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Abstract. Acacia longifolia is an aggressive invader worldwide. This species was brought to Portugal by the
forestry services and is now found throughout the country with very strong ecological and social impacts. Al-
though several ecological and physiological studies have been carried out, molecular studies in this species are
sparse. Particularly, genetic variability evaluation in invasive ranges clearly deserves more attention. The aim of
this study was to evaluate the genetic diversity and the genetic differentiation among populations of the alien in-
vasive A. longifolia under different Mediterranean conditions. For that we studied three sandy dune populations
along the Portuguese coast: Osso da Baleia (mesomediterranean), Pinheiro da Cruz and Vila Nova de Milfontes
(termomediterranean). All sampled acacia plants were located underneath a pine forest, with the exception of
the latter case study, where we also sampled in a diversified habitat conditions associated with the margins
of agriculture fields. According to the historical records, it was also possible to compare acacia samples from
original plantations and recently invaded areas. We have used two molecular markers — inter-simple sequence
repeats (ISSR) and microsatellites (SSR). ISSR analysis showed that A. longifolia populations at all sampled
locations have similar levels of diversity and a relatively low differentiation (®pt = 0.135). However, samples
tended to cluster according to the regional (macro-scale) collection site. Microsatellites confirmed this low dif-
ferentiation pattern. Our results indicate that differences in phenology and reproductive success observed during
a previous study cannot be accounted for by genetic diversity and differentiation alone. Furthermore, our results
taken together with historical information of A. longifolia suggest a single original introduction and a subsequent

acclimation process.

1 Introduction

The genus Acacia comprises several species considered to be
aggressive invaders, and the Australian species are consid-
ered important subjects of ecological invasion studies due to
their introduction to several regions worldwide (e.g. Brazil,
South Africa and Portugal), rendering them serious environ-
mental threats on a global scale (Richardson and Rejmanek,
2011). Acacia longifolia (Andrews) Willd., also known as
“Sydney Golden Wattle”, is a nitrogen fixing legume origi-
nal from south-eastern Australia and Tasmania. This species
is one of the most aggressive invaders worldwide and has
been the subject of many studies which seek to under-

stand its invasive mechanisms in order to prevent transfer
to adjacent soils (e.g. Marchante et al., 2008; Richardson
and Rejmanek, 2011; Ulm et al., 2017). It is known that
the invasive capacity of A. longifolia is due to its ability
to form a high number of root nodules in different soils
and the establishment of a symbiotic relationship with the
soil’s mutualists (Rodriguez-Echeverria et al., 2008), includ-
ing the genera Bradyrhizobium and Rhizobium (Rodriguez-
Echeverria et al.,, 2011; Birnbaum et al., 2012), enabling
spreading to nutrient-poor soils, such as the dune systems
(Ulm et al., 2017). Also, A. longifolia promotes the suc-
cess of its own offspring (Rascher et al., 2011) and has the
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ability to control available sunlight to other plants, eventu-
ally outcompeting them and occupying their space (Rascher
et al., 2011). Furthermore, this species is capable of quick
regeneration after fires because seed germination is actually
promoted by the fire itself (Marchante et al., 2003). This is
surely one of the reasons for its high invasiveness in Por-
tugal, a country with a Mediterranean climate and frequent
fires during the summer.

A. longifolia was introduced to the Portuguese coastlines
by the forestry services at different periods between the late
19th and 20th century as a way to prevent the erosion of
sand dunes (Marchante, 2011). Since its introduction, this
species has invaded many adjacent environments including
Pinus pinaster plantations, which has a high economic im-
pact (Fernandes et al., 2015). A. longifolia’s invasive success
in Portugal is such that, in spite of its fairly recent introduc-
tion some 130 years ago, it can be found throughout the coun-
try where it is negatively impacting the diversity of native
species (Marchante et al., 2003) and ecosystem functioning
(Rascher et al., 2012; Ulm et al., 2017) such as changes in
plant diversity (Holmes and Cowling, 1997; Lorenzo et al.,
2012; Lazzaro et al., 2014), soil composition (Marchante
et al., 2008; Souza-Alonso et al., 2015) and water availability
(Lorenzo and Rodriguez-Echeverria, 2015).

Although there is a large distribution of this species un-
der different conditions, its reproductive success is depen-
dent on the site (Fernandes et al., 2015), in particular the
flowering period, since it influences fruit and seed produc-
tion (PySek and Richardson, 2008). A study on A. longifolia
under two different environmental conditions — higher pre-
cipitation with lower average temperature (north of Portu-
gal), and lower precipitation with higher average tempera-
ture (south of Portugal) — indicated large differences in the
phenology and potential invasiveness impacts due to signif-
icant differences in flowering success and consequent seed
production (Fernandes et al., 2015). Under typical Mediter-
ranean climate and sparser forest canopy, acacias showed
a shorter flowering period when compared to those under
the more mesic Mediterranean conditions and denser for-
est canopy. This resulted in differences in reproductive suc-
cess, with acacias under mesic conditions being more suc-
cessful (Fernandes et al., 2015). These results suggest an in-
fluence of local environmental factors in the phenology of
A. longifolia, particularly the temperature and forest man-
agement, which may cause anticipation in the phenological
events (Fabio et al., 2010). Later, Morais and Freitas (2015)
carried out a more extensive study, comparing the phenology
of acacias from the north and south of Portugal and also from
coastal (lower altitude) and inland acacias (higher altitude).
The results once again show large differences in the phenol-
ogy of A. longifolia in response to different environmental
conditions, with acacias from the south of Portugal showing
early phenological events, in particular the flowering period,
due to the higher average temperature found at this location.
These studies clearly show this species’ ability to respond to
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new environmental conditions, and such local responsiveness
associated with some degree of plasticity, might be one of the
reasons for the invasion success of this species worldwide.

