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Abstract: Oenothera drummondii Hook. (Onagraceae) has life-history traits that make it an invasive
species. Native populations are distributed along the coastal dunes from North Carolina in the United
States to Tabasco in the Gulf of Mexico. It has been reported as an invasive species in Spain, Israel,
and China, where this species can successfully colonize and dominate if the environmental conditions
are appropriate. In South Africa, Australia, New Zealand, and France, it is reported to be naturalized.
In this study, 28 microsatellite markers developed for other Oenothera species were evaluated for
cross-amplification in O. drummondii. Nine primers showed consistent amplification and were
polymorphic. Polymorphism was assessed in three populations from both native and invaded areas.
Results indicated generalized low genetic variability. Three loci showed significant deviations from
the Hardy Weinberg equilibrium, associated with null alleles’ presence. The observed heterozygosity
and inbreeding coefficient reflected a generalized excess of homozygotes, particularly in the invaded
population “El Dique”, likely due to allele fixation. High genetic differentiation was found between
the three populations. These results highlight the accuracy of these markers for future population
genetic studies in O. drummondii.

Keywords: genetic diversity; genetic structure; invasive plant; cross-amplification; coastal dunes;
microsatellite loci; population genetics

1. Introduction

Oenothera drummondii Hook. is a perennial, short-lived herb from the plant family Onagraceae [1].
Like its congeners, this species possesses traits that are considered to be advantageous for colonization
i.e., life form, high seed production, successful spread capacity, short juvenile period, self-compatibility,
high tolerance to different environmental conditions, and high flowering capacity for almost the entire
year [2,3], suggesting its potential to be an invasive species. O. drummondii originates from North
America and has two subspecies [4,5]. O. drummondii subsp. drummondii is a large-flowered and
self-compatible subspecies distributed along the Gulf of Mexico’s coastal dunes, from North Carolina
in the USA to Tabasco in Mexico, and O. drummondii subsp. thalassaphila is the rare and self-compatible
subspecies found on the Pacific coast of the Baja California peninsula in Mexico [6]. This species has
been documented as invasive in Spain [7,8], China [9], and Israel [10]. It is reported as naturalized
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in New Zealand [11], Australia [12], and South Africa [2]. The criteria to explain why this species is
invasive in some countries, but not in others, are not clear. A recent study evaluating seed dispersal
modes in Oenothera drummondii suggests that while for some naturalized areas, such as Australia,
the species expansion was a natural dispersion process after the first arrival, in the invaded ones,
like Spain, O. drummondii acquires its invader behavior when animals disperse the seeds. In Spain’s
SW, the Iberian hare and the European rabbit are the dispersers in invading populations [13].

Although O. drummondii is usually dispersed by barochory, its seeds can be spread by thalassochory
and endozoochory, with the latter mode of dispersal triggering the invasion process in naturalized
populations [13]. In invaded areas, O. drummondii individuals can adapt to survive in coastal
dunes and littoral areas with subtropical and Mediterranean weather, exhibiting increased root
growth and photosynthetic rate and superior water performance than some native species, such as
Achillea maritima L. [14]. Additionally, contrary to what happens in native areas, when invasive,
this species forms dense aggregates that can reach 10–12 adult individuals per square meter, with higher
densities in semi-stabilized dunes than active dunes or beaches [7,15]. In interior dunes, where the
environmental conditions are stable, O. drummondii can successfully colonize, establish, and become
dominant [15]. This invasion’s impact is well documented [7,8,15], as are eradication actions [16].
Additionally, O. drummondii has physiological features that enhance its’ photochemical efficiency,
influencing its’ invasive capacity on Spanish coasts; the gas exchange and leaf water potential of
O. drummondii were compared to a native species in the Iberian Peninsula, determining that the
non-native species had a higher capacity to capture and use CO2 and water [14].

Invasion and colonization processes facilitate adaptive changes that allow the foreign species’
survival in new environmental conditions [17,18]. Introduced plants become invasive if their
reproductive systems enable the establishment and maintenance of populations in new areas. There is
an enormous diversity of reproductive modes in plants, potentially influencing their demography and
genetics [17]. In this sense, the reproductive system is an essential life-history trait in invasive plants,
particularly in self-compatible and monoecious species by strict self-fertilization or geitonogamy [19].
Evidence shows that good invaders can establish in the absence of natural pollinators due to pollination
by wind, self-pollination, apomixis, or, in some cases, by mutualistic pollination relationships with
local animals [20].

