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Abstract: A first assessment of genetic diversity and expansion of the invasive species Amorpha
fruticosa L. was estimated in the 91E0* (Annex I Dir. 92/43/EEC) priority habitat of Nestos. A. fruticosa
is a perennial deciduous shrub belonging to the family Fabaceae and is native to the south-western part
of North America, which recently was introduced to Europe as an ornamental plant. Its expansion
through the cross-border river of Nestos has significant negative effects on the 91E0* habitat (a habitat
with Alnus glutinosa, Populus alba, and Ulmus minor). Herein, we studied the genetic diversity with
amplified fragment length polymorphisms fragments of eastern and western populations in order
to see if there is one genetic pool for the species. Furthermore, we estimated the regeneration index
(IR) in order to see the potential expansion of this invasive species. Results showed that eastern and
western populations have almost equal heterozygosity (He) and with a slightly higher value for the
western population, which was in agreement with the results of the IR. This is an innovative study
that discusses the implications of A. fruticosa of 91E0* habitat in Nestos and proposes management
measures to eliminate its expansion and improve the resilience of the habitat.
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1. Introduction

Alien and invasive plants threaten the integrity of natural ecosystems because most
of them are invasive, compete with native plants, and in many cases take their place in
the ecosystem. Invasive species are characterized by rapid spread due to the production
of large numbers of progeny, which can be dispersed over long distances [1]. Moreover,
they have a high survival rate due to their plasticity to respond to different environments.
In addition, some natural phenomena can further help them spread, such as floods, wind,
surface erosion, etc.

The spread of invasive species has also been significantly affected by human ac-
tivities [2]. Since ancient times, alien plants have been inadvertently or intentionally
transported to new environments and cultivated as horticultural or ornamental plants [3].
Their spread is also facilitated by human activities, the role of which is twofold: trans-
port propagating material and habitat alteration. The main advantage is that they do not
have physical enemies that would control their populations so that they fully exploit their
competitive potential. Some invasive plants also develop new mechanisms of interaction
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with natural ecosystems [4]. One of these mechanisms is the production of allelopathic
substances and their release in the ecosystem [5].

Amorpha L. (Fabaceae Juss.: Amorpheae Boriss.) is a genus of 16 species native to North
America [6]. These plants can be shrubs, subshrubs, or herbaceous perennials and occur in
a variety of habitats, including riparian corridors, savannas, and grasslands. Many species
of Amorpha have very restricted distributions, and several are considered threatened or
endangered [7].

Amorpha fruticosa L. (indigo bush) is a perennial deciduous shrub belonging to the
family Fabaceae and is native to the south-western part of North America [8]. The indigo
bush was introduced in Europe as an ornamental plant [5]. It is used as a medicine for
the treatment of burns and eczema [9]. In recent years, special attention has been paid to
it due to its bioactivities. Studies have shown that it is a plant rich in polyphenols and
contains bioactive ingredients. It also has anticancer, anti-inflammatory, and antimicrobial
activity [10]. Indigo bush is a plant with great decorative value and is used in the construc-
tion of urban landscapes and in the protection of slopes. It can survive in dry soils, but
prefers riverbanks and the edges of flooded forests, where it is easily spread by water as
its seed pods are buoyant [11]. Its great tolerance to various climatic conditions as well as
its great ability to multiply, gives it the advantage to grow outside its natural distribution
with great ease [12]. Today, it is recognized as one of the most invasive species in Europe,
with severe impacts on local ecosystems [11]. It is a photophilic plant that competes for
light, forming dense thickets that overshadow native flora, and this leads to a decrease
in biodiversity [11–13]. Due to the damage it causes to natural ecosystems and water
management, measures should be taken immediately to reduce/control its populations.

In Greece, the cross-border rivers such as the Nestos, the Axios, etc., are transport
corridors for alien plant species, which expand their range using water [14]. However,
apart from the specific mode of transport, in recent years, many foreign plant species have
been introduced into Greece, both intentionally (e.g., ornamental, and medicinal plants)
and unintentionally, using various ways of introduction [2]. Although the number of alien
species is large, not all are invasive. Out of the 343 alien species, only 50 show invasive
behavior, and most of them are of American origin [15].

