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Pseudophoenix ekmanii, P. lediniana and P. vinifera (Arecaceae) are endemic to Hispaniola. The more wide-ranging
P. sargentii also occurs on the island. Population genetic diversity and structure of Pseudophoenix was investigated
using ten microsatellite loci. The study focused on populations from Hispaniola, but also included samples from
other Caribbean islands. Results showed homozygote excess and high inbreeding coefficients in all populations
across all polymorphic loci. Populations were highly differentiated. Results from both Bayesian and neighbour-
joining cluster analyses identified groups that were consistent with currently accepted species delimitations. We
included the only known population of a possible undescribed taxon from the Dominican Republic. Results from the
cluster analyses suggested that this putative taxon is closely related to P. sargentii from the Turks and Caicos
Islands. There was no significant correlation between population size and observed heterozygosity. Contrary to
what was anticipated, protected areas do not harbour most of the genetic diversity of the genus. The Haitian
endemic P. lediniana should have the highest priority for conservation because it is restricted to a single
population, it has a small number of individuals and it exhibited reduced levels of genetic diversity. The putative
new taxon from the Dominican Republic has similar conservation concerns. Future conservation efforts should aim
to maintain population connectivity and increase population size, particularly targeting populations with low
genetic diversity. © 2014 The Linnean Society of London, Botanical Journal of the Linnean Society, 2014, 176,
469-485.
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— threatened species — West Indies.

INTRODUCTION region it ranks second in plant endemism
(Acevedo-Rodriguez & Strong, 2008). Over 4000
species occur in Hispaniola, and it is estimated that
c. 40% of these are endemic (Acevedo-Rodriguez &
Strong, 2012). The latest conservation assessment
*Corresponding author. E-mail: rosabotanic@gmail.com for the Dominican Republic flora was undertaken by

Hispaniola is the second largest island of the Car-
ibbean Island Biodiversity Hotspot, and in this
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Peguero & Jiménez (2011) who studied the conser-
vation status of 639 endemic vascular plant taxa.
This work showed that c. 90% of these taxa are
threatened according to the ITUCN (2013) Red List
categories (Peguero & Jiménez, 2011). The major
factors affecting biodiversity conservation in Hispan-
iola are deforestation, unsustainable use of natural
resources, urban development and expansion of agri-
cultural areas (Ottenwalder, 1989; Paryski, Woods &
Sergile, 1989; Bolay, 1997; Ministerio de Medio
Ambiente y Recursos Naturales, 2011).

Compared with other plant families (e.g. Aster-
aceae, Rubiaceae, Orchidaceae), Arecaceae do not
have many endemic species in the Caribbean Islands
(Acevedo-Rodriguez & Strong, 2012). Palms from this
biodiversity hotspot provide one of the best examples
for biogeographical disjunctions in the tropics. Are-
caceae subfamily Ceroxyloideae comprises only eight
genera, and they show a discontinuous distribution
between the Caribbean (Pseudophoenix H.Wendl. ex
Sarg.), South America (Ammandra O.F.Cook, Aphan-
dra Barfod, Ceroxylon Bonpl. ex DC, Juania Drude
and Phytelephas Ruiz & Pav.), Madagascar and the
Comoros Islands (Ravenea C.D.Bouche) and Australia
(Oraniopsis J.Dransf., AKlIrvine & N.W.Uhl)
(Dransfield et al., 2008). Ceroxyloideae shared a
common ancestor with the sister clade Arecoideae c.
80 Mya (Baker & Couvreur, 2013). Pseudophoenix is
the only member of a lineage that is sister to the rest
of Ceroxyloideae. This lineage diverged c. 52 Mya
during the Eocene (Baker & Couvreur, 2013). Because
of the complex geological history of the Caribbean
Islands, with several episodes of transgression and
subsidence, it has been suggested that most of the
West Indian biota is younger than the mid-Eocene
(Iturralde-Vinent & MacPhee, 1999). Therefore, the
presence of Pseudophoenix in the Caribbean Islands
fits the palaeogeographical data available for the
region.