Additionally, rapid colonization allows for the spread of genetic diversity to new sites through
the founder effect [21]. It refers to the migration of a sub-sample of the original population to a new
area that carries only a fraction of the original genetic diversity [22], resulting in a founder population
with less genetic diversity than the source population. This phenomenon is accentuated by the effect of
endogamy, genetic drift, and bottlenecks [23]. A reduction in genetic diversity could reduce a species’
evolutionary potential and reproductive capacity [21,24]. However, many species with reduced genetic
diversity become successful invaders [25]. Several studies show that diversity and genetic structure
can change between native and invasive populations during the invasion event [26–30]. Although the
obtained results do not follow a clear pattern, it has been suggested that higher genetic diversity is
not necessarily related to the invader’s success [31]. Even if understanding the evolutionary and
ecological processes underlying the invader’s invasion success can be challenging, knowing the genetic
diversity and genetic variation structure can help us detect the possible origin and whether multiple
introductions are probable or not in populations of O. drummondii. The insight into sources and
pathways of expansion provides baseline data that can be used alongside other biological features to
assess their influence in this species’ invasion success.

Molecular markers have been used for obtaining basic genetic information (e.g., genotypes), or for
identifying genetic changes (e.g., reduced genetic diversity) that are characteristics of invasive
species [32–34]. Microsatellites (SSRs) and single nucleotide polymorphisms (SNPs) are most
commonly used to genotype plants [35]. Both types of markers are highly informative and reliable.
However, an individual SSR tends to be more informative and polymorphic than an individual
SNP [36], can reveal a hidden genetic structure by accumulating a higher quantity of private alleles per
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population [37,38], and are potentially the most informative molecular marker with the advantage
of easy and low-cost detection by PCR-based methods [39,40]. Moreover, microsatellites can be
transferred to related species [41], reducing the time and cost of developing species-specific primers
that allow for the detection of variation in wild species [42,43].

In this study, we tested the transferability of 28 microsatellite markers developed for other species
of the Oenothera genus to the invasive O. drummondii, aiming to identify useful markers to detect
genetic variation at intra and inter-populational levels. Identifying useful markers will allow us
to analyze further the species’ genetic diversity and structure throughout its native and invasive
distributional ranges. O. drummondii seems to have dynamic ecological and demographic processes, i.e.,
high reproductive and growth rates, strong spread capacity, and the ability to colonize and establish in
new areas. The founder effect that emerges from these dynamics establishes different genetic variation
levels between founding and source populations. Therefore, one might expect the genetic variation
and genetic structure of the three studied populations to show signs of a founder effect, reflected in (a)
lower genetic diversity in the invasive population and (b) strong genetic structure, where the invasive
population is the most genetically different.

2. Materials and Methods

2.1. Sampling

Initially, SSR markers were screened using three randomly selected individuals of eight populations,
spanning native and invaded areas of Oenothera drummondii (Figure 1). Seven native populations
were used, including five geographically separated along the Gulf of Mexico of subsp. drummondii:
Bolivar (BOL), South Padre Island (SPA), Altamira (ALT), La Mancha (MAN), and Olmeca (OLM),
and two populations located in the Baja California peninsula of subsp. thalassaphila: Agua Blanca
(AGB) and Punta Arena del Sur (PAS). The invasive population collected was El Dique (DIQ) (Table 1).
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Figure 1. Sampling sites used for the initial screening of microsatellite loci in eight populations of
Oenothera drummondii. Labels: AGB: Agua Blanca, PAS: Punta Arena del Sur, BOL: Bolivar, SPA:
South Padre Island, ALT: Altamira, MAN: La Mancha, OLM: Olmeca, DIQ: El Dique. Red circles show
the three populations used for further characterization.
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In the second stage of analysis, we selected three populations for further characterization.
The populations chosen represent native and invasive areas of Oenothera drummondii. Altamira (ALT)
and La Mancha (MAN) are native populations with nearly 350 km between them. These populations
are restricted to small areas, with no more than 50 individuals, as seen in most native populations of
the species [44]. The invasive population El Dique (DIQ) is the largest population, encompassing over
three million individuals and densities that can reach 10–12 adult individuals per square meter [15].
For each population, we randomly sampled 20 individuals in plots of 1 ha. The sampled individuals
kept a distance of at least 1 m between each other.

