
including Baltic States, is still missing; despite L. salicaria
is rather common plant of wetlands of these areas. In the
former decade performed studies of aquatic macrophytes
(including L. salicaria) of Lithuania concern only parameters of phytocenology and abiotic environment of this species (Zviedre et al., 2015). Fact about hormetic response
of L. salicaria (Migliore et al., 2007) shows that data from
one region cannot be simply transferred to the other, and
wider assessments are required to evaluate this pygmalion
species.
Among riparian species L. salicaria is distinct by number of very special biological-ecological features such
as tristily protecting from self-pollination (Anderson
& Ascher, 1995), ability to survive in fluctuating water
supply (i.e. amphibian type of life; Hamann & Puijalon,
2013), relatedness to moderate salinity of the environment (Li & Yao, 2011; Migliore et al., 2010). In addition,
L. salicaria is valuable species for remediation: 10 month
simulation of the domestic wastewater in constructed wetlands of 4 aquatic species (Camacho et al., 2007) showed the
greater growth of L. salicaria and more efficient removal of
total nitrogen compared to the other tested plants. L. salicaria is important as melliferous, medicinal plant, showing
antimicrobial, antioxidative and genotoxic effects (Rauha
et al., 2000). Relying on numerous tests, in Southern

Europe L. salicaria was among 7 the best out of 127 plants
which might have ethnobotanical value for better human
aging (The Local Food-Nutraceuticals Consortium, 2005).
Data concerning genetic variation within species may
have predictive value for ecosystems, with importance for
short-term management strategies and longer-term approaches, for example in mitigation of climate change.
Already three decades molecular methods remain among
the most reliable tools for information sets about population diversity issues (Guichoux et al., 2011). Inter simple
sequence repeats (ISSR), microsatellites (SSR) and amplified fragment length polymorphism (AFLP) markers are
the most frequently used tools for examination of genetic
diversity of populations of macrophytes (Lambertini et al.,
2010; Anderson et al., 2018; Vyšniauskienė et al., 2020;
Fan et al., 2021), as well as for detection of introgression
(Bradley et al., 2013; Butkuvienė et al., 2017), linking
phenotyphic plasticity to genetic variation (Wennersten
& Forsman, 2012; Forsman, 2014). Before initiation of
present study, American populations of L. salicaria were
tested employing AFLP markers, and related data concerning genetic diversity of this species in Europe were limited
to West regions (Houghton-Thompson et al., 2005; Chun
et al., 2009). Pollen and seed dispersal of riparian vegetation is strongly related to the watercourse (Nazareno et al.,
2021). Only pilot studies have been done examining genetic diversity differences of riparian populations depending on river basins, land use type, or river regulation (Lamote et al., 2002; Anderson et al., 2018).
The present study is aimed at comparison of genetic
diversity of Lithuanian populations of purple loosestrife
(L. salicaria) in relation to parameters of riparian environment.

1. Materials and methods
1.1. Sites and sampling
For present study 15 sites were selected along 3 river
basins in Lithuania: Nemunas (Nem-Dru, Nem-Čio,
Nem-Kau, Ner-Kau, Nev-Kėd, Nem-Jur, Lei-Nem), Seaside rivers (Rąž-Upp, Rąž-Mid, Rąž-Low, Dit-Nmr, ŠveŠve) and Lielupė (Šve-Žag, Apa-Bir, Kru-Pak; Figure 1;
Table 1). Sampling area extended between 54°01′12.9′′
and 56°21′36.6′′ of Northern latitude, 21°03′21.8′′ and
24°45′57.8′′ of Eastern longitude.
Sampling was carried out in the 1st ten-day period of
August 2015, at the time of the most intensive bloom of
L. salicaria. For analyses at each site 6 plants were collected, selecting individuals growing >15 m apart. Fully
developed, healthy (without visible mechanical or biotic
damages) leaves from the upper part of the main axis of
L. salicaria were collected as it is done earlier with some
other perennial herbs (Anderson et al., 2018). Leaves of
the plants were enclosed into separate bags and within
cool box transported to the laboratory, until DNA extraction keeping specimens frozen. Before DNA extraction
leaves were washed with distilled water.
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mixing 0.4 ml 0.5 M EDTA, 1 ml of 1 M (pH = 8.0) TRISHCl (Amresco, USA), 2.75 ml 5 M NaCl, 2 ml (10%) CTAB
(Carl Roth GmbH + Co.KG Germany), 0.02 ml β‐mercaptoethanol (BME, Carl Roth GmbH+Co.KG, Germany),
10 mg polyvinylpyrrolidone‐30 (PVP‐30; Carl Roth GmbH +
Co.KG, Germany), and 1.83 ml distilled water. The quantity
and quality of the samples of extracted genomic DNA were
assessed by electrophoresis (1% agarose gel) and by UV spectrophotometer (BioSpec-Nano, Shimadzu, USA).