Zona (2002) published the latest taxonomic treat-
ment of the genus, reviewing the morphology, distri-
bution and ecology of its species. Individuals of
Pseudophoenix have pinnate leaves and a bottle-
shaped trunk; this morphological feature is more
prominent in P. ekmanii Burret and P. vinifera (Mart.)
Becc. Inflorescences bear perfect flowers, but produce a
few staminate flowers at the end of the inflorescence
(Zona, 2002). Pseudophoenix species grow predomi-
nantly in dry forests on limestone soils (Zona, 2002). In
contrast, the rest of the species of Ceroxyloideae occur
mostly in tropical rain forests (Couvreur, Forest &
Baker, 2011). Hispaniola is the centre of highest taxo-
nomic diversity, as all four Pseudophoenix species
occur on the island. Two Pseudophoenix species are
Critically Endangered (P. ekmanii and P. lediniana
Read) sensu IUCN (2013).

Pseudophoenix lediniana occurs in a single highly
fragmented population with c. 73 individuals, and the
habitat where it grows is highly disturbed. The
species thrives on cliffs that are subject to frequent
landslides during the rainy season. This site is
usually burned to cultivate staple crops, and its
woody species are regularly used to produce charcoal.
This locality is not part of any protected area
(Rodriguez-Pena et al., 2014).

Pseudophoenix ekmanii is restricted to the south-
western Dominican Republic, specifically on Bara-
hona Peninsula and Beata Island, where it is
protected in the Jaragua National Park. Despite its
threatened conservation status, this species has large
populations. In a single site at Sabana de Algodén,
Namoff et al. (2011) reported > 2400 individuals in a
recent population genetic study that showed strong
evidence for genetic drift, inbreeding and moderate
gene flow among populations. These patterns were
attributed to habitat fragmentation by human activi-
ties, unsustainable ethnobotanical use of this species
(sap extraction), illegal removal of palms for the hor-
ticulture trade and destruction of adult individuals to
gain access to nests of the Hispaniolan parrot
(Amazona ventralis), which is harvested for the exotic
pet trade (Namoff et al., 2011).

Pseudophoenix sargentiic H-Wendl. ex Sarg. is the
species of the genus with the widest distribution in
the Caribbean. It is found in Florida (Biscayne
National Park), Puerto Rico (Mona Island), Cuba,
Navassa Island, Mexico (Yucatan), Belize, Lesser
Antilles (Dominica), Haiti (Gonave Island), the
Dominican Republic (Saona Island and Playa Palm-
illa, both in the Parque Nacional del Este), Turks and
Caicos Islands and the Bahamas. It usually occurs in
dry forests near coastal shores, although in Mexico
and Belize it is also found inland (Zona, 2002). In
some areas, populations of this species have been
harvested for horticultural purposes, e.g. Florida
populations on Long and Sands Keys, where this
species is now extinct (Lippincott, 1992; Maschinski
& Duquesnel, 2006). Some populations in the Domini-
can Republic have also been removed for tourism
development and the horticultural trade.

Pseudophoenix vinifera has a wide distribution in
western Hispaniola. It grows in dry lowland forests,
but its distribution in Haiti is poorly known. The
species has two core distribution areas in the Domini-
can Republic. The first is in the southern sector of the
country (Populations 5-8, see below; Fig. 1), located
mostly in the lowlands between the Sierra de Neiba
and the Sierra de Bahoruco (along the Hoya de
Enriquillo valley) and between the Cordillera Central
and the Caribbean Sea (Population 9, see below;
Fig. 1). The second core area is in the northern part of
the country and occupies the lowlands that separate
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Figure 1. Geographical distribution of the 18 populations of Pseudophoenix included in this study.