The Nestos is a cross-border river of Bulgaria and Northern Greece. It originates from
Mount Rila in southern Bulgaria and passes between the mountain ranges of Aimos and
Rhodope. Its length is 234 km, of which 130 km is located in Greece [16]. Before it empties
into the sea, it stretches across the Chrysoupoli plain and expands as a deltaic system with
freshwater lakes forming the Delta of Nestos. In that area, priority habitat 91E0 (Annex
I Dir. 92/43/EEC) exists which shows two subtypes: the subtype of alder stands (Alnus
glutinosa) and the subtype of white poplar (Populus alba) and elm (Ulmus minor) stands. The
first subtype is composed of pure alder stands, which grow in light to moderately light
soils with very good physical properties, which can be characterized as Calcaric fluvisols.
Moreover, the subsoil water level is relatively high (90–95 cm). This subtype is found
between the dykes in places next to the riverbanks or in places a few dozen meters away
from them. The second subtype constitutes a significant part of the riparian forest and is
located outside of the dykes. It is composed of white poplar and elm stands, which grow
in deep light to moderately light soils with good physical properties, which belong to the
Eutric Fluvisol soil type, without alkalinity and salinity problems. The subsoil water level
is low but shows a large variation [17].

The area along the river has changed significantly since the Second World War [18]. In
1945, forests and wetlands dominated the area. In the 1960s, agricultural land increased,
resulting in a decrease in forested areas. There was also a large reduction in wetlands due to
their conversion to grassland. However, despite the great decline of the natural ecosystem,
the area still maintains the most extensive riverine forest in Greece. Furthermore, the Nestos
River Plain is of significant ecological importance due to its many important habitats. It
has been classified as a wetland of international importance and has been included in the
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Ramsar Convention. It is also protected by the Berne Convention, European Commission
Directives, and Greek legislation. In addition, it belongs to the Natura 2000 Network [19].

In Greece, Amorpha fruticosa L. is considered as an invasive species because it is a plant
that has the ability to spread over a wide area. In the present study, the genetic diversity of
Amorpha fruticosa L. populations growing along the Nestos River was investigated. Our
objectives were (1) to determine the level of genetic differentiation, if it exists, between
the two sides of the river: west and east; (2) to estimate the degree of inbreeding in each
population as well as the effective population size; and (3) to discuss the implications of
the expansion of the specific species in the natural ecosystem and more specifically in the
populations of native species in the area.

2. Materials and Methods
2.1. Plant Material

Leaf sample collection was carried out on 20 Amorpha fruticosa individuals from
2 populations of the Nestos River area (indicative coordinates for west population A:
X: 565671, Y: 4527927 and east population: X: 566918, Y: 4525481). DNA extraction from
the fresh needles was performed with the Macherey Nagel Plant kit (Düren in North
Rhine-Westphalia, Germany) according to the manufacturer’s protocol.

2.2. AFLP Procedure

A total of 200 ng of genomic DNA was fragmented by digestion with 4 U of EcoRI and
MseI enzymes at a temperature of 37 ◦C for 3 h. The digested DNA fragments were then
combined with EcoRI and MseI adapters, and the resulting mixture was ligated using T4
DNA ligase from New England Biolabs (Ipswich, MA, USA). This ligation step was carried
out at a temperature of 26 ◦C for 3 h. The resulting DNA from this process was used as the
primary template for AFLP analysis.