1.3. AFLP analysis

Figure 1. Geographic location of Lithuanian populations
of Lythrum salicaria based on the data of Bayesian analysis
in STRUCTURE: clustering plot of populations using pie
diagrams (two gene pools labelled in white and green) to
indicate the proportion of membership of each K = 2 clusters
in the populations

1.2. DNA extraction
Genomic DNA was isolated using the modified CTAB
method (Doyle & Doyle, 1990; Kupcinskiene et al., 2013).
The leaves (0.15 g) were ground in liquid nitrogen and
transferred into 1 ml sorbitol buffer (prepared in the following proportions: 3.5 ml of 1M sorbitol, 1 ml of 1M
Tris-HCl, 0.1 ml of 0.5 M EDTA, 0.1g PVP, and 0.11 ml
of β-merkaptoethanol (≥99%)). To remove more polysaccharides, wash with sorbitol buffer was repeated for
several times (Souza et al., 2012). For DNA extraction,
samples were filled with 800 µl extraction buffer, prepared

AFLP fingerprinting followed the protocols of Vos et al.
(1995) and Chun et al. (2009). Double-stranded adaptors
were prepared from the complementary single-stranded
oligonucleotides: 5’-CTCGTATACTGCGTACC-3’ (forward) and 5’-AATTGGTACGCAGTA-3’ (reverse) for the
EcoRI adapter pair, and 5’-GACGATGAGTCCTGAG-3’
(forward) and 5’-CTACTCAGGACTCAT-3’ (reverse) for
the MseI adapter pair.
Performing restriction/ligation reaction, 6 µl (200 ng)
of DNA was added to 5 µl of restriction/ligation reaction
mix, containing 0.55 µl (1 mg/ml) BSA (Thermo Scientific,
Lithuania), 1.1 µl of 5X T4 DNA Ligase buffer (Invitrogen,
USA), 1.1 µl of 0.5 M NaCl (Invitrogen by Thermo Fisher
Scientific, Lithuania), 0.05 µl of (10 000 U/ml) EcoRI and
0.1 µl of (10 000 U/ml) Mse I restriction enzymes (New
England BioLabs, UK), 0.05 µl of (2 000 000 U/ml) T4
DNA Ligase (Invitrogen, USA), 1 µl of (50 pmol/μl) Mse
I adapter and 1 µl of (5 pmol/μl ) Eco RI adapter (Invitrogen by Thermo Fisher Scientific, Lithuania), 0.05 µl of
distilled water. Samples were incubated at 37 °C for 2 h.
Five µL of restriction/ligation reaction product was diluted by 5 µl of the distilled water.

Table 1. Titles, geographic location and environment characteristics of Lithuanian populations of purple loosestrife (Lythrum salicaria)
River
Nemunas

River basin
Nemunas

Location
Druskininkai

Acronym of
population
Nem-Dru

Latitude (°N)

Longitude (°E)