the Cordillera Septentrional and the Cordillera
Central, predominantly along Valle del Cibao (Popu-
lations 10 and 11, see below; Fig.1). These two
valleys were largely below sea level during intergla-
cial periods from the Miocene (at Cibao) and Pleisto-
cene (at Enriquillo) (Mann et al., 1984; McNeill et al.,
2012). The government of the Dominican Republic
has established one reserve (Monumento Natural Los
Cacheos, province of Independencia) near the border
with Haiti to provide official protection to P. vinifera
(Sectorial Law Number 202-04 for Protected Areas),
specifically to prevent sap tapping (see below) and
horticulture poaching, and to protect the palm’s
natural habitat (Congreso Nacional de la Republica
Dominicana, 2004). The species also occurs in Monu-
mento Natural Las Caobas and in the Reserva
Biolégica Loma Charco Azul, both also located in the
province of Independencia.

Zona (2002) indicated that plants of Pseudophoenix
found in the north-western Dominican Republic
(hereafter Pseudophoenix sp. indet.) are morphologi-
cally distinct and might represent a novel taxon. This
morph is highly threatened, and during field studies
only a single population with ¢. 34 individuals was
located at Puerto Plata (Population 12, Table 1). Pseu-
dophoenix sp. indet. occurs on serpentinite soils; it is
the only morphological variant in this genus to thrive

in this unique soil environment characterized by a
high content of heavy metals such as nickel and
cobalt and high magnesium to calcium ratios (Brooks,
1987).

In the Dominican Republic, P. ekmanii and P. vin-
ifera are used locally to prepare a sweet drink called
mabi de cacheo. Sap from juvenile trees is extracted
to make this beverage; once they are tapped, the
individual palms usually die (Francisco-Ortega &
Zona, 2013). The use of Pseudophoenix to prepare
mabi de cacheo is one of the main reasons for the
decline of these species in the Dominican Republic
(Namoff et al., 2011). Pseudophoenix lediniana does
not have any known ethnobotanical use in Haiti;
however, this species is highly threatened because of
deforestation and habitat fragmentation (Henderson
et al., 1990).

Microsatellites or simple sequence repeats (SSRs)
are molecular markers commonly used for population-
level studies because they are co-dominant, biparen-
tally inherited and generally exhibit high levels of
allelic diversity (Chase, Kesseli & Bawa, 1996;
Powell, Machray & Provan, 1996). These molecular
markers can help to understand the biological fea-
tures and the evolutionary history of a particular
taxon (Fernandez-Silva et al., 2013). Recent examples
of how SSRs have had a direct application for
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Table 1. Demographic and geographical data of populations of Pseudophoenix

Estimated no. of individuals

Species and population number® Seedlings Juveniles Adults Total Protected area
P, lediniana*®
1 (Jacmel, HA) 0 2 71 73 None
P. ekmaniit
2 (Sabana del Algodén, DR) 105 1550 820 2475 Parque Nacional Jaragua
3 (Trudillé, DR) 324 517 205 1046 Parque Nacional Jaragua
4 (Isla Beata, DR) 59 59 211 329 Parque Nacional Jaragua
P. vinifera
5 (Martin Brunito, DR) 230 80 300 610 Monumento Natural Las Caobas
6 (Jimani, DR) 0 160 300 461 None
7 (Loma Charco Azul, DR) 520 40 350 910 Reserva Biolégica Loma Charco Azul
8 (Cabral, DR) 10 36 60 106 None
9 (Bahia de Ocoa, DR) 0 4 120 124 None
10 (Gurabo, DR) 300 20 150 470 None
11 (Esperanza, DR) 90 2 60 152 None
Pseudophenix sp. indet.
12 (Puerto Plata, DR) 5 20 9 34 None
P. sargentii
13 (Montpeller Pond, TC) 150 125 50 325 None
14 (Palmilla, DR) 0 69 34 103 Parque Nacional del Este
15 (Isla Saona, DR) 100 100 37 237 Parque Nacional del Este
16 (Antena, Mona Island) 2 8 4 14 National Natural Landmark of Mona
17 (Uvero, Mona Island) 2 0 22 24 National Natural Landmark of Mona
18 (Heights of Mero, DO) 0 0 70 70 None

Areas of origin are coded as HA, Haiti; DR, Dominican Republic; TC, Turks and Caicos Islands; DO, Dominica.