Despite all the studies mentioned above, there is limited
information concerning A. longifolia on a molecular level, in
particular the genetic variation and development of genetic
structure after introduction. In recent years, the interest of
molecular studies as a tool to elucidate genetic diversity for
invasive species has increased. When a species is introduced
to a new location, the environmental conditions it faces may
be very different from the ones at its native location, and the
introduced species has to overcome a number of challenges
and adapt to the new environment (Schierenbeck and Ain-
ouche, 2006). Furthermore, genetic diversity has great impor-
tance in the invasive capacity of a species, as was elegantly
suggested by Lavergne and Molofsky (2007). However, de-
spite its active role, genetic diversity might not be strictly
necessary for invasion. Baker (1965) proposed that a species
might be able to respond to different environmental condi-
tions through phenotypic plasticity and little genetic evolu-
tion, coining the term ‘“‘general-purpose genotype”, which
has since then been the subject of many studies.

Molecular markers are an important and useful tool in
molecular biology and can be used in studies of invasive
species as means to identify source populations, determine
invasive routes and elucidate invasive mechanisms and suc-
cess (Handley et al., 2011). Many molecular markers have
been used in population and phylogenetic studies in aca-
cias, including inter-simple sequence repeats (ISSRs), simple
sequence repeats (SSRs or microsatellites), chloroplastidial
DNA and internal and external transcribed spacers (ITS and
ETS respectively) (Thompson et al., 2012, 2015; Omondi
et al., 2010, 2016; Harris et al., 2012; Miller et al., 2011; Le
Roux et al., 2011, 2014; Fredua-Agyeman et al., 2008; Mu-
lumba et al., 2012; Josiah et al., 2008; Ndlovu et al., 2013;
Murphy et al., 2010; Brown et al., 2010, 2012). Further-
more, several SSRs markers have been developed for Aca-
cia species, such as A. atkinsiana (Levy et al., 2014), A. bre-
vispica (Otero-Arnaiz, 2005). A. dealbata (Guillemaud et al.,
2015), Acacia (Senegalia) mellifera (Ruiz-Guajardo et al.,
2007), A. nilotica (Wardill et al., 2004), A. mangium (Butcher
et al., 2000), A. senegal (also known as Senegalia senegal)
(Assoumane et al., 2009). However, to the best of our knowl-
edge, SSR primers have not yet been described for A. longi-
folia.

In this study, we used two different types of molecular
markers — ISSRs and SSRs — to assess the genetic diver-
sity and differentiation of A. longifolia from three differ-
ent locations in Portugal with similar sandy soil types but
different climates and management conditions: Vila Nova
de Milfontes and Pinheiro da Cruz (south), and Osso da
Baleia (north). Furthermore, a detailed analysis was carried
out within one of the three previous locations — Vila Nova
de Milfontes — where three different sites were studied, in-
cluding the site at which acacias were planted by the forestry
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services (original site). The aim of this study was to evaluate
the genetic diversity and differentiation among this original
site and other invaded locations to help summarize A. longi-
folia’s invasive history in Portugal.

2 Materials and methods

2.1 Plant material and characterization of study sites

Phyllodes (leaf-shaped petioles) from 25 samples of Aca-
cia longifolia were collected in Osso da Baleia (OB) and
Pinheiro da Cruz (PC), in the vicinity of a set of central
geographic coordinates (Supplement: Tables S1 and S2).
In Vila Nova de Milfontes, samples were collected in di-
versified habitat conditions (variation in a single location),
including 14 samples from acacias that were originally
planted (MFOId), 25 samples from the recently invaded
sites (MFRec) and 14 samples scattered along this region
(MFCL). A. saligna was included as an external control.
For each individual, the geographic coordinates were deter-
mined (Table S3) and the geographical distribution was noted
(Fig. 1).

Field sites were established along the Atlantic coast un-
der very different climatic conditions (variation along the
Portuguese coast), corresponding to representative regions
invaded with A. longifolia in the last decades. All studied
sites were in dune ecosystems. Osso da Baleia has a me-
somediterranean climate, with an average yearly precipita-
tion of 841 mm and a typical pine forest (the major Pinus
pinaster forest ecosystem in Portugal). The other two loca-
tions are south Lisbon, in a termomediterranean climate (av-
erage precipitation 400-600 mm) but differ in land-use: Pin-
heiro da Cruz, a forest type with a lower density typical of
drier pine forest regions (Fernandes et al., 2015), and Vila
Nova de Milfontes, an agroforestry system.