Land cover
type

River status

54°01′12.9′′

23°58′53.9′′

AGR

N

Neris

Nemunas

Čiobiškis

Ner-Čio

54°56′55.9′′

24°40′28.0′′

AGR

N

Neris

Nemunas

Kaunas

Ner-Kau

54°58′46.2′′

24°01′37.7′′

AGR

N

Nemunas

Nemunas

Kaunas

Nem-Kau

54°53′35.9′′

23°53′21.0′′

ART

N

Nevėžis

Nemunas

Kėdainiai

Nev-Kėd

55°17′58.3′′

23°59′45.5′′

AGR

N

Nemunas

Nemunas

Jurbarkas

Nem-Jur

55°05′35.1′′

22°43′48.9′′

AGR

N

Leitė

Nemunas

Sausgalviai

Lei-Nem

55°15′57.6′′

21°27′18.4′′

FOR

R

Rąžė

Seaside rivers

Palanga

Rąž-Upp

55°54′39.8′′

21°04′28.9′′

ART

R

Rąžė

Seaside rivers

Palanga

Raž-Mid

55°54′59.3′′

21°03′56.4′′

ART

R

Rąžė

Seaside rivers

Palanga

Rąž-Low

55°55′14.1′′

21°03′21.8′′

ART

R

Ditch

Seaside rivers

Nemirsėta

Dit-Nmr

55°52′50.1′′

21°03′50.2′′

ART

R

Šventoji

Seaside rivers

Šventoji

Šve-Šve

56°02′02.1′′

21°05′12.3′′

AGR

N

Švėtė

Lielupė

Žagarė

Švė-Žag

56°21′36.6′′

23°15′07.5′′

ART

N

Apaščia

Lielupė

Biržai

Apa-Bir

56°11′16.7′′

24°45′57.8′′

ART

N

Kruoja

Lielupė

Pakruojis

Kru-Pak

55°58′52.2′′

23°51′15.8′′

ART

N

Note: Land cover type: AGR – agricultural area, ART – artificial area, FOR – forest and semi-natural areas; River status: N – natural,
R – regulated.
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For the preselective polymerase chain reaction (PCR),
4 µl of the ligation product was added to 16 µl of a preselective PCR mix, consisting of 2 µl 10X Dream Taq PCR
buffer (Thermo Scientific, Lithuania), 2 µl of 2 mM dNTPs
(Thermo Scientific, Lithuania), 0.5 µl (30 ng/µl) of each
preselective primer and 0.16 µl of (5 U⁄µl) Dream Taq
DNA polymerase (Thermo Scientific, Lithuania), 10.84 µl
H2O. Sequences of preselective primers were EcoRI_A:
5’-TACTGCGTACCAATTCA-3’ and MseI_C: 5’-GATGAGTCCTGAGTAAC-3’. Parameters of preselective PCR
reaction were as follows: 75 °C extension for 2 min followed by 20 cycles of 94 °C for 30 s, 56 °C for 35 s, 72 °C
for 1 min, finishing with one cycle of 60 °C for 30 min.
Electrophoresis of PCR product was run on a 1% TBEagarose gels. To the remaining 10 µL product of preselective amplification 40 µL of H2O was added.
For the selective PCR, 1 µl of diluted preselective PCR
product was added to 3.50 µL of the selective PCR mix.
Selective PCR mix was prepared in following way: 0.35 µl
10X Green PCR buffer (Invitrogen by Thermo Fisher
Scientific, Lithuania), 0.105 µl of MgCl2 (50 mM; Invitrogen by Thermo Fisher Scientific, Lithuania), 0.07 µl of
dNTPs (10 mM; Thermo Fisher Scientific, Lithuania),
0.105 µl KB Extender (Invitrogen by Thermo Fisher Scientific, Lithuania), 0.6 µl one out of four EcoRI labelled
(6-FAM, VIC and NED) selective primers, 0.6 µL o f
MseI unlabelled primer, 0.014 µl of Platinum Taq DNA
polymerase (5 U/µl; Invitrogen by Thermo Fisher Scientific, Lithuania), adding distilled water to a final volume
of 3.50 µl.
For selective PCR four primer pairs were used:
EcoRI + AGC (6-FAM), EcoRI + ACG (VIC), EcoRI +
ACA (NED) and EcoRI + AAC (6-FAM), each paired with
MseI + CAA (Chun et al., 2009). The PCR reactions was
performed with following program: one cycle of 94 °C for
2 min, one annealing cycle of 94 °C for 30 s, 65 °C for
30 s and 72 °C for 2 min, followed by nine cycles of 94 °C
for 30 s, 64 °C for 30 s touch-down programme of a 1 °C
decrease in annealing temperature per cycle and 72 °C for
2 min, followed by 35 cycles of 94 °C for 30 s, 56 °C for
30 s and 72 °C for 2 min, and a final extension at 60 °C
for 30 min.
The fluorescence-labelled selective amplification products were separated using automated capillary gel electrophoresis (Genetic analyzer 3130; Applied Biosystems,
Germany) with LIZ-500 standard (Applied Biosystems,
Germany). Data were analyzed by GeneMapper v. 4.0
(Applied Biosystems, Germany). The four primer combinations applied to 90 individuals from 15 populations,
generated 1452 fragments, ranging from 50 to 500 bp. Reproducibility of the data was checked repeating analyses
of occasionally selected individuals from all populations
(Frercks et al., 2014).
Discerning the possible effects of features of the rivers
and their environment on genetic diversity of the plants,
populations were grouped according to the 1) river basins:
Nemunas, Seaside and Lielupė; 2) location of populations

in respect to position in Lithuania: south-west, west and
northern; 3) type of land cover: artificial (ART), agricultural (AGR) and forest, semi-natural (further in the text
named under forest areas, abbr. FOR), employing CORINE (classification system of COoRdinate Information
on the Environment) Land Cover database classification
level 1) available for 2006 (CORINE Land Cover [CLC],
2006); 4) natural and regulated fragments of the rivers.
Regulated fragments of the rivers were identified based
on hydrological data of Lithuania (Gailiušis et al., 2001;
Jablonskis et al., 2007; for more details, see Krokaitė et al.,
2019).

1.4. Statistical analyses
DNA fragments obtained for each AFLP loci were scored
in a binary format as present (1) or absent (0). Molecular
diversity parameters within populations were calculated
using PopGene v. 1.31 (Yeh et al., 1999). Populations
were compared according to Nei’s unbiased genetic distances (GD; Nei, 1978). The polymorphism information
content (PIC) value was calculated following recommendations of Anderson et al. (1993), Chun et al. (2009):
PIC = 2 f (1 – f), where f – the frequency of the marker
fragments, which were present and 1–f the frequency of
marker fragments, which were absent. To estimate variance components partitioned within populations and
among populations AMOVA in Genalex (Excoffier &
Lischer, 2010) was performed. In addition, hierarchic
AMOVA was carried out grouping populations according to their geographic region or growth density. Correlations between genetic and geographical distances of
populations by Mantel test (9999 permutations; Mantel,
1967) and principal coordinate analysis (PCoA) were
done in GENALEX program, v. 6.5 (Peakall & Smouse,
2012). A Bayesian cluster analysis was performed using
admixture ancestry model within STRUCTURE v. 2.3.3
(Pritchard et al., 2000; Falush et al., 2003). The ΔK method of Evanno et al. (2005) was used. Probable number
of population clusters (K) was set from 1 to 15. K-values
were simulated across 20 replicate runs of 1 000 000 iterations after a burn-in period of 100 000.

2. Results
From the four selected AFLP primer pairs, 1452 fragments
were scored analyzing 90 individuals of Lithuanian populations of L. salicaria. For studied populations all AFLP
primer pairs generated polymorphic loci ranging in the
interval 35.0–65.4%, with a mean number per population
57.2% (Table 2). The lowest polymorphism of DNA was
documented for populations of Seaside rivers (Dit-Nem,
Rąž-Low, Šve-Šve, respectively 35.0%, 45.3% and 50.5%).
The populations with the highest percentage of DNA
polymorphic loci were not related to the same river basin or geographic region of Lithuania (Kru-Pak, NemDru and Apa-Bir, respectively 65.4%, 65.2% and 65.0%,
respectively).
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Table 2. AFLP loci based genetic diversity parameters of 15
Lithuanian populations of Lythrum salicaria
Popula
tions