?Localities and area of origin are given in parentheses.

*Demographic information derived from Rodriguez-Pena et al. (2014).

TDemographic information derived from Namoff et al. (2011).

Caribbean endemic plants were reported for Ipomoea
L. (Geiger et al., 2014), Pinus L. (Pinaceae) (Sanchez
et al., 2014), Pseudophoenix (Namoff et al., 2011;
Rodriguez-Pena et al., 2014) and Zamia L. (Meerow
et al., 2012; Calonje et al., 2013). In these studies,
microsatellites have provided phytogeographic
insights (Meerow et al., 2012; Geiger et al., 2014;
Sanchez et al., 2014), have helped to define conserva-
tion management units for Critically Endangered
species (Calonje et al., 2013), revealed high levels of
inbreeding in threatened species (Namoff et al., 2011)
and documented genetic erosion (Rodriguez-Pena
et al., 2014).

In this study we present the results, based on SSR
data, of a population genetic study of Pseudophoenix
species that occur on Hispaniola. One of our goals was
to determine if the taxonomic differentiation reported
in this genus is also supported by molecular data.
Microsatellites were also used to investigate the
genetic structure and overall levels of genetic diver-
sity found in populations of this genus from Hispan-

iola. In addition, our study had conservation
implications as we explored relationships between
population size, conservation status in protected
areas and genetic diversity.

MATERIAL AND METHODS
STUDY SITES AND POPULATIONS

The study focused on localities from the Dominican
Republic (14 populations); however, samples from the
only known population of the Haitian endemic
P. ledinina were also included (Table 1, Fig. 1). The
sampled sites represent the whole distribution area of
the genus in the Dominican Republic. Three study
sites were located in the north (Populations 10 and 11
for P. vinifera, Population 12 for Pseudophoenix sp.
indet.), eight in the south-west (Populations 2—4 for
P. ekmanii, 5-10 for P. vinifera) and two in the south-
east (Populations 14-15 for P. sargentii). For P. vinif-
era, we sampled in protected areas (Population 5 from
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Monumento Natural Las Caobas and Population 7
from Reserva Biolégica Loma Charco Azul), unpro-
tected localities where the species still has large
numbers of individuals (Populations 6 and 10) and
unprotected sites that have been highly influenced by
human activities (Populations 8, 9 and 11). We could
not sample in Monumento Nacional Los Cacheos as
the best stands of P. vinifera from this protected area
were in remote localities that were difficult to access;
however, the Monumento Natural Las Caobas is adja-
cent to Monumento Nacional Los Cacheos and this
study included one population from this nature
reserve.

Samples of P ekmanii and P lediniana were
obtained from the DNA bank of Florida International
University (FIU) — Fairchild Tropical Botanic Garden.
These samples were previously used for two popula-
tion genetic studies focusing on these species (Namoff
et al., 2011; Rodriguez-Pefia et al., 2014); however,
these previous works were based on seven SSR loci.
For this study, we were able to obtain data for three
additional loci (see below). Although the focus of this
research was Hispaniola, samples of P. sargentii from
Dominica, Turks and Caicos Islands and Puerto Rico
were also examined (Table 1, Fig. 1). These additional
samples provided a wider biogeographical framework
for the project.

DNA AND DEMOGRAPHIC SAMPLING

For the molecular studies we collected plant material
from at least 25 adult plants per population wherever
this was possible. However, for some populations, we
obtained < 25 samples because population size was
small (i.e. Population 1 of P. lediniana and the two
populations of P. sargentii from Mona Island) or some
DNA isolations had a low yield (i.e. Population 14).
The number of sampled plants ranged between 12
(Population 16 from Mona Island) and 46 (Population
3 of P. ekmanii).