Table 1. Sampling localities of eight populations of Oenothera drummondii.

Country Locality Code
Coordinates

Latitude Longitude

Spain Andalucía; Huelva, El Dique DIQ 37.09 −6.54
USA Texas; Bolívar BOL 29.30 −94.30
USA Texas; South Padre Island SPA 26.13 −97.11

Mexico Baja California Sur; Punta Arena del Sur PAS 23.55 −109.47
Mexico Baja California Sur; Agua Blanca AGB 23.66 −110.41
Mexico Tamaulipas; Altamira ALT 22.40 −97.84
Mexico Veracruz; La Mancha MAN 19.59 −96.38
Mexico Tabasco; Olmeca OLM 18.23 −94.06

2.2. DNA Extraction and Vegetative Material

Leaf tissue was collected from each mature specimen with flowers and fruits, preserved in paper
envelopes with silica gel as a desiccant, and stored at −20 ◦C until use. Genomic DNA extraction
was made using 50 mg of dry tissue, following a modified cetylmethyl-ammonium bromide (CTAB)
method (S1) [45]. The amount and quality of the extracted DNA were verified using a GeneRulerTM 1
kb DNA ladder (ThermoFisher Scientific, Waltham, MA, USA) and GelRed® dye (Biotium, Fremont,
CA, USA) [46] for staining 1% agarose gels.

2.3. Primer Selection

We tested a combination of plastid and nuclear microsatellite loci and screened 28 published
markers (nuclear: Oenbi2diA_C10, Oenbi2diA_E9, Oenbi2triA_A1, Oenbi2triA_A5, Oenbi2triA_C6,
Oenbi2triA_D3, Oenbi2triA_E4, Oenbi2triA_F5, Oenbi2triA_H1, Oenbi2triA_H2, Oenbi39tri10,
OenhaB105, OenhaC4, OenhaC105, OenhaC106, OenhaC126, OenhaD2, OenhaD5, OenhaD102,
OenhaD111, OenhaD118, Oenbi2tri2, Oenbi39di2, Oenbi39tri4, plastid: OenelCp3, OenelCp5,
OenelCp11, OenelCp12) [47–49]. Ten markers were designed for Oenothera harringtonii W.L. Wagner,
Stockh. and W.M. Klein., 14 for Oenothera biennis L., and four corresponded to plastid microsatellites
developed for Oenothera elata Kunth.

In the initial stage of experiments, we used 24 individuals from eight populations (three individuals
each). From the 28 primer pairs tested, five did not amplify. Twenty-one primers with single bands and
close to expected size products were selected for further characterization. The amplified products of
the 504 reactions were sequenced to ensure that the fragments amplified were those anticipated and to
verify polymorphism. The forty-eight sequenced products from two primer pairs were difficult to read,
so these two markers were discarded. In the remaining 19 markers, the repeated motif was confirmed
in the sequence, as product size and variation alone are not always enough to predict SSR presence.
After alignment and analysis of the sequences, populational variation was confirmed in 12 nuclear markers.

In a second stage, from the 12 polymorphic markers, three had allelic peaks that were difficult to
interpret, so they were not used in subsequent analyses. Nine markers were identified as polymorphic
and reliable (Table 2), and later characterized in 60 individuals from three populations: two natives
(Altamira (ALT) and La Mancha (MAN) from Mexico) and one invasive (El Dique (DIQ) from Spain).
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Table 2. Characteristics of nine microsatellite primers tested on Oenothera drummondii populations; seven primers were developed in O. harringtonii and three in O. biennis.