2.2 DNA extraction and quantification

DNA was extracted using a method developed by Doyle and
Doyle (1987), modified by Weising et al. (1994) and adapted
to A. longifolia as follows: phyllodes were macerated with
liquid nitrogen using a mortar and a pestle (approx. half of
a phyllode, 50-100 mg) and incubated at 65°C with a 2 %
CTAB extraction buffer. DNA was precipitated with pure
ethanol at —20°C and resuspended in TE buffer. After ex-
traction, DNA was diluted to 10 uM and amplified through
a PCR (polymerase chain reaction) in a BioRad T100 ther-
mocycler.

2.3 Inter-simple sequence repeats (ISSRs)

Each PCR reaction took place in a total volume of 15 pL con-
taining 6 ng of genomic DNA, 1 uM of each ISSR primer
(STAB Vida, Portugal), 0.2 mM of dNTP mix (Promega,
USA), lmgmL’] of BSA (bovine serum albumin, Sigma,
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USA), 1.5mM of MgCl,, 0.6 U of GoTaq Flexi DNA poly-
merase and 1x green GoTaq Flexi buffer (Promega, USA).
A total of 31 primers were tested but only a few were selected
for further analysis: 16 were selected for analysis of genetic
diversity in the three collection sites and 11 were selected
for a detailed study of this species’ diversity in Vila Nova
de Milfontes (Table S4). Primers that showed no amplifica-
tion or low polymorphism level were excluded. Each PCR
reaction included a negative control with all the components
except the genomic DNA. As a routine procedure, each PCR
included all accessions at the same time, using the same mas-
ter mix. Reproducibility was confirmed by shared samples
in both analyses, along the Portuguese coast and at single
locations (MFOId and MFRec, Sect. 2.1), and by repeating
amplification with two primers for all accessions. The PCR
standard procedure consisted of an initial denaturation step at
95 °C for 5 min followed by 40 cycles of 45s at 95°C, 45s
at the corresponding annealing temperature for each primer
(Table S4), and 1.5min at 72 °C, followed by a final exten-
sion step at 72 °C for 7 min. For primers 840, 846, 901, 903
and 904, a touch-down programme varied in annealing tem-
peratures, with 11 cycles at 57 °C, followed by 29 cycles at
52°C (primers 901, 903 and 904), 53 °C for primer 846 or
54 °C for primer 840. The amplification products were sep-
arated by electrophoresis in a 2 % agarose gel with 2 uL. of
GreenSafe per 100 mL of agarose, using 1 x TAE as both the
gel buffer and the running buffer. Gels were run at 60 V for
4h and were visualized in the GeneFlash UV transillumina-
tor (Syngene, UK).

2.4 Simple sequence repeats (SSRs) or microsatellites

A total of 11 pairs of microsatellite primers designed for
other Acacia species (Roberts et al., 2013; Forrest et al.,
2015) were tested, and DCLOC and CPUH4 were selected
for analysis of 97 accessions (Table S5). Each PCR reac-
tion (15uL) contained 10ng of genomic DNA, 0.2uM of
labelled forward primer, 0.2 uM of reverse primer (STAB
Vida), 0.2mM of dNTP mix, 2mM of MgCl,, 1U of Go-
Taq Flexi DNA polymerase and 1x colourless GoTaq Flexi
buffer (Promega, USA). Each PCR reaction included a nega-
tive control. The amplification consisted of an initial denatu-
ration step at 95 °C for 5 min followed by 40 cycles of 30's at
94 °C, 1 min at 59 °C, and 30s at 72 °C, followed by a final
extension step at 72 °C for 7 min. Twelve repeated samples
were analysed for confirmation of amplification and repro-
ducibility. These samples (and the negative controls) were
loaded on 2 % agarose gel, run by electrophoresis at 80 V for
2h and visualized as previously described. After confirma-
tion of amplification, samples were analysed through capil-
lary electrophoresis at a genotyping service provider (STAB
Vida). For confirmation of the amplified motif, two samples
were sequenced per locus.
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Figure 1. Locations of sample collection. QM — Quiaios-Mira, OB — Osso da Baleia, PC — Pinheiro da Cruz, VNMF — Vila Nova de
Milfontes, MFOId - site of plantation by the forestry services, MFRec — site adjacent to MFOId where acacias appeared more recently,

MFCL - scattered sites of more recent acacias.

2.5 Statistical analysis

Each ISSR gel image was analysed using GeneTools soft-
ware (Syngene, UK) and only bands with sizes between 250
and 2400 bp were considered in the analysis. Reproducibility
was confirmed by checking the resulting binary matrices be-
tween two independent ISSR amplifications. After obtaining
the binary matrices, the data from all the primers were then
combined and computed using NTSYS v2.1 (Rohlf, 2000)
software to obtain the dendrograms by UPGMA (unweighted
pair group method with arithmetic mean) with Dice’s co-
efficient. Descriptive parameters (Nei’s gene diversity, A,
Nei, 1973, analogous to the expected heterozygosity under
Hardy—Weinberg equilibrium; mean expected heterozygosity
within subpopulations, Hgs; expected heterozygosity in total
population, Ht; and Wright’s fixation index, FsT) were com-
puted using the AFLP-Surv v1.0 software (Vekemans et al.,
2002) using a Bayesian method with a non-uniform prior
distribution of allele frequencies and assuming a Hardy—
Weinberg equilibrium (that is, Fis = 0). Analysis of molecu-
lar variance (AMOVA) based on the ®pr parameter and pair-
wise ®pr matrixes were computed using GenAlEx v6.502
(Peakall and Smouse, 2006, 2012) software with 999 permu-
tations. @pr is an analogue of Fgr.