%
P

I
mean+SE

h
mean+SE

PIC

Nem-Dru

65.15

0.314+0.007

0.204+0.005

0.247

Ner-Čio

63.57

0.318+0.007

0.209+0.005

0.243

Ner-Kau

61.36

0.313+0.007

0.207+0.005

0.237

Nem-Kau

61.29

0.287+0.007

0.185+0.005

0.228

Nev-Kėd

61.02

0.329+0.008

0.221+0.005

0.235

Nem-Jur

55.03

0.274+0.007

0.179+0.005

0.212

Lei-Nem

58.61

0.288+0.007

0.188+0.005

0.223

Rąž-Upp

55.51

0.262+0.007

0.168+0.005

0.215

Rąž-Mid

52.55

0.233+0.006

0.147+0.004

0.196

Rąž-Low

45.32

0.186+0.006

0.114+0.004

0.158

Dit-Nmr

34.99

0.172+0.007

0.113+0.005

0.134

Šve-Šve

50.48

0.247+0.007

0.161+0.005

0.196

Švė-Žag

62.33

0.308+0.007

0.201+0.005

0.242

Apa-Bir

65.01

0.337+0.007

0.223+0.005

0.251

Kru-Pak

65.43

0.338+0.007

0.225+0.005

0.252

Mean

57.18

0.280+0.002

0.183+0.001

0.218

Note: % P – percentage of polymorphic DNA loci; I – Shannon’s
information index; SE – standard error; h – index of Nei’s gene
diversity. Number of individuals for each population – 6; PIC –
Polymorphism information content.

The lowest and the highest values of the Shannon’s information index also of the Nei’s genetic diversity were
for the same populations like in case of polymorphic
DNA percentage. The lowest and the highest value of the
Shannon’s information index per population (Kru-Pak and
Dit-Nmr populations) differed 1.91 times and ranged in
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the interval 0.172–0.338. Extreme values of Nei’s genetic
diversity for these populations differed 1.99 times, ranging
in the interval 0.113–0.225.
Geographic distances between populations ranged
0.8–290.1 km (Table 3). The shortest distances were between Seaside populations (Rąž-Mid–Rąž-Low) and the
longest distances were between Seaside and Nemunas or
Lielupė populations (Šve-Šve–Nem-Dru).
Genetic distances between pairs of Lithuanian populations of L. salicaria ranged in the interval 0.068–0.193,
mean being 0.127. In most cases genetic distances corresponded geographic distances: Nev-Kėd population of
Lielupė basin had the biggest genetic distances with the
populations of the Seaside rivers basin and the shortest
genetic distances were between populations of Seaside rivers basin, located in the shortest distance. Respectively,
Mantel test (Mantel, 1967) revealed significant association
between Nei’s based genetic distances and geographical
distances of L. salicaria populations (Figure 2).
Hereby Mantel test indicated that genotypes become
more different with geographic distance. Based on the
nonhierarchical AMOVA of data set of 15 populations
of L. salicaria, observed molecular variance was higher
within (79%) rather than among populations (21%), (Table 4). The level of genetic variation among populations
was highly significant (p ≤ 0.001).
Low significant (p < 0.001) proportion of variation
(5%) was explained by differences among groups of populations classified into Nemunas, Seaside and Lielupė river
basins (Table 5A). The same extent variation was true
among groups reflecting geographic location of populations (Table 5B). An extremely low, although significant
(p < 0.043) proportion of variation (1%) was explained by

Table 3. AFLP loci based genetic (lower triangle; Nei, 1978) and geographical distances (upper triangle km)
between 15 Lithuanian populations of Lythrum salicaria
Geographical distances, km
Populations