Primer Name Repeat Motif Primer Sequences (5′3′) Size (bp) Ta (◦C) GenBank Access Ref. *

OenhaB105 (TTG)17
F: TAGCCTCCTCAAGAGACACA
R: CGATGCTGGAACTTCAAAG 150–160 47 JQ266359 [48]

OenhaD102 (ATG)8
F: GCACAAATCCGAAACTCA
R: TGCCGCATCTAACCATAC 255–265 47 JQ266363 [48]

Oenbi2diA_C10 (GA)20
F: AGGAGCAAACTGAAGCAGGA
R:TTGCAGAACCCAGAATCTGTT 232–269 47 KT762972 [47]

Oenbi2triA_A1 (TTC)8
F: CCACAGCATCACCAAATTCTTACTT
R: GGGGCGCCAGGTATTGTCG 336–355 47 KT762970 [47]

Oenbi2triA_D3 (ATG)9
F: CAGATTACGGCGAAAGGAGACAAC
R: CGCTCAGGCATCGCATCTC 300–315 47 KT762967 [47]

Oenbi39tri10 (CTT)6
F: AACAAATTTATGCGATTTCGCC
R: CTGGAAGGGGCGACTGAAAC 170–185 47 KT900894 [47]

Oenbi2triA_F5 (GAT)8
F: GGGACGCGACCTCAGATTC
R: CGCTCAGGCATCGCATCTC 235–250 47 KT762965 [47]

Oenbi2triA_H1 (GCT)14
F: GAGCCGGAATAAACTGATACCACT
R: AGCAGAGAAGGCGTCAACCATAAT 200–217 47 KT762964 [47]

Oenbi39tri4 (CTT)16
F: TTTCCTCTCCTTATCTCCTCAATTCTTCTCA
R: CTTGCGTTATCTTATGCGTAGCCGTTAGTTTAT 252–278 47 EF988090 [48]

* Indicates the study from which the marker was taken.
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2.4. Microsatellite Amplification

To visualize samples, each forward primer was modified with the addition of an M13 sequence to
the 5′ end (5′-TGT AAA ACG ACG GCC AGT-3′) complementary to the M13 primer labeled with a
fluorescent dye [50]. An initial PCR was conducted in a 20 µL reaction containing 2X reaction buffer,
2 µM of each dNTP, 1.6 mM MgCl2, 10 µM of each forward and reverse primer, 0.025 U/µL TaqDNA
polymerase (Promega), and 20 ng of genomic DNA. This PCR was run for 3 min at 94 ◦C, then 35 cycles of
94 ◦C for 40 s, 47 ◦C for 40 s, and 72 ◦C for 1 min; and a final extension of 72 ◦C for 10 min. The reaction
product was fluorescently labeled through a second PCR using a 30 µL reaction containing 1.2 µL of the
first reaction PCR product that was purified (QIAquick PCR purification Kit (250) QIAGEN) and the
same concentrations for the reaction buffer, dNTPs, MgCl2, and TaqDNA polymerase used in the first
PCR reaction. In the second reaction, three primers were used, 10 µM of M13 primer labeled with HEX
(green) dye, 2.5 µM of M13 added forward primer, and 10 µM of reverse primer with no modifications.
This technique allows for generating a fluorescent product, reducing the costs of using a labeled forward
primer for each locus [51–53]. The PCR conditions for this reaction were 3 min at 94 ◦C; followed by
30 cycles of 94 ◦C for 40 s, 47 ◦C for 40 s, and 72 ◦C for 1 min; adding an extra step of eight cycles of 94 ◦C
for 60 s, 53 ◦C for 60 s, and 72 ◦C for 60 s where the hybridization of the M13 primer occurs; and a final
extension of 72 ◦C for 10 min. The resulting PCR products were scored and analyzed using a 350 bp
standard on an ABI 3730 genetic analysis system (Macrogen©, Geumcheon-gu, Seoul, Korea). Allele sizes
were determined in GeneMapper v.4.1. software (Applied Biosystems©, Waltham, MA, USA).