For the pre-amplification step, a pair of primers based on the sequences of the EcoRI
and MseI adapters, with an additional selective nucleotide at the 3′ end (EcoRI+A and
MseI+C), were used. The pre-amplification PCR was conducted in a total volume of 20 µL,
which contained 1X Kapa Taq Buffer, 0.2 mM of each dNTP, 2.5 mM MgCl2, 30 ng of each
primer (EcoRI+A and MseI+C), 1 unit of Taq DNA polymerase from Kapa Biosystems
(located in Wilmington, MA, USA), and 5 µL of the diluted DNA fragments obtained from
the digestion and ligation reaction. The PCR cycling conditions were as follows: initial
denaturation at 95 ◦C for 30 s, followed by 32 cycles of denaturation at 95 ◦C for 30 s,
annealing at 56 ◦C for 30 s, extension at 72 ◦C for 1 min, and a final extension step at 72 ◦C
for 10 min. To confirm the amplification, a 5 µL sample of the reaction was subjected to
agarose gel electrophoresis, while the remaining 15 µL was diluted 5-fold with a TE buffer.

Selective amplifications were performed in 10 µL reaction volumes, consisting of
3 µL of the diluted preselective template, and using the same reaction conditions as the
preselective amplification step, with the exception of using 30 ng of a MseI primer and 5 ng
of an EcoRI primer per reaction. The selective amplification cycling program was carried
out using a BioRad thermocycler (Hercules, CA, USA), and followed this pattern: an initial
cycle of denaturation at 95 ◦C for 30 s, annealing at 65 ◦C for 30 s, and extension at 72 ◦C
for 1 min. This was followed by twelve cycles of denaturation at 95 ◦C for 30 s, annealing
starting at 65 ◦C for 30 s and decreasing by 0.75 ◦C each cycle, and extension at 72 ◦C for
1 min. Finally, twenty-three cycles of denaturation at 95 ◦C for 30 s, annealing at 56 ◦C for
30 s, and extension at 72 ◦C for 1 min were performed, with a final hold at 72 ◦C for 30 min.

The f-AFLP product mixtures were subjected to denaturation by treating them with
formamide at a temperature of 94 ◦C for a duration of 2 min. Subsequently, these dena-
tured mixtures were separated through electrophoresis using an ABI Prism 3730xl Genetic
Analyzer, which is manufactured by Applied Biosystems (Waltham, MA, USA). Ten AFLP
selective primer combinations were employed. Each individual hybrid was then examined
to determine the presezze or absence of specific fragments. The size of the detected frag-
ments was determined by utilizing the GeneMapper 4.0 program, along with an internal
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standard known as GS 500 LIZ, which was also provided by Applied Biosystems (Waltham,
MA, USA). In order to minimize the impact of potential size homoplasy, only fragments
within the size range of 150 to 500 bases were considered and subjected to further analysis
and counting [20].

2.3. Index of Regeneration

A. fruticosa presence and density were assessed in priority habitat 91E0* within the
Nestos area, north-eastern Greece (Figure 1). Fifteen (15) plots, each covering an area of
706.86 m2, were selected at random and placed evenly throughout habitat 91E0*. Sub-
sequently, an analysis was conducted to examine the composition and structure of tree
species in these plots. A. fruticosa was present in four out of 15 plots, of which three were
located in the west riverbank and one in the east. Tree height (m), density (individuals
ha−1), and the index of regeneration (IR) were measured for A. fruticosa individuals. IR
was calculated by multiplying the A. fruticosa density (per m2) by the average A. fruticosa
height (cm) and provides a measure of the regeneration extent [20].
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Figure 1. Amorpha fruticosa extended by the 91E0* priority habitat in Nestos Delta, north-eastern
Greece.