SSR results were interpreted with Peak Scanner v1.0 soft-
ware (Applied Biosystems, USA) with GS500(-250) as size
standard. A Hardy—Weinberg equilibrium test, descriptive
parameters (number of detected alleles, A; observed het-
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erozygosity, H,; expected heterozygosity, He; inbreeding co-
efficient, Fis; mean expected heterozygosity in total popula-
tion over all loci, Ht; and Wright’s fixation index, Fst) and
allelic frequencies were computed using GenAlEx v6.502 as
well as the AMOVA with 999 permutations based on the
®pr parameter and the pairwise ®pr matrix. The presence
of null alleles was checked with Micro-checker v.2.2.3 soft-
ware (Van Oosterhout et al., 2004).

3 Results

3.1 Genetic diversity assessed through ISSR analysis
3.1.1 Variation along the Portuguese coast

A total of 31 ISSR primers were tested and 16 were selected
to assess the genetic variability in Vila Nova de Milfontes
(MFOId and MFRec), Osso da Baleia (OB) and Pinheiro da
Cruz (PC). The choice of the primers was based on the am-
plification of clear and polymorphic bands, as shown in the
agarose gel in Fig. S1 (Supplement). A total of 275 bands
(243 excluding the external control) was obtained (Table S6),
resulting in a dendrogram that shows a high genetic differen-
tiation of all A. longifolia samples from the external control
(EC) A. saligna (Spice = 0.20) (Fig. 2). Separation among
A. longifolia samples occurred at a much higher Dice’s co-
efficient (first separation at Spjce = 0.63) and the clusters are
all close together (last clustering at Spjce = 0.85), indicating
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that these samples shared a high degree of genetic similarity
despite their geographical collection site. The dendrogram
shows that samples clustered according to their geographi-
cal location, indicating some differentiation, but not all sam-
ples from the same location clustered together. The first sep-
aration on the dendrogram produces two clusters, I and II.
Cluster I then subdivides into groups A and B, the former in-
cluding all the samples from MFOId and three samples from
MFRec (Fig. 2, circled in black). In group B two subgroups
were considered, the first containing most of the samples
from OB and subgroup 2 containing all samples from PC.
Cluster II is divided into groups C and D, respectively con-
taining most of the samples from MFRec and nine samples
from OB.

The computation of descriptive population genetic param-
eters allowed a better understanding of the genetic diversity
throughout coastal Portugal (Table 1). The obtained mean
Nei’s gene diversity () is 0.190, with the highest value be-
longing to MFOId (4 = 0.213) and the lowest value belong-
ing to PC (h = 0.166), indicating that acacias found in PC
were genetically less diverse than acacias found in MFOId.
The computation of the Fst showed a significantly low ge-
netic differentiation, with a value of 0.070. AMOVA analysis
(Table 2) based on the ®pt value revealed that most variance
occurred within populations (87 %) instead of among pop-
ulations (13 %), and resulted in a significant ®pr value of
0.135 (Table 1). Furthermore, to check the values of the ®pr
between each and every location, the pairwise ®pr matrix
was computed, with all obtained values being significant (Ta-
ble 3). MFRec and OB were the most similar (®p1 = 0.099),
while MFOId and PC were the most genetically different
(®pr = 0.187). Furthermore, MFOId and MFRec also pre-
sented some genetic differentiation (®pr = 0.123), although
they are geographically close (Fig. 1). Pairwise ®pr val-
ues furthermore suggest that OB is more similar to MFRec
(®pr = 0.099) than to MFOId (®pt = 0.151). PC presents
the highest ®pr values in general, indicating that this was
the most differentiated location of all four.

3.1.2 Variation in a single location

For the detailed analysis of the genetic variation in a sin-
gle location, we used the material collected in Vila Nova de
Milfontes, where 11 primers revealing high polymorphism
were selected, generating a total of 137 bands, 128 excluding
the external control (Table S7). The dendrogram presented
in Fig. 3 again shows clear separation of the external control
A. saligna from all the A. longifolia samples (Spjce = 0.31).
The samples from Vila Nova de Milfontes shared roughly
the same similarity level obtained previously (Spice = 0.61—
0.79 vs. Spice = 0.63-0.85). However, the samples did not
cluster according to the collection sites, MFOld, MFRec or
MEFCL. The mean Nei’s gene diversity (4) is 0.261 and quite
similar among sites, varying from A =0.275 (MFOId) to
h =0.246 (MFRec). The global Fst was 0.013 (Table 4).
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AMOVA analysis (Table 5) revealed that almost all variance
occurred within (96 %) instead of among populations (4 %)
and resulted in a significant ®pr value of 0.044 (Table 4).
The pairwise ®pr matrix (Table 6) revealed that MFOId and
MFRec were the most similar sites ($pr = 0.036), while
MFRec and MFCL were the most genetically different lo-
cations (®pr = 0.054). All value obtained were significant.