2.5. Data Analysis

Initially, to confirm intra-populational variation in the eight populations screened (Table 1), we did
an exploratory molecular variance analysis (AMOVA), using the sequences of 24 individuals and
the nine polymorphic microsatellite markers identified (OenhaB105, OenhaD102, Oenbi2diA_C10,
Oenbi2triA_A1, Oenbi2triA_D3, Oenbi39tri10, Oenbi2triA_F5, Oenbi2triA_H1, and Oenbi39tri4).
The AMOVA was done in Arlequin v.3.5, using 10,000 permutations.

From the initial eight populations tested, we chose three for full microsatellite characterization.
In each of the three populations selected (Altamira (ALT), La Mancha (MAN), and El Dique (DIQ)),
the presence of null alleles, possible stuttering, and dropout alleles at each locus were determined
using an exact test in MicroChecker v.2.2.3 [54]. Standard parameters were used to describe genetic
diversity in the three populations. These parameters included the percentage of polymorphic loci,
mean number of alleles per locus, number of private alleles, and observed (Ho) and expected (He)
heterozygosity [55], using GenAIEx v.6.5. [56]. We used Arlequin v.3.5. [57] to calculate the deviation
from Hardy Weinberg equilibrium and linkage disequilibrium. Additionally, Arlequin v.3.5. was used
to perform an AMOVA analysis using the corrected FST index [58] and Markov chains (10,000 iterations)
to estimate the differentiation between populations, as well as the fixation index, FIS, which allows
for the verification of local inbreeding [59]. Kruskal Wallis tests were used to determine whether the
assessed genetic diversity parameters have significant differences between the three characterized
populations using the stats package version 3.6.3 in R version 3.6.3 [60]. Finally, a discriminant analysis
of principal components (DAPC) (adegenet package version 2.1.3 in R version 3.6.3 [60]) was executed
to visualize the genetic structure. DAPC retains the virtues of discriminant analysis, defining a model
in which genetic variation components are maximized among groups and minimized within them.
The DAPC is supported by a transformation using a principal component analysis (PCA) as a first step,
guaranteeing that the subjected variables are not correlated and are lower in number than those of the
individual analyses [61].
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3. Results

3.1. Microsatellite Transferability

From the 28 primer pairs tested, nine were polymorphic and reliable (Table 2). From those,
seven were developed for O. biennis and two for O. harringtonii. The transferability percentage in this
study was 75%, and the polymorphism percentage was 32.1%.

For the nine polymorphic markers, an exploratory AMOVA confirmed microsatellite variation
between sequences of eight populations of Oenothera drummondii. We found the highest percentage of
variation within the populations (60.4%), and moderate genetic differentiation (39.6%).

3.2. Characterization of Polymorphic Microsatellites in Three Populations

The polymorphism percentage varied for each population: 100% for Altamira (ALT), 88.89% for
La Mancha (MAN), and 44.4% for El Dique (DIQ). The number of alleles varied between two and
nine. Locus OenbidiA_C10 had nine alleles followed by Oenbi39tri4 with five. The average number of
alleles per locus in Altamira was 2.89 (±1.62), La Mancha had 2.78 (±1.39), and El Dique 1.56 (± 0.73).
A lower variation in the distribution of allele frequencies per locus and population was detected for
most loci in El Dique, where six out of nine were monomorphic (Table 3). Altamira had the highest
variation, with alleles representing almost all loci. La Mancha had the greatest number of private
alleles. Overall observed and expected heterozygosities were 0.29 and 0.34, respectively. The locus
with the highest value of Ho was Oenbi39tri4 in La Mancha (0.75).

Table 3. Results of the initial primer screening in three populations of Oenothera drummondii.

Altamira (ALT) La Mancha (MAN) El Dique (DIQ)

Primer name N A Ap Ho He
b N A Ap Ho He

b N A Ap Ho He
b

OenhaB105 20 2 - 0.40 0.33 20 2 - 0.30 0.50 20 1 - 0 0
OenhaD102 20 2 - 0.60 0.47 20 1 - 0 0 20 1 - 0 0

OenbidiA_C10 20 7 4 0.45 0.85 * 20 5 1 0.35 0.75 * 20 2 - 0.65 0.45
Oenbi2triA_A1 20 3 - 0.55 0.62 * 20 2 - 0.20 0.43 * 20 2 - 0 0.33 *
Oenbi2triA_D3 20 2 - 0.20 0.33 20 2 1 0.20 0.18 20 2 - 0.30 0.26