2.4. Data Collection and Statistical Analysis for AFLP Data

To transform allele size information obtained from GeneMapper 4.0 (Applied Biosys-
tems, USA) into a binary format, an AFLP Excel Macro was employed. This macro assigned
a value of “1” to fragments that were present and “0” to those that were absent. To min-
imize the impact of potential size homoplasy, only consistent fragments falling within
the 150 to 500 base pair range were tallied and subjected to additional scrutiny [21]. In
addition, GenAlex v6.0 [22] was used in order to calculate parameters such as percentage
of polymorphic bands (P), Shannon’s information index (I), and genetic diversity (He).
GenAlex v6.0 was also used to conduct an analysis of molecular variance (AMOVA) and to
calculate genetic distances and principal coordinate analyses (PCoA).
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In detail, principal coordinate analysis (PCoA) is a multivariate technique that allows
one to find and plot the major patterns within a multivariate data set (e.g., multiple loci
and multiple samples). The mathematics are complex, but in essence, PCoA is a process
by which the major axes of variation are located within a multidimensional data set. For
multidimensional data sets, each successive axis explains proportionately less of the total
variation, such that when there are distinct groups, the first two or three axes will typically
reveal most of the separation among them. Four different options are provided, two based
on the conversion of the distance matrix to a covariance matrix, and two working directly
from the input distance matrix. The distance matrix is used as the pool for calculating the
distribution on axes [22].

2.5. Habitat Information of 91E0*

Habitat 91E0* in the Nestos Delta expands in low altitudes (<100 m above sea level),
with surfaces of a mild to flat relief (gradient 0–10%) (Korakaki E. and Karetsos G. personal
data sampling). It constitutes from dominant tree species such as Fraxinus excelsior L. and
Alnus glutinosa (L.) Gaertn., but also Fraxinus angustifolia Vahl, Salix alba L., Populus alba L.,
Pinus nigra J.F. Arnold, Juglans regia L., Cornus sanguinea L., Ulmus minor Mill., and Quercus
robur subsp. pedunculiflora (K. Koch) Menitsky. There is a profusion of climbing plants (e.g.,
Periploca graeca L., etc.), and the herbaceous layer invariably includes many species (e.g.,
Aegopodium podagraria L., Hedera helix L., Lysimachia punctata L., Circaea lutetiana L., Arum
maculatum L., etc.) (Solomou A. and Karetsos G. personal data sampling). The Nestos Delta
has been created by alluvial deposits of Nestos River. Fluvial sediments consist of alluvial
deposits of clays, sands, and gravels, whereas floodplain deposits consist mainly of clays
and sands [23].

3. Results
3.1. Genetic Results

Seven AFLP primer combinations yielded 313 loci for the two populations. According
to AFLP results, the eastern population had 83.39% polymorphism, while the western
population had 83.07%. The mean expected heterozygosity (He) was 0.127, and the western
population presented a mean heterozygosity slightly higher (0.136) than the eastern (0.119).
Parameters for genetic diversity are being presented in Table 1 along with the epigenetic
results.

Table 1. Mean and standard error (SE) for Na (number of alleles), Ne (number of effective alleles), I
(Shannon information index), and He (expected heterozygosity).

Mean and SE over Loci for Each Population Na Ne I He

Western population Mean 1.671 1.184 0.239 0.136
SE 0.042 0.011 0.010 0.007

Eastern population Mean 1.661 1.155 0.216 0.119
SE 0.042 0.010 0.009 0.006

The AMOVA (analysis of molecular variance) portioned 97% of the genetic variation
within populations and 3% only among populations (Figure 2). Principal coordinate
analysis explained 16.89% of the variance (Figure 3).
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Figure 3. Principal coordinate analysis explained 16.89% of the total variation and two small groups
according to the origin of populations were formulated. The figure indicates a small grouping for the
two populations derived from the matrix of genetic distances of the genotypes.

3.2. Density and Index of Regeneration

Across the four plots, a total of 233 A. fruticosa individuals were documented, resulting
in an average density of 824.07 plants per hectare. Notably, the density of A. fruticosa
and the index of regeneration (IR) were found to be higher in the population residing
on the west river side compared to the east river side. However, it is worth mentioning
that the mean tree height was greater on the east river side, as indicated in Table 2. The
regeneration of alien species A. fruticosa and A. negundo is most widespread in the alluvial
forest (Korakaki personal communication).

Table 2. Mean height, mean density, and mean index of regeneration (IR).