3.2 Genetic diversity assessed by microsatellite analysis

The initial screen of eleven pairs of primers allowed the se-
lection of loci DCLOC and CPUH4 because they did not
show unspecific amplifications and the amplified fragments
had similar sizes to those previously described for other Aca-
cia species. Locus DCLOC, described for A. loderi, has
the repeat motif (CT);; with an allele size range of 128-
160 bp (Roberts et al., 2013). Locus CPUH4, described for
A. melvillei, has the repeat motif (AT)3, with an allele size
range of 112—115bp (Forrest et al., 2015). The electrophero-
grams obtained for locus DCLOC and CPUH4 resulted in
a total of seven alleles in A. longifolia: alleles 98, 102 and
108 bp for DCLOC and alleles 93, 95, 99 and 121 bp for
CPUH4. No private alleles were found within these loci. Lo-
cus DCLOC has two high-frequency alleles, 98 and 102, and
a low-frequency allele, 108, which was absent from the PC
location (Fig. 4). In locus CPUH4, two high-frequency alle-
les, 93 and 121 and two low-frequency alleles, 95 and 99,
were identified. Allele 95 was absent from the MFRec and
PC locations while allele 99 was absent from the MFCL
site (descriptive statistics in Table 7). All five populations
were on Hardy—Weinberg equilibrium, with the exception of
MFCL, which failed the Hardy—Weinberg equilibrium test
for locus CPUH4 (p value < 0.01). The PC location is the
one with the lowest H. value (Table 7), reinforcing the idea
that this population is less diverse than the remaining loca-
tions. The Fis values show that the OB and PC locations
had an excess of heterozygotes, while all the other locations
had slightly more homozygotes than heterozygotes. How-
ever, overall there is a slight excess of heterozygotes (av-
erage Fis = —0.039). There was no evidence of null alleles
in any of the five locations with either locus analysed, ac-
cording to the method that we used (Van Oosterhout et al.,
2004). AMOVA analysis (Table 8) based on ®pt revealed
that very little variance is found among populations 5 %
as opposed to within (95 %) populations. The Fst value
obtained for the SSR data (0.024, Table 7) proved to be
statistically significant (P (rand > data) < 0.05), as did the
®pr value (0.054, Table 7). The pairwise ®pt matrix (Ta-
ble 9), however, shows only three statistically significant val-
ues: between OB and MFOId, between PC and MFRec, and
between PC and OB. The lowest pairwise ®pr values were
obtained among MFOId, MFRec and MFCL collection sites,
and the PC location in general had high values of ®pr com-
pared to all other locations under study, the highest being
with MFRec and statistically significant. Furthermore, the

Web Ecol., 18, 91-103, 2018




96 S. Vicente et al.: Genetic diversity

and differentiation of invasive Acacia longifolia in Portugal

MFOId

-

oB

Cluster |

il

PC

MFRec

0O

il

BEBLEEEE

Cluster Il

0B

T T

0.30

0.40

T
0.50

T
0.70

?.
w-

T
0.60

ot
@
o

Dice's coefficient

Figure 2. Dendrogram obtained with ISSR markers with samples from

Vila Nova de Milfontes (MFOId and MFRec), Osso da Baleia (OB)

and Pinheiro da Cruz (PC). EC — external control, samples 1-15 — MFOId, samples 16-40 — MFRec, samples 41-65 — OB, samples 71-95 —
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OB location has a lower ®pr value with MFRec than with
MFOId. In general, and as obtained with the ISSR data, the
®pr values were low. The presented microsatellite data sup-
port the results obtained with the ISSR markers.

4 Discussion

A. longifolia is an aggressive invasive species that, even in
the relatively short period since its introduction to the Por-
tuguese coastal region (6 to 7 decades ago), was able to
spread throughout the coast and is now found virtually ev-
erywhere in Portugal, especially on the sand dunes in the At-
lantic coastal areas. This study is, to the best of our knowl-
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h samples from MFOId.

edge, the first assessment of the genetic diversity of A. longi-
folia in an exotic region.

4.1 Genetic diversity and population differentiation

Analysis of the three main locations — OB, PC and VNMF -
through ISSRs showed an overall low genetic diversity and
a low, yet significant, genetic differentiation among the loca-
tions, resulting in a cluster analysis where samples grouped
by sampling site (Fig. 2). The exception was OB, where sam-
ples were split between two different clusters, and the sam-
ples from the two locations MFOId and MFRec that, in spite
of its geographic proximity (Fig. 1), clustered in two differ-
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Table 1. Descriptive parameters of genetic variability of A. longifolia obtained with ISSR markers for samples from Vila Nova de Milfontes,
Osso da Baleia and Pinheiro da Cruz. Samples from Vila Nova de Milfontes are shown in two subsets: MFOld and MFRec. No. PB — number
of polymorphic bands without the external control; % PB — percentage of polymorphic bands. Standard error is shown in parenthesis.