Demographic inventories were performed to quan-
tify the number of individuals in three plant classes:
(1) seedlings (plants with fewer than three leaves); (2)
juveniles (plants < 1.5 m in height); and (3) adults
(plants > 1.5 m in height). For the sampling per-
formed in the Dominican Republic, the number of
individuals that were tapped to prepare mabi de
cacheo were recorded (tapped individuals have a man-
made hole in the trunk right below the crown). Demo-
graphic studies for Mona Island included all the
individuals found in these populations (Santiago-
Valentin et al., 2012). Demographic data for
P. ekmanii and P. lediniana were reported by Namoff
et al. (2011) and Rodriguez-Pefa et al. (2014), respec-
tively. Demographic data for the remaining popula-
tions were based on initial censuses that covered c.

10% of each of the visited sites. These
data were subsequently extrapolated to the whole
population area; therefore, they represent estimates
from the actual populations.

DNA EXTRACTION AND AMPLIFICATION

Leaf samples were fast-dried in Drierite (W. A.
Hammond Drierite Co. Ltd) and then used for DNA
isolation with the DNeasy Plant Mini Kit (Qiagen)
following the manufacturer’s protocol. Liquid nitrogen
was used to disrupt the leaf tissues. Ten microsatel-
lite loci, originally developed for P sargentii by
Namoff et al. (2010), were used as molecular markers
for our study. For P. ekmanii, we were unable to
recover PCR products for locus pse3.34. Therefore,
subsequent data analyses that either combined all 18
populations or targeted the three populations of
P. ekmanii were based on only nine loci. PCR condi-
tions and amplification procedures followed the pro-
tocol described by Namoff et al. (2010). Samples were
run on an ABI 3130XL Genetic Analyzer (Applied
Biosystems) in the DNA core facility of FIU. Alleles
were visualized and scored using Peak Scanner V1.0
(Applied Biosystems).

DATA ANALYSES

Tests for genotyping errors, null alleles, stuttering
and large allele dropout were conducted with Micro-
Checker version 2.2.3 (Van QOosterhout et al., 2004).
The program GENALEX 6 v. 6.501 (Peakall &
Smouse, 2006, 2012) was used to quantify the number
of private alleles (n,) and number of identical geno-
type pairs (V). The average number of alleles per
locus (A), percentage of polymorphic loci (P), observed
heterozygosity (H,), expected heterozygosity (H.) and
the percentage of paired loci showing linkage disequi-
librium (LDL) in each population were calculated
with ARLEQUIN v. 3.5 (Excoffier, Laval & Schneider,
2005). Tests for the number of loci that deviated from
Hardy—Weinberg equilibrium (HWE) and the U-test
(Rousset & Raymond, 1995) for heterozygote defi-
ciency were run with GenePop v. 4.0 (Raymond &
Rousset, 1995; Rousset, 2008) using 10 000 Markov
chain Monte Carlo iterations (Guo & Thompson,
1992) for each population. Inbreeding coefficients (Fi)
were calculated for each population using FSTAT wv.
1.2 (Goudet, 1995). We also tested for a correlation
between population size and H, values using the
program Social Science Statistics (Social Science
Statistics, 2014).

Analysis of molecular variance (AMOVA) among
populations was obtained with ARLEQUIN. Values
for the diversity measure D.y (Jost, 2008) were
obtained with SMOGD (Crawford, 2010). This
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diversity index has been suggested to provide better
estimates for population differentiation than the G
(Nei, 1973) or Fy (Jost, 2008; Heller & Siegismund,
2009) indexes. The pairwise number of migrants (V)
per generation between populations was computed
with the program ARLEQUIN as an estimate of levels
of gene flow among populations.