Genetic distances

Nem-Dru

Nem- NerDru Čio
x

Ner- Nem- Nev- Nem- LeiKau Kau Kėd
Jur Nem

112.5 106.7

Ner-Čio

0.120

Ner-Kau

0.118 0.108

x

Nem-Kau

0.114 0.104 0.104

97.3

RąžUpp

RažMid

RąžLow

DitNmr

ŠveŠve

ŠvėŽag

ApaBir

KruPak

142.3 144.0 213.6 280.4 281.2 281.9 278.3 290.1 264.3 246.1 218.2

41.5

50.6

58.1

x

13.0

35.6

83.6

166.6 213.1 213.8 214.6 212.1 219.1 161.0 142.2 111.9

x

45.7

77.2

160.4 210.7 211.4 212.2 209.5 217.4 167.9 154.2 121.0

x

83.5

160.9 195.7 196.4 197.1 195.2 199.9 126.8 109.9

Nev-Kėd

0.168 0.151 0.153 0.160

Nem-Jur

0.112 0.108 0.119 0.099 0.154

125.0 207.8 251.0 251.8 252.5 250.3 256.2 180.5 137.9 125.9

x

83.2
x

76.3

138.4 139.2 139.9 136.7 147.0 144.6 176.5 121.5

Lei-Nem

0.122 0.119 0.124 0.115 0.152 0.131

Rąž-Upp

0.120 0.117 0.097 0.087 0.165 0.109 0.122

75.6

76.4

77.0

72.6

88.5

165.5 231.3 170.3

x

0.8

1.6

3.5

13.7

143.9 231.3 173.2

Raž-Mid

0.129 0.132 0.121 0.092 0.186 0.119 0.129 0.068

x

0.8

4.0

13.1

144.2 231.7 173.8

x

4.5

12.7

144.6 232.2 174.3

x

17.1

145.7 232.5 174.2

x

138.8 228.7 172.1

Rąž-Low

0.145 0.142 0.122 0.111 0.193 0.137 0.147 0.097 0.070

Dit-Nmr

0.151 0.152 0.136 0.115 0.188 0.130 0.141 0.099 0.099 0.113

Šve-Šve

0.121 0.120 0.102 0.085 0.171 0.105 0.122 0.077 0.070 0.090 0.103

Švė-Žag

0.134 0.141 0.130 0.124 0.159 0.129 0.135 0.120 0.127 0.146 0.149 0.122

Apa-Bir

0.129 0.130 0.120 0.122 0.131 0.118 0.124 0.117 0.127 0.139 0.131 0.171 0.104

Kru-Pak

0.145 0.135 0.132 0.140 0.164 0.124 0.138 0.124 0.140 0.161 0.156 0.128 0.117 0.134

x

95.4

56.3

x

61.1
x
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Figure 2. AFLP loci-based Mantel test of correlation between Nei’s genetic and geographic distances
for 15 Lithuanian populations of L. salicaria
Table 4. AFLP loci based molecular variance (AMOVA) of Lithuanian populations of Lythrum salicaria
Source

df

SS

MS

Est. Var.

%

ΦPT

p

0.213

0.001

Among populations

14

6975

498

51.40

21

Within populations

75

14239

190

189.85

79

Total

89

21214

241.24

100

Note: df – degrees of freedom, SS – sum of squares, MS – mean squares, Est. Var. – estimated variability, % – percentage of variation,
ΦPT – genetic differentiation among populations, p – probability of differences, p < .01; significance levels are based on 1,000 permutations.
Table 5. AFLP loci based hierarchical analysis of molecular variance (AMOVA) among populations of Lythrum salicaria:
1) belonging to the different river basins, 2) neighboring areas of different types of land cover,
3) belonging to natural or regulated river fragments (for details, see Table 1)
Source
df
SS
MS Est. Var. %
Φ
p
A
0.001
Among populations of Nemunas, Seaside and Lielupė basins
2
1639
819
13.19
5
ΦPT = 0.054
0.001
Among populations
12
5336
445
42.48
17
ΦPR = 0.183
0.001
Within populations
75
14239
190
189.85
77
ΦRT = 0.227
Total
89
21214
245.5
100
B
0.001
Among North Lithuania, West Lithuania, South-West Lithuania
2
1415
707
12.20
5
ΦRT = 0.050
0.001
Among populations
12
4152
346
22.90
9
ΦPR = 0.099
0.001
Within populations
75
15647
209
208.63
86
ΦPT = 0.144
Total
89
21214
243.73 100
C
Among populations besides agricultural, artificial, and
2
1111
556
2.69
1
ΦPT = 0.011
0.041
forested areas
Among populations
12
5864
489
49.81
21
ΦPR = 0.208
0.001
0.001
Within populations
75
14239
190
189.85
78
ΦRT = 0.217
Total
89
21214
242.35 100
D
Among populations from natural and regulated river
1
806
806
8.29
3
ΦPT = 0.034
0.001
fragments
Among populations
13
6169
475
47.45
19
ΦPR = 0.200
0.001
0.001
Within populations
75
14239
190
189.85
77
ΦRT = 0.227
Total
89
21214
245.58 100
Note: df – degrees of freedom, SS – sum of squares, MS – mean squares, Est. Var. – estimated variability, % – percentage of variation,
p – probability of differences, p < .01; Φ – pairwise population genetic distances: ΦPT, ΦPR, ΦRT – proportion of variance among the
river basins/land cover types/river fragments, among populations and within populations, respectively (p < 0.001).
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differences among groups of populations classified according to land cover types (agricultural, artificial, forest and
semi-natural areas; Table 5C). Low significant (p < 0.001)
proportion of variation (4%) was explained by differences
among groups of populations classified to natural and
regulated river fragments (Table 5D). Polymorphic loci
percentage of populations grouped from regulated river
fragments was lower (56.1%) than populations grouped
from natural river fragments (67.6%).
a)
West Lithuania

A hierarchical AMOVA conducted over the 15 populations showed that most AFLP diversity was due to
variation between individuals within populations (77%,
Table 5A; 79%, Table 5B; 77% Table 5C), while that due
to differences between populations was lower (17%,
Table 5A; 20%, Table 5B; 19%, Table 5C).
According to the main principal coordinate analysis
of AFLP data for populations, the first three coordinates
accounted about 36.6% of the total genetic variation

Lielupe basin

North Lithuania
Šv ė-Žag
Apa-Bir

Dit-Nem
Axis 2 (10.1%)

Raž-Low
Raž-Mid
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Nev-Kėd

Kru-Pak

Raž-Upp
Šve-Šve

Coast river basin

Ner-Kau
Nem-Kau

Lei-Nem
Nem-Jur
Nem-Dru
Ner-Čio

South-West Lithuania

Nemunas basin

Axis 1 (16.8%)

b)

Nev-Kėd

Axis 3 (9.7%)

Raž-Low
Dit-Nem
Apa-Bir
Nem-Kau
Lei-Nem
Raž-Mid
Raž-Upp
Ner-Kau Ner-Čio
Šve-Šve
Nem-Jur
Nem-Dru
Šv ė-Žag
Kru-Pak
Axis 1 (16.8%)

c)

Axis 3 (9.7%)