Location No. PB (without EC) % PB h Hg Ht Fst Ppr
MFOIld 135 55.6 0.213

(0.012)
MFRec 129 53.1 0.187

(0.011) 0.190 0.204 0.070*  0.135*
OB 136 56.0 0.194 (0.010) (0.098)

(0.011)
PC 121 49.8 0.166

(0.011)

* P (rand > data) < 0.001, based on 500 permutations for Fgy and 999 for ®pr.

Table 2. Analysis of molecular variance (AMOVA) of samples from
Vila Nova de Milfontes (MFOId and MFRec), Osso da Baleia (OB)
and Pinheiro da Cruz (PC) for ISSR variation. d f — degrees of free-
dom, SS — sum of square, MS — mean square, est. var. — estimated
variance, % — percentage of molecular variance. Pops is popula-
tions.

Furthermore, our study suggests that this dispersion should
have occurred relatively recently, as described by the histor-
ical records (Rei, 1925; Marchante, 2011), similarly to what
has been reported with Vachellia (Acacia) karroo, a native
woody species from South Africa that invades grasslands,
which showed no genetic clustering and limited genetic dif-
ferentiation (Taylor and Barker, 2012).

Source df SS MS  Est. var. % . . . g o

The genetic diversity observed in A. longifolia (h =
Amongpops 3 304.439 101.480 3582 13% 0.166-0.213, Table 1) seemed to be within the range of val-
Withinpops 85 1953943 22.988 22988  87% ues for other Acacia species living in their natural habitat,
Total 88  2258.382 - 26.570 100 %

Table 3. Pairwise ®pT matrix for samples from Vila Nova de Mil-
fontes (MFOId and MFRec), Osso da Baleia (OB) and Pinheiro
da Cruz (PC) obtained from ISSR markers. P (rand > data) values
shown above the diagonal and ®pt values shown below the diago-
nal. Pops is populations.

for example populations of A. senegal in Kenya (h = 0.283,
using ISSRs and RAPDs) (Josiah et al., 2008), A. caven
(h =0.278, using AFLPs) and A. visco (h =0.200, using
AFLPs) from Argentina (Pometti et al., 2012, 2016). How-
ever, it is important to emphasize that comparisons of ge-
netic diversity among studies with different molecular mark-
ers have to be interpreted with care, since methods are sen-
sitive to sample size and number of loci scored. Consider-

MFOId MFRec OB PC ing this, and without further analysis of genetic diversity of
A. longifolia’s native populations, our conclusions are neces-

ﬁggld 0.123 0.001 8881 8381 sarily provisional.
OB ec 0'1 51 0.099 ) 0'001 The statistical significance of Fst and ®pr for ISSRs can
PC 0.187 0143 0.132 be the result of the relatively larger differentiation of the sam-

ent parts of the dendrogram. However, three samples from
MFRec still clustered with samples from MFOId (Fig. 2).
Altogether, this low level of genetic differentiation and the
pattern of clustering do not suggest the existence of several
independent, well differentiated populations and, conversely,
seems to indicate a single introduction of A. longifolia to Por-
tugal that resulted from the plantation by the national forestry
services. Since the plantation of this species occurred in sev-
eral places along the Portuguese coastline at different times
(from the late 19th century until the early 1970s, according
to records), and based on our results, we now hypothesize
that the forestry services might have used the same seed al-
lotment or transferred seeds from one location to the others.

www.web-ecol.net/18/91/2018/

ples from the PC location and a by-product of a combination
of founder effects and a strong drift in this location. Overall,
the microsatellite results support the ones obtained with the
ISSRs. The PC location shows the lowest H, value and the
highest significant pairwise Fst values, showing that it is the
most differentiated and least diverse of all locations studied.
Also, OB has a statistically significant Fst value when com-
pared to MFOId, and once again the ISSR analysis has also
shown a relatively high value between these two locations.
Therefore, our ISSR analysis was robust.

Microsatellites have been used in studies of genetic vari-
ability of several Acacia species, either as native or invasive
ranges. Studies in native A. senegal from Uganda (Mulumba
et al., 2012) reported a mean expected heterozygosity similar
to A. longifolia (H. = 0.479 and H. = 0.500 respectively).

Web Ecol., 18, 91-103, 2018
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Figure 3. Dendrogram obtained with ISSR markers of samples from Vila Nova de Milfontes (MFOId, MFRec and MFCL). EC — external
control, samples 1-15 — MFOId, samples 16-40 — MFRec, samples 101-114 — MFCL.

However, A. senegal had a higher and significant genetic dif-
ferentiation among populations (Fst = 0.100), probably due
to the fact that it is native. A. saligna and A. pycnantha native
(Australian) populations revealed higher genetic differentia-
tion (Fst = 0.330) compared to the invasive (South African)
range (Fst = 0.132) (Thompson et al., 2012). Still, invasive
A. saligna demonstrates greater differentiation than A. longi-
folia. For A. pycnantha, the values were similar for native and
invaded species (Fst = 0.084 and Fst = 0.081 respectively)

Web Ecol., 18, 91-103, 2018

(Le Roux et al., 2013), and were of the same magnitude of
those obtained in the present study.