Pairwise genetic distances among populations were
computed with POPULATIONS v. 1.2.30 (Langella,
1999) wusing Chord distance (Cavalli-Sforza &
Edwards, 1967). The resulting inter-population pair-
wise genetic distances were then used to construct a
neighbour-joining (NJ) tree with bootstrapping (resa-
mpling loci) based on 10 000 permutations. The NJ
tree was plotted using FigTree v. 1.4.0 (Rambaut,
2012).

The program STRUCTURE v.2.3.3 (Pritchard,
Stephens & Donnelly, 2000) was used to estimate the
genetic structure among populations. K values from 1
to 19 were simulated across 20 replicate runs of
1000 000 iterations after a burn-in of 100 000. The A%
method of Evanno, Regnaut & Goudet (2005), as
implemented in STRUCTURE HARVESTER (Earl &
vonHoldt, 2012), was used to determine the ‘true’value
of K across samples. Once the likely level of K was
estimated, a consensus Q-matrix from the 20 runs was
constructed using CLUMPP (Jakobsson & Rosenberg,
2007). Final results were visualized with DISTRUCT
(Rosenberg, 2004). Five different data sets were ana-
lysed with this Bayesian clustering algorithm. The
first one included data for all the individuals from the
18 populations but only had data for nine loci (locus
pse3.34 was excluded, see above). The second cluster
analysis was also performed for only nine loci, and it
included all individuals from the three populations of
P. ekmanii. All ten loci were included in the three
remaining data sets, and they were for: (1) the seven
populations of P. vinifera; (2) the six populations of
P. sargentii; and (3) the six populations of P. sargentii
and the only population of Pseudophoenix sp. indet.
The last analysis was conducted because the NdJ
network (see below) showed a close relationship
between P. sargentii and Pseudophoenix sp. indet.

To investigate whether a correlation exists between
genetic and geographical distances, Mantel’s tests of
matrix correspondence (Mantel, 1967) were con-
ducted with GENALEX. Pairwise chord distances
among populations were used for these comparisons
and they were computed with POPULATIONS. Three
different sets of populations were analysed, and they
were for P. ekmanii (three populations), P. sargentii
(six populations) and P. vinifera (seven populations).
Statistical significance for correlations was tested
with 1000 random permutations and a 95% confi-
dence interval (Smouse, Long & Sokal, 1986; Smouse
& Long, 1992).

RESULTS
DEMOGRAPHIC STUDIES

Demographic data for P.ekmanii and P lediniana
were presented by Namoff etal. (2011) and
Rodriguez-Pena et al. (2014), respectively, and are
not reported here. Pseudophoenix sargentii had the
widest distribution for the genus. For this species,
the population from Turks and Caicos had the
highest number of individuals (325). Populations
from three of the studied sites (those from Mona
Island and Dominica) had <71 individuals and
showed either no recruitment or low numbers of
juveniles and seedlings (Table 1). We could not count
seedlings for Population 14 because there were three
other species of palm growing in the same area, and
we were not able to discriminate among seedlings of
these palm species. The two largest populations of
P. vinifera were located in protected areas (Popula-
tion 7 at Reserva Biolégica Loma Charco Azul with
an estimate of 910 individuals and Population 5 at
Monumento Natural Las Caobas with 610 individu-
als). We could not locate any seedlings in Population
6, despite this being the population of P vinifera
with the third largest number of individuals (460).
The only known site of Pseudophoenix sp. indet.
(Population 12) had the third lowest number of indi-
viduals (34) among all the populations of Pseu-
dophoenix included in this study. Contrary to
original expectations, there were no dead individuals
in any of the populations that appeared to have been
tapped to produce mabi de cacheo.