Oenbi39tri10 20 3 1 0.55 0.44 20 3 1 0.55 0.44 20 1 - 0 0
Oenbi2triA_F5 20 2 - 0 0.38 * 20 3 1 0.30 0.26 20 1 - 0 0
Oenbi2triA_H1 20 3 1 0.55 0.50 20 2 - 0.25 0.48 20 1 - 0 0

Oenbi39tri4 20 2 - 0.40 0.50 20 5 1 0.75 0.66 20 3 - 0.40 0.34

Note: - = not applicable; A = number of alleles; Ap = number of private alleles; Ho = observed heterozygosity;
He = expected heterozygosity; N = number of individuals sampled. b Significant departures from Hardy Weinberg
equilibrium: * p < 0.05.

Potential null alleles were identified in three primers tested and corresponded with the
Hardy Weinberg equilibrium deviations found in the same loci (Oenbi2triA_A1, OenbidiA_C10,
and Oenbi2triA_F5). Linkage disequilibrium analysis for all populations showed statistical significance
(p < 0.05) between the same primer sets showing potential null alleles. The AMOVA showed the
highest percentage of variation within individuals (51%), followed by the variation among populations
(38.2%), and the lowest variation was found among individuals between populations (10.6%).

The FST global value showed significant differentiation between the three studied populations
(0.382). The pairwise FST values showed the greatest differentiation between Altamira and El Dique
(0.459), similar to La Mancha and El Dique (0.449). The shortest differentiation was found between
Altamira and La Mancha (0.258). Additionally, DAPC showed an overall graphic view of the variation
among populations and individuals within populations. As seen in Figure 2, the first two linear
discriminants separated among the three populations as distinct clusters. DAPC is congruent with
AMOVA a high level of variation among populations was found. Additionally, it is notable that the
invader population (DIQ) showed the least genetic variation. The FIS index calculated for the dataset
was 0.172, showing an excess of homozygotes. Although the overall value suggests a high occurrence of
inbreeding, the same three loci with deviations from the Hardy Weinberg equilibrium due to null alleles’
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presence showed FIS values of statistical significance (OenbidiA_C10 = 0.301, Oenbi2triA_A1 = 0.464,
and Oenbi2triA_F5 = 0.546). Significant differences were found for the mean number of alleles and
the He, but no significant differences were detected for the Ho (Kruskal Wallis; A: H = 7.31, P = 0.025;
Ho: H = 5.58, P = 0.061; He: H = 9.49, P = 0.008).

Figure 2. Discriminant analysis of principal components in nine loci and three populations of
O. drummondii. The axes represent the first two linear discriminants (LDs). Numbers represent
populations: 1 = Altamira (native, blue), 2 = La Mancha (native, yellow), and 3 = El Dique (invasive,
red). Lines represent the genetic variation within populations, dots represent the 360 genotypes, and d
represents the grid’s scale.

4. Discussion

In general, our primer transferability results showed similar success compared to what was found
in other studies. Rossetto in 2001 [62] collected and summarized information from several published
studies on the transferability of plant microsatellites and reported an average success rate of over
70% between species of the same genus. Barbará et al. observed similar findings or even higher
transferability levels in 2007 [63], where a percentage of transferability of 80% in eudicots is reported,
similar to the ratio observed in this study (75%). Although the rate of success in the transferability of
markers in O. drummondii could be considered good enough, the polymorphism percentage (32.1%)
was lower than that reported by Rossetto in species within the same genus (86%), and by Barbará
in eudicots (46%). The successful transferability of microsatellite markers involves different steps:
the identification of libraries developed for another species, testing, and identification of polymorphic
loci for the target species. There is a potential loss of loci in each step, and the final working set of
primers is a small fraction of the original number [64,65]. Even when nearly all tested markers amplify
the target regions, the number of identified polymorphic loci remains low [66,67]. The results may vary
depending on the target organism, the number of markers tested, and the phylogenetic relationship
between the source and the target species [63,68].