4.2 Comparison between original plantation and
invasion-dispersed populations

A. longifolia’s ISSRs analysis was expanded in Vila Nova
de Milfontes to a detailed study including all accessions
(MFOIld, MFRec and MFCL). The goal was to understand
how the dispersal took place on a local scale and how (and
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Table 4. Descriptive parameters of genetic variability of A. longifolia obtained with ISSR markers for samples from Vila Nova de Milfontes.
No. PB — number of polymorphic bands without the external control; % PB — percentage of polymorphic bands. Standard error is shown in

parenthesis.
Location No. PB (without EC) % PB h Hg Ht Fst Ppr
MFOIld 86 67.2 0.275
(0.016)
MFRec 86 67.2 0.246 0.261 0.265 0.013* 0.044*
(0.015)  (0.009) (0.046)
MFCL 89 69.5 0.263
(0.016)

* P (rand > data) < 0.001, based on 500 permutations for Fgt and 999 for ®pr.

Table 5. Analysis of molecular variance (AMOVA) of samples from

Allelic f i
Vila Nova de Milfontes (MFOId, MFRec and MECL) for ISSR vari- elicirequencles

ation. df — degrees of freedom, SS — sum of square, MS — mean 1.0
square, est. var. — estimated variance, % - percentage of molecular 0.9
variance. Pops is populations. 83
g 0.6 N
Source df SS MS  Est. var. % s BEMFOld
go° O MFRec
Among pops 2 56.799  28.400 0.736 4% 204
Within pops 50 797.880 15.958 15.958 96 % 0.3 B MFCL
Total 52 854.679 ~- 16.694 100% 0.2 ﬂE B 0B
o afh o mec
Table 6. Pairwise ®pT matrix for samples from Vila Nova de Mil- 98 | 102 | 108 93 | 95 | 99 | 121

fontes (MFOId, MFRec and MFCL) obtained from ISSR markers.
P (rand > data) values shown above the diagonal and ®pr values
shown below diagonal.

MFOld MFRec MFCL
MFOIld 0.001 0.002
MFRec  0.036 0.001

MFCL 0.041 0.054

if) that process influenced the genetic diversity and differ-
entiation. No clustering was found based on the collection
site (Fig. 3) and the values of the pairwise ®pr matrix were
low. The high genetic similarity of A. longifolia among Vila
Nova de Milfontes samples is therefore explained by natu-
ral dispersal from the original MFOId stock to nearby lo-
cations either by natural (e.g. water, ants) or anthropogenic
processes (e.g. agriculture, construction). These results also
show no evidence of multiple introductions of A. longifolia
to Vila Nova de Milfontes despite its widespread distribution
in the study area (roughly 25 km; see Fig. 1), emphasizing
this species’ high invasive capacity.

4.3 Dispersal hypothesis and acclimation considerations

One of the most interesting results obtained in this study is
that acacias from Osso da Baleia (OB) showed high similar-
ity to samples from Vila Nova de Milfontes (VNMF) (Fig. 2),
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DCLOC CPUH4

Locus

Figure 4. Allelic frequencies of loci DCLOC and CPUH4 for sam-
ples from Vila Nova de Milfontes (MFOId, MFRec and MFCL),
Osso da Baleia (OB) and Pinheiro da Cruz (PC).

despite these two locations being the furthest apart in our
study (Fig. 1). However, we found records of acacias’ planta-
tion in Quiaios-Mira sand dunes (QM in Fig. 1), a site located
roughly 25km north of OB (Rei, 1925; Marchante, 2011),
which lead to the formulation of two hypotheses: (1) acacias
spread from Quiaios-Mira to OB, in a similar situation to the
one in VNMF mentioned above, and (2) the seeds used for
plantation in Quiaios-Mira were also used for plantations by
the forestry services in VNMEF, which happened later (1924—
1948 and 1960s—1970s respectively). These hypotheses need
further molecular studies, with broader sampling for confir-
mation.

The most differentiated population studied was Pinheiro
da Cruz (PC), probably due to a natural founder event based
on a few individuals and subsequent genetic drift, conse-
quently showing much less diversity than other man-made
plantations from a larger stock of seeds. This population
was relatively small in census size and under ecological con-
straints (e.g. drought) that seem to hamper its demographic
and spatial expansion. It is also interesting to note that aca-
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Table 7. Descriptive statistics for samples from Vila Nova de Milfontes (MFOld and MFRec), Osso da Baleia (OB) and Pinheiro da Cruz
(PC) obtained with microsatellites. SE — standard error; HWE — p value for Hardy—Weinberg equilibrium test; ns — non-significant. No

standard error computed for Ht because of insufficient loci.