GENETIC DIVERSITY

The final data matrix included genetic information for
454 individuals and had 1.7% missing data. Popula-
tion 4 (P. ekmanii from Isla Beata) and Population 14
(P. sargentii from the Dominican Republic) had the
highest proportion of missing data (9.6 and 4.7%,
respectively). Loci pse5.2 (3.7%) and pse7.26 (4.8%)
had the highest percentage of missing data. Allele
sizes ranged from 129 (locus pse3.34) to 479 bp (locus
pseb.2). The total number of alleles across all popu-
lations and loci was 243 with a mean population
value of 13.5 alleles (Table 2). Six of the populations
had no polymorphic loci. Just four loci were polymor-
phic for the Haitian endemic P. lediniana (Population
1). Population 13 (P. sargentii site from Turks and
Caicos) had the largest number of alleles per locus
(A =8.4), and the only population of P. lediniana had
the lowest value (A =1.7, Table2). We found 59
private alleles with an average value of n, = 3.3 per
population. Population 13 (P. sargentii locality on
Turks and Caicos) had the largest number of private
alleles (n,=9) and Population 18 (P, sargentii site
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Table 2. Pseudophoenix population genetic statistics; data are based on the analyses of ten loci except for P. ekmanii for

which nine loci were studied

Species and population® Origin P

np A Ho He Ngs Fis Nig LDL

P. lediniana

1 (21) Haiti 40
P. ekmanii
2 (25) Dominican Republic 100
3 (46) Dominican Republic 100
4 (25) Dominican Republic 77
P. vinifera
5 (30) Dominican Republic 100
6 (25) Dominican Republic 100
7 (30) Dominican Republic 100
8 (25) Dominican Republic 100
9 (25) Dominican Republic 90
10 (24) Dominican Republic 100
11 (25) Dominican Republic 100
Pseudophoenix sp. indet.
12 (26) Dominican Republic 100
P. sargentii
13 (25) Turks and Caicos 100
14 (19) Dominican Republic 100
15 (25) Dominican Republic 100
16 (12) Mona Island 80
17 (21) Mona Island 80
18 (25) Dominica 80

3 1.7 0.25 0.50 3 0.51 6 4
4 3.7 0.22 0.47 7 0.55 0 8
5 5.1 0.29 0.53 8 0.45 0 25
3 2.6 0.20 0.44 6 0.54 1 33
2 5 0.29 0.51 7 0.43 0 24
2 4.7 0.26 0.50 5 0.49 0 24
2 4 0.30 0.49 5 0.39 0 6
4 4.6 0.31 0.50 8 0.40 0 6
2 3.2 0.17 0.45 7 0.63 1 33
3 3.5 0.29 0.50 5 0.42 0 4
2 4.8 0.34 0.55 6 0.38 0 29
4 6.3 0.36 0.66 9 0.47 0 33
9 8.4 0.44 0.66 8 0.34 0 31
5 4.4 0.40 0.64 6 0.38 0 33
4 4.8 0.40 0.62 7 0.37 0 24
3 2.1 0.15 0.43 6 0.67 0 6
3 2.1 0.20 0.40 6 0.48 0 4
0 2.8 0.22 0.45 6 0.52 0 11

Population genetic statistics are coded as follows: P, percentage of polymorphic loci; n,, number of private alleles; A,
average number of alleles per locus; H,, observed heterozygosity; H., expected heterozygosity; n4, number of loci that
deviate significantly from HWE (P < 0.05); F, inbreeding coefficient; N;,, number of identical genotype pairs; LDL,

percentage of paired loci showing linkage disequilibrium.

“Number of sampled individuals are given in parentheses.

from Dominica) was the only locality that had none
(Table 2). Observed heterozygosity values ranged
between 0.15 (P. sargentii population on Mona Island)
and 0.44 (P. sargentii site on Turks and Caicos). There
was a positive correlation between observed heterozy-
gosity and population size; however, this relationship
was not significant (R? = 0.0212, P = 0.564).