It is also essential to keep in mind that de novo development of SSR markers for new species used to
be costly and complicated. New isolation strategies to develop genomic SSRs, such as next-generation
sequencing technology (NGS), provide a more rapid approach for the generation of microsatellite
loci, avoiding the construction of microsatellite-enriched DNA libraries [38]. Compared to traditional
methodologies, NGS reduces the costs, time taken for development, and labor involved. However,
transferability could save even more costs and time, avoiding steps like sequencing and primer design,
which are necessary to obtain suitable microsatellite loci by NGS [69].
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We found significant differentiation between the molecular variance analysis for eight populations
(39.6%). This result was used to confirm the nine microsatellite markers’ suitability to conduct further
genetic characterization analysis in the three chosen populations. However, given the small number of
individuals used to perform the analysis (three per population), we cannot make any assumptions
about the species’ genetic diversity and genetic structure. When three populations were evaluated,
the genetic variation found was lower than that reported for Oenothera harringtonii and Oenothera
biennis, for which the same primers were developed and tested [47,48]. The number of alleles found
in O. drummondii was lower for most markers tested. However, we found preliminary evidence
to support our hypotheses of a founder effect. We found less genetic variation and allelic fixation
(monomorphic loci) in the invasive population of El Dique. In invasive species, the reduction of genetic
diversity in founding populations has been associated with bottlenecks and the founder effect [24,31].
The impact of the genic drift and inbreeding is expected to be stronger in populations with recent
invasion processes, such as El Dique [7].

In O. drummondii, we also found low genetic variation in the native populations of Altamira and La
Mancha. Even though these results were preliminary, the three evaluated populations showed a small
amount of genetic variation distributed mainly among populations with significant differentiation,
indicating a high genetic structure between them. The population structure and genetic diversity found
in O. drummondii seem to be the same found for Oenothera biennis, based on a genic heterozygosity
and allozyme polymorphism analysis of 44 populations (up to 75 individuals each) [70]. In this study,
it was suggested that the lack of genetic variation found was most likely due to the colonization of
a new habitat by one or a few individuals and the high genetic differentiation between populations
as a consequence of a predominantly self-fertilizing reproductive strategy. It is supported by the
assumption that genetic uniformity is the optimal strategy for achieving maximum fitness in the
immediate environment [71,72]. The two previous explanations seem to apply to the results of this
study. Even though O. drummondii is a modally outcrossing species, like O. biennis, it has been reported
as self-compatible [5]. Thus, single plants may become self-pollinating and self-fertilizing when stress
periods prevent their cross-breeding. It is highly probable, considering that both native and invasive
O. drummondii populations occur in coastal dunes and littoral areas. The extreme abiotic conditions and
colonization extinction processes are typical of these environments [15,73], leading to stress periods
and resulting in selfing as a consequence.

Self-fertilization is a typical reproduction mode in plants with significant genetic consequences.
First, molecular data indicate lower genetic diversity in inbreeding species than in outcrossing taxa,
even in closely related species [74]. This reduction could be due to selective sweeps (i.e., beneficial alleles
become fixed), background selection (i.e., selection against weak deleterious alleles reduces the effective
population size) [75], and variation in ecological or demographic processes such as migration and
colonization [22]. To answer the hypotheses regarding the genetic diversity and genetic structure of
O. drummondii, it is necessary to know the maximum allelic diversity via a sample protocol based
on the amount and distribution of genetic diversity [76]. Considering that only three populations
of O. drummondii were evaluated in this study, we want to highlight that the sampling depth is
not sufficient enough to draw robust conclusions, and the presented results should be considered
preliminary. As proposed by Lowe et al. in 2004 [77], additional sampling rounds are required.

Here, we attempted to identify microsatellite markers suitable for studies of the population
genetics of O. drummondii, based on transferability tests. We successfully identified nine polymorphic
markers. However, we suppose that more markers are needed to get the species’ full genetic diversity
and structure. In that case, the utilization of next-generation sequencing could facilitate discovering
specific markers for the species, at a fraction of the cost and effort compared to traditional microsatellite
isolation approaches [38,78].

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-2818/12/10/387/s1,
File: Genomic DNA of all samples was extracted from leaf tissue.
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