Nev-Kėd

Ner-Čio
Nem-Dru

Ner-Kau
Lei-Nem
Nem-Kau
Nem-Jur

Raž-Low
Raž-Mid
Raž-Upp
Šve-Šve

Dit-Nem
Apa-Bir

Šv ė-Žag
Kru-Pak
Axis 2 (10.1%)

Figure 3. AFLP loci-based clustering patterns of 15 populations of Lithuanian L. salicaria, revealed by principal coordinate analysis
(PCoA; principal components 1 vs 2 (a); 1 vs 3 (b); 2 vs 3 (c). Yellow, blue and red colors separate respectively Seaside River basin,
Lielupe basin, and Nemunas basin. Green color separate geographic distribution of populations: North Lithuania,
South-West Lithuania, and West Lithuania
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Axis 2 (3.8%)

(Figure 3), the first, the second, and the third coordinate
explained, respectively, 16.8%, 10.1%, and 9.7%.
Principal coordinate analysis (PCA) based on scored
polymorphisms enabled the differentiation of all populations into three distinct subgroups corresponding different
river basins (Figure 3).
The first coordinate, which explained 16.8% of the variation, discriminated populations of Lielupė basin (Šve-Žag,
Apa-Bir, Nev-Kėd, Kru-Pak) from populations of Seaside
basin populations (Rąž-Upp, Rąž-Mid, Rąž-Low, Šve-Šve,
Dit-Nem). The second coordinate, which explained 10.1%
of the variation, clearly discriminated populations of Seaside basin from populations of Nemunas basin (Ner-Kau,
Lei-Nem, Nem-Kau, Nem-Jur, Nem-Dru, Ner-Čio). AFLP
based principlal coordinates 1 and 3 were less related to
different river basins compared to coordinates 1 and 2 or 2

Axis 1 (12.6%)

and 3. Defined by PCA, the most distinct population was
Nev-Kėd belonging to Nemunas basin.
According to the main principal coordinate analysis
of AFLP data the first three coordinates accounted about
19.5% of the genetic variation of individuals (Figure 4),
the first, the second, the third coordinate explained, respectively, 12.6%, 3.8%, and 3.1%.
In evaluating population relationships using Bayessian
STRUCTURE analysis (Figure 5), a peak of estimated
posterior probability at K = 2 (Falush et al., 2003) was
observed, i.e., the pattern of clustering divided population structure into two clusters (further titled “green” and
“white” according to Figure 1). White cluster was prevailing (57.3–83.2%) among populations of Seaside rivers basin and green cluster was prevailing (54.1–85.0%) among
populations of the Nemunas and Lielupė basins.
Nem-Dru
Ner-Čio
Ner-Kau
Nem-Kau
Nev-Kėd
Nem-Jur
Lei-Nem
Rąž-Upp
Rąž-Mid
Rąž-Low
Dit-Nem
Šve-Šve
Šv ė-Žag
Apa-Bir
Kru-Pak
Nem-Dru
Ner-Čio
Ner-Kau
Nem-Kau

Axis 3 (3.1%)

Nev-Kėd
Nem-Jur
Lei-Nem
Rąž-Upp
Rąž-Mid
Rąž-Low
Dit-Nem
Šve-Šve
Šv ė-Žag

Axis 3 (3.1%)

Axis 1 (12.6%)

Axis 2 (3.8%)

Apa-Bir
Kru-Pak
Nem-Dru
Ner-Čio
Ner-Kau
Nem-Kau
Nev-Kėd
Nem-Jur
Lei-Nem
Rąž-Upp
Rąž-Mid
Rąž-Low
Dit-Nem
Šve-Šve
Šv ė-Žag
Apa-Bir
Kru-Pak

Figure 4. AFLP loci-based clustering patterns of 90 individuals of Lithuanian L. salicaria revealed by principal coordinate analysis
(PCoA; principal components 1 vs 2; 1 vs 3; 2 vs 3). Yellow, blue and red colors separate respectively
Seaside River basin, Lielupe basin, and Nemunas basin
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Figure 5. AFLP data-based Bayesian analysis of 15 Lithuanian
populations of Lythrum salicaria. ΔK values for K ranging
between 1 and 15