River Side Mean Height (m) Mean Density
(Trees ha −1)

Mean IR
(cm m−2)

West 1.01 1070.46 10.17
East 1.45 84.88 1.23
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4. Discussion

False Indigo (Amorpha fruticosa L.) has been reported as non-native [15], and recent
observations have documented its presence in significant areas along the Ardas, Evros, and
Nestos rivers in north-east Greece, indicating its introduction from neighboring Bulgaria,
possibly through river transport of genetic material. In the riparian forests of the Nestos
River area in NE Greece, A. fruticosa exhibits significant regeneration dynamics and appears
to suppress vegetation in important priority habitats.

In this study, we assessed the genetic diversity of two populations from the west
and east sides of the river Nestos in order to estimate if they exhibit differences in genetic
parameters or share similar indexes of genetic diversity. AFLP loci estimated that heterozy-
gosity for the western population was slightly higher but not significantly different from
the eastern population. Furthermore, as the AMOVA analysis pointed out, the majority of
genetic variation was within populations (97%). Principal coordinate analysis explained
only 16.89% of the total variation, and two small groups according to the origin of pop-
ulations were formulated. The main conclusion from the genetic analysis was that the
western and eastern populations share a common genetic pool, which comes through the
river Nestos with the water.

Regarding similar research, the authors did not find any reference to genetic diversity
using molecular markers for plants of A. fruticosa. There is however one study by [24] in
which they measured 47 agronomical and morphological traits for biomass energy. Results
showed that all traits were influenced by accessions, a key that may also demonstrate ge-
netic content that probably influences variation. Furthermore, studies have been conducted
on the expression of genes associated with drought [25], phenolic constituents [26], pro-
teomic analysis of symbiotic proteins [27], and cancer research [28,29]. The aforementioned
research signifies from one point of view the significance of A. fruticosa, although we cannot
eliminate the negative effects that it has on ecosystems due to its rapid expansion. This
invasive species has the potential to invade meadow communities and rapidly transform
the habitat into a dense and uniform thicket. It outcompetes native plants and disrupts
natural plant succession and biodiversity. This poses a serious threat by suppressing native
tree species in the Nestos Delta’s priority alluvial forest (91E0*). Additionally, it puts the
survival of species Emys orbicularis, Testudo hermanni, and Callimorpha quadripunctaria* at
risk, as they rely on these habitats.

According to our findings, A. fruticosa is more vigorous at the west riverside of Nestos,
which poses a significant risk to biodiversity and the suppression of native tree species
within the alluvial forest of the Nestos region. Thus, any conservation measures and forest
management actions to limit the expansion of A. fruticosa should be prioritized on this
river bank. Conservation measures are essential to safeguard and maintain this natural
habitat, which is of significant interest to the community. Actions should also aim to
raise awareness about the threats faced by the alluvial forest and ensure its long-term
protection and preservation. This IR result gives us the first indication that A. fruticosa will
be more expansive on the west side, and the result of the small but higher heterozygosity
is in agreement with the current result. Since 2021, the Institute of Mediterranean Forest
Ecosystems (ELGO-DIMITRA) has been establishing different experimental treatments in
order to explore possible solutions to limit A. fruticosa expansion.

Finally, in this study, we found a similar genetic pool from the eastern and western
sides of the river Nestos that probably originates from Bulgaria. Future research should
also cover a genetic analysis of those Bulgarian populations. It is considered necessary to
continue the research and study of A. fruticosa in the coming years so that there is more
comprehensive knowledge of the species and the effect it has on the ecosystem so that
a system of management of the species can then be created and its advantages can be
exploited without having negative effects on the ecosystem.
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5. Conclusions

A first report about genetic diversity and expansion of the alien species Amorpha
fruticosa L. was employed across the river of Nestos for the first time in Greece. We studied
two populations, one from the western side and one from the eastern side, with AFLP
markers, and we did not find differentiation among them. This indicates that probably a
single genetic pool was transmitted through the river from Bulgaria, and future research
should also implement Bulgarian populations. Furthermore, the first assessment of the
regeneration status was accomplished also indicates the expansion of the species. It is a
mandatory step to evaluate and propose management actions in order to preserve and
limit the expansion of the species, which significantly has negative effects in 91E0* habitat.
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