Location A H, He Fis  HWE (p value) Hr Fsr Opr

MFOId  Mean 3.500 0.500 0.547 0.086 ns
SE 0.500 0.038 0.047 0.009

MFRec Mean 3.000 0.543 0.560 0.023 ns
SE 0.000 0.022 0.034 0.099

MFCL Mean 3.000 0.429 0.486 0.109 <0.01 0.500 0.024* 0.054*
SE 0.000 0.143 0.014 0.320  (locus CPUH4)

OB Mean 3500 0.625 0.510 —0.209 ns
SE 0.500 0.167 0.104 0.081

PC Mean 2.500 0478 0397 —0.203 ns
SE 0.500 0.087 0.069 0.010

All Average 3.100 0.515 0.500 —0.039 - - - -
SE 0.180 0.042 0.028 0.069

* P (rand > data) < 0.05, based on 999 permutations.
Table 8. Analysis of molecular variance (AMOVA) of samples The phenological results obtained by Fernandes

from Vila Nova de Milfontes (MFOId, MFRec and MFCL), Osso
da Baleia (OB) and Pinheiro da Cruz (PC) for microsatellite loci
variation. df — degrees of freedom, SS — sum of square, MS — mean
square, est. var. — estimated variance, % — percentage of molecular
variance. Pops is populations.

Source df SS MS  Est. var. %
Among pops 4 7910 1977 0.052 5%
Within pops 92 90.719  0.986 0.986 95 %
Total 96 98.629 1.038 100 %

Table 9. Pairwise ®pr matrix for samples from Vila Nova de
Milfontes (MFOId and MFRec), Osso da Baleia (OB) and Pin-
heiro da Cruz (PC) obtained from microsatellite analysis. P (rand >
data) values shown above the diagonal. ®pT values shown below
the diagonal, with significant values in bold.

MFOld MFRec MFCL OB PC
MFOId 0392 0366 0.028 0.052
MFRec 0.000 0.394 0.058 0.006
MFCL 0.000 0.000 0.178  0.200
OB 0.111 0.050  0.031 0.019
PC 0.100 0.113  0.027 0.084

cias under these conditions were less disturbed by anthro-
pogenic activities. The combination of the founder event
(probably by natural dispersal) and subsequent intense drift
(due to small population size) explains both the small vari-
ability found in this population with both markers and the
relatively high value of differentiation. However, this hypoth-
esis needs to be checked in further studies with more infor-
mation from other molecular markers and historical records.

Web Ecol., 18, 91-103, 2018

et al. (2015) in A. longifolia from OB and PC locations
showed a clear difference between the two sites, in particular
in the flowering and reproductive successes. The question
of whether this resulted from adaptation or acclimation to
different climatic conditions was not clear. Our results do not
support the hypothesis of large differentiation that could by
itself be associated with the phenological differences already
detected (Fernandes et al., 2015). However, we showed that
acacias from the PC location presented the highest genetic
differentiation and lowest genetic diversity compared to all
other locations studied, which was supported through both
molecular markers. It is certainly interesting to note that
acacias from the PC location are also the acacias that showed
lower reproductive success in the phenological study by
Fernandes et al. (2015). Nevertheless, the small number of
markers used and the random way they are scattered across
the genome do not allow the establishment of a straight
correlation between molecular diversity and phenological
traits. Consequently, we did not expect that many of the
markers were located in genomic regions associated with
adaptive processes; as such they should essentially be
neutral and mainly affected by the demographic processes.
Another explanation for the phenological differences is
that the ability of this alien species to respond to different
environmental conditions is due to phenotypic plasticity,
possibly fitting the general-purpose genotype concept pro-
posed by Baker (1965) and further corroborated by Parker
et al. (2003). Moreover, Baker (1965) also proposed the
ideal weed description, which states that invasive species
share traits, such as high reproductive success, high seed
output and phenotypic plasticity. In fact, some traits are
highly common among invasive species (Rejmanek and
Richardson, 1996; Richardson and Pysek, 2006), and
A. longifolia does exhibit some of them. Therefore, genetic
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diversity does not seem to be a requirement for this species’
invasive success. However, Baker’s proposal propelled many
studies on the subject and the conceptualization of several
other hypotheses for invasive success (e.g. Rejmédnek and
Richardson, 1996; Zimmermann et al., 2014). Whether there
is a causal relationship between diversity and reproductive
success and whether other hypotheses other than the ideal
weed description explain A. longifolia’s invasive success, are
certainly interesting and important topics for future research,
as it might be relevant to determine the invasive process of
this species and how to best decrease and eventually stop its
invasion of the Portuguese coast.

In conclusion, A. longifolia along the Portuguese coast
showed some degree of genetic differentiation among sam-
pled locations. Moreover, there was genetic similarity when
original planted acacias were compared with recent invader
plants. Altogether, our results support the hypothesis that
Portuguese acacia populations that are now spread along the
coast all came from a single seed allotment origin, yet were
undetermined, and a natural and/or subsequent man-made
dispersal from the Portuguese coast to other areas. Finally,
this study clearly suggests that the contrasting phenological
patterns detected by other authors were not the result of in-
dependent colonization from different source native popula-
tions, nor were they a consequence of adaptation processes,
demonstrating a wide capacity for phenotypic plasticity.

Code and data availability. The code for each sample, the iden-
tification number and geographical coordinates for each location
studied are available in the Supplement. We also provide, in the
same file, detailed information about the ISSR and SSR primers
used for this study, an example of a gel image obtained by ampli-
fication with an ISSR primer and tables with supplementary results
of the ISSR analysis (e.g. percentage of polymorphic bands).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/we-18-91-2018-supplement.
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