3. Discussions
Assumed as geographical center of Europe, Lithuania
comprises numerous waterbodies, among which river
basins of Nemunas, Lielupė and Seaside are of economic
and ecological importance. Nevertheless, riparian species or population genetic diversity remains fragmentaly
analyzed. In parallel to present assessment, several pilot
studies were performed describing genetic differentiation between Lithuanian populations of some common,
invasive or rare macrophytes, like Impatiens glandulifera
(Kupcinskiene et al., 2015) I. parviflora (Kupcinskiene
et al., 2015), Nuphar lutea (Vyšniauskienė et al., 2020),
Phalaris arundinacea (Anderson et al., 2018), Bidens sp.
(Vyšniauskienė et al., 2018), Batrachium sp. (Butkuvienė
et al., 2020), and Phragmites australis (Naugžemys et al.,
2021). As far as we are aware, our study represents the
first examination of the genetic diversity of the L. salicaria
along Lithuania. No related assessments were done along
the other Baltic States.
In most cases Lithuanian populations of macrophytes
were examined using ISSR (Vyšniauskienė et al., 2018;
Butkuvienė et al., 2020) or SSR markers (Kupcinskiene
et al., 2013; Anderson et al., 2018; Vyšniauskienė et al.,
2018; Naugžemys et al., 2021). Despite explored for woody
species (Frercks et al., 2014), AFLP markers have never
been employed for Lithuanian herbaceous plants, at the
same time for riparian vegetation. For analyses of L. salicaria in Lithuania the AFLP markers were selected as the
most used for riparian species research in other countries
(Lamote et al., 2002; Fan et al., 2021).
Till our assessment, AFLP based diversity data were
available from two studies of L. salicaria, both comparing populations of two continents (Houghton-Thompson
et al., 2005; Chun et al., 2009). Houghton-Thompson et al.
(2005) investigations encompassed 30 populations from
N. America and 11 populations from Europe, separating DNA fragments in acrylamide gel. Similarly, another
AFLP study that preceded our work, included populations
from North America and Western Europe (9 populations),
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but AFLP has already been performed by capillary electrophoresis. Advanced DNA fractionation determined our
choice. Hereby, Chun et al. (2009) group methodology has
been chosen. In addition, within implementation of our
research some other new data appeared, concerning AFLP
based genetic diversity of populations of L. salicaria from
the mentioned above continents (Middleton et al., 2019).
Hereby, till our study, investigations of genetic diversity of
L. salicaria in Europe encompassed Western and Central
parts: Germany, England, Ireland, Austria, and Finland
(Houghton-Thompson et al., 2005), Germany and Switzerland (Chun et al., 2009), Turkey, Spain, Czech Republic, and Finland (Middleton et al., 2019). Despite three
independent group analyses (Houghton-Thompson et al.,
2005; Chun et al., 2009; Middleton et al., 2019) aimed at
comparison of invasive and native populations of L. salicaria, results remained inconclusive and controversy: relying on outcomes of one assessment, purple loosestrife
populations, introduced into North America, maintained
substantial genetic diversity, comparable with native
populations (Chun et al., 2009), relying on outcomes of
the other study, individual heterozygosity within populations increased curvilinearly northward in Eurasia but
decreased northward in North America (Middleton et al.,
2019). Such contradictory data showed the expediency of
extention of the geographical borders of the sites. There
was no explicit answer achieved regarding the universal
invasion success of purple loosestrife in North America.
Elucidation of mechanisms by which populations differentiate at distinct geographical and temporal scales is
still a primary theme in evolutionary biology, invasions in
special. Our results are in general agreement with earlier
AFLP studies of L. salicaria, being the most comparable
to Chun et al. (2009) data, obtained by employing the
same markers. In that study, the number of polymorphic
fragments was 1580, and in our study 1452 polymorphic
fragments were obtained. Polymorphism information content (PIC) ranged between 0.134 and 0.252 in our study,
compared to mean value for Europe populations (0.192)
and lower for North America populations (0.174) in the
mentioned above assessment. Mean number of polymorphic loci per population for Lithuanian case study was
57.2% (Table 2), while ranges for Eurasia populations were
between 56.2% and 65.4% (Middleton et al., 2019). Parameteres of genetic diversity of populations of L. salicaria
were comparable with those obtained for populations of
the other Lithuanian aquatic species examined at SSR loci:
Phalaris arundinacea – 49.3% (Anderson et al., 2018) or
Phragmites australis – 41.4% (Naugžemys et al., 2021).
The overall level of genetic variation between populations of L. salicaria that we observed (ΦPT = 0.213;
Table 2), was within the range reported for Lithuanian
Phragmites australis (Naugžemys et al., 2021), and
Nuphar lutea populations (Vyšniauskienė et al., 2020).
Employing hierarchic AMOVA, several cases of population grouping were used to determine which of these
different groups would give the highest discrimination
among populations.
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3.1. River basins
There was significant differentiation (ΦRT = 0.054;
p < 0.001; Table 5A) between populations of 3 river
basins: Nemunas, Seaside, and Lielupė. Mean value of
percentage of polymorphic loci (Table 1) of Seaside populations was much lower (47.8%) than Nemunas basin
(60.9%) and Lielupė basin (64.3%). It was in agreement
with river basin related differentiation of Lithuanian populations of Nuphar luteus (Vyšniauskienė et al., 2020).
In addition, our results were in support to genetic data
about geographicaly and hydrologicaly isolated basins
with Flemish populations of Iris pseudacorus (Lamote
et al., 2002) as well as in support to microsatellite data
between Spartina alterniflora populations in Japan, with
clearly different genotypes of the populations in each out
of 4 rivers (Maebara et al., 2020).

3.2. Geography
Before our study, sampling of L. salicaria in Europe, was
carried out over big scale of Northern latitudes (47o09′–
52o29′ or 36o52′–60o36′) and Eastern longitudes (21°03′–
24°45′; or 0o37′–31o11′; respectively, Chun et al., 2009;
Middleton et al., 2019) with very wide variation of climatic and edaphic conditions along transects. Data, concerning genetic diversity of L. salicaria at local scale was missing. Hereby, our focus was on very small area populations
(54°01′13′′–56°21′37′′ of Northern latitude, 21°03′–24°46′
of Eastern longitude). Despite such scale investigations of
Lithuanian L. salicaria, significant geographic differentiation (into North Lithuania, West Lithuania, South-West
Lithuania) has been observed between populations by hierarchic AMOVA (ΦRT = 0.050; p < 0.001; Table 5B) and
PCoA (Figure 3A). The number of percentage of polymorphic loci (% P) was much lower (47.8%) for the West Lithuania populations, compared to the South-West (60.8%)
or to the North of Lithuanian populations (63.5%, Table
2). Geography related differentiation (6.2%) by hierarchical AMOVA at SSR loci were documented between Lithuanian populations of Juniperus communis, separated into
Southern and Northern parts of the country (Vilcinskas
et al., 2016). In addition, phenological differences between
Northern and Southern parts of Lithuania were observed
for the other plant species (Romanovskaja et al., 2009).
Temperature and precipitation are well known to strongly
influence the survival of any plant, effecting in very complex pathways. Based on several the most important indexes of climate, modest territory of Lithuania is subdivided into 5 climatic regions. Hereby, genetic structure of
purple loosestrife populations examined in relatively small
territory of Lithuania appeared to be generally like much
wider native provenances with different climatic and
edaphic conditions. Compared to Lithuanian L. salicaria
study, similar extent differentiation (5%) was observed between populations of L. salicaria of two countries (Chun
et al., 2009) or more countries encompasing transect within Europe (Middleton et al., 2019), at the same, differentiation was stronger between both, European and North

American provenances (8%) or between North America
provenances (11%, Chun et al., 2009).

3.3. Land use
Riparian habitats are mosaic of wetlands, grasslands, and
woodlands in the stream corridors (Hejda & de Bello,
2013). Anthropogenic use of aquatic ecosystems causes
modifications to inland water bodies: fragmentation of
populations in the areas neighbouring rivers and alterations of chemistry (Yoshikava et al., 2015). Prevailing types
of neighbouring areas of L. salicaria were of agricultural
use (6 populations), and artificial cover (8 populations),
while forest was neighbouring area only for 1 population.
According to our data L. salicaria was significantly differentiated among sites of dictinct type of land use. Although,
similar to the other investigations the effect was very small
(ΦPT = 0.011, p < 0.001; Table 5, case C). Such genetic
processes might be important for small scale evolution.
In agreement to our investigations, land use and cover
effects on genetics of populations has been documented
for some other country grasses (Rudmann-Maurer et al.,
2007; Smith et al., 2009) and herbaceous dicots (Reisch
& Poschlod, 2009), however before our assessment such
phenomenon was not described for L. salicaria.

3.4. River regulations
Within 1950–1990 year period over 80% of river fragments in Lithuania underwent straightening (Gailiušis
et al., 2001). These regulatory modifications had tremendous impact on the landscape, including riparian vegetation (Jablonskis et al., 2007). Before our examination of
L. salicaria, scarse information about the impact of river
regulation (natural vs. regulated) on the genetic structure
of the plant populations was available in the literature
(Tero, 2005). In present study, 10 out of 15 populations
belonged to the banks of natural river fragments. Significant differentiation (ΦPT = 0.034, p < 0.001; Table 3)
was documented between groups of populations besides
natural and regulated fragments of the rivers. For the
group of populations besides natural river fragments,
mean value of polymorpism at AFLP loci was higher
(61.1%) compared to polymorphism of populations
besides regulated river fragments (49.4%; Table 2). In
parallel, performed by us, assessment of populations of
Phalaris arundinacea in the basin of Merkys river, comprising the largest protected area of Lithuania has shown
that the mean number of polymorphic SSR loci was lower for populations from regulated parts of the river basin compared with natural ones (Anderson et al., 2018).
Nearly in the same sites like for Phalaris arundinacea,
populations of Phragmites australis did not show differences in genetic diversity between populations growing
along natural and straightened river fragments; however,
at the local level, 5 populations in straightened river sites
had higher genetic diversity values than populations in
nearby natural sites within the same river (Naugžemys
et al., 2021). Leaf nitrogen concentration of populations
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of Lythrum salicaria was not influenced by riverbed regulations (Krokaitė et al., 2019).
Bayesian analysis in STRUCTURE and principal coordinate analysis both suggested considerable differentiation
of populations of the Seaside rivers basin from the populations of the Nemunas and Lielupė basins. According to
Bayesian analysis, Lithuanian populations of L. salicaria
spread over two times or from two genetic groups within
evolutionary course. The presence of two genetic clusters
in Lithuanian L. salicaria populations is in agreement with
the corresponding data examining populations in Germany and Switzerland (Chun et al., 2009), or along the bigger European transect, encompassing Germany, England,
Ireland and Finland (Middleton et al., 2019), where also
two clusters were documented.

Conclusions
Our pilot study of Lithuanian populations of L. salicaria
extends information concerning AFLP profile for this species in the region of Baltic States.
Genetic variation is an important part of biodiversity
and should be considered in conservation of natural genetic resources. Our assessment of L. salicaria together
with some other studies of species, like Iris pseudacorus
or Veronica chamaedrys encourage the use of local material in replantation projects (Lamote et al., 2002).
All populations of Lielupė basin belonged to natural
fragments of the rivers, in addition, all populations of this
basin were located besides artificial areas, similarly, among
populations of Sea coastal basin prevailing type of the
river bottom was regulated and prevailing type of neighbouring areas belonged to artificial cover, whereas among
Nemunas basin populations prevailing type of the river
bottom was natural and neighbouring areas attributed to
agricultural use. This indicates that Lithuanian populations of L. salicaria exist in rather different conditions of
anthropogenic and other type impacts, and we have detected some traces of molecular signatures of this impact
on genetic structure of L. salicaria populations. However,
the main sources of genetic variation of populations of
L. salicaria remain to be confirmed and detailed in the
future by spatial extention of the current study.
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