The U-tests showed that all populations departed
significantly from HWE and displayed heterozygote
deficiency (mean H, value across all populations of
0.28 versus mean H. value across all populations of
0.52, Table 2). The average inbreeding coefficient
value among all populations was 0.43. The two
highest values for this coefficient were found in Popu-
lation 16 (P. sargentii from Mona Island, Fi; = 0.67)
and Population 9 (P vinifera from Bahia de Ocoa,
Fis = 0.63, Table 2). The two lowest Fs values were
exhibited by P. sargentii [Population 13 from Turks
and Caicos (Fs = 0.34) and Population 15 from Saona
Island (F}s = 0.37)].

Identical multilocus genotypes were detected only
in Populations 1 (P, lediniana, Niz = 6), 4 (P. ekmanii,

Nig=1) and 9 (P, sargentii, Ni; = 1). All populations
had at least four pairs of loci in linkage disequilib-
rium (Table 2). Populations 4 (P. ekmanii), 9 (P. vinif-
era), 12 (Pseudophoenix sp. indet.) and 14
(P. sargentii) had the largest percentage of paired loci
in linkage disequilibrium (LDL =33%). The three
sampling sites with the lowest proportion of paired
loci in linkage disequilibrium were found in P. ledini-
ana (Population 1), P. vinifera (Population 10) and
P. sargentii (Population 17) (LDL = 4% in these three
populations).

No evidence of large allele dropout was found in
any locus; however, the MICROCHECKER output
indicated that there was general homozygote excess,
suggesting the presence of null alleles. Although
these loci may have null alleles, the high proportion of
homozygotes detected in this study could also be the
consequence of genetic drift and high levels of auto-
gamy. As no locus had homozygote excess in all popu-
lations, we interpreted the MICOCHECKER results
as evidence for true homozygote excess instead of
presence of null alleles.
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GENETIC DIFFERENTIATION

The mean value for the diversity measure of Jost
(2008) across all populations was 0.75, suggesting
high differentiation among populations (Table 3).
However, there was a trend for D, values to be much
larger among populations from different species than
among conspecific populations. The highest D, value
was 0.98 and it was found between three populations
of P.ekmanii and P vinifera (Populations 2 and 5,
Populations 2 and 7, and Populations 4 and 7). The
lowest differentiation was found between Populations
14 and 15 of P. sargentii from the Dominican Republic
(Dest = 0.05).

Average N,, values were 0.99 for all the samples.
Highest N,, values were obtained among conspecific
populations located in close geographical proximity
(Table 3). The two highest values were between Popu-
lations 14 and 15 of P. sargentii from the Dominican
Republic (N, = 8.55) and Populations 2 and 3 of
P. ekmanii (N, =2.94). The third highest value for
this migration index was between the population of
Pseudophoenix sp. indet. and the population of P. sar-
gentii from Turks and Caicos (N, = 2.69).

The AMOVAs indicated that 24% of the genetic
variation is found among species. These analyses also
showed that 22% of the variation was found among
populations within species and 54% of the variation
within populations.

The result of the Mantel tests revealed that genetic
and geographical distance among populations were
significantly correlated both for P sargentii (R*=
0.6714, P=0.021) and for P vinifera (R*=0.694,
P =0.003) (Fig. 2). Correlation for the three popula-
tions of P ekmanii (R?*=0.503, P =0.334) was not
statistically significant; however, the analysis for this
species had a small sample size, limited to only three
pairwise comparisons.

POPULATION STRUCTURE

Global analyses of all populations

The NJ network recovered four groups that were
concordant with the current taxonomy (Fig. 3). The
only known site of Pseudophoenix sp. indet. was part
of the group that included the populations of P. sar-
gentii, and appeared closely related to the population
from Turks and Caicos.

The AK method of Evanno et al. (2005) suggested a
‘true value’ of K = 11 clusters across all 18 populations
of Pseudophoenix (Fig. 4). The results were consistent
with species delimitation; therefore, populations
shared genetic clusters within species but not among
species. Populations of P. lediniana, P. ekmanii and
Pseudophoenix sp. indet. grouped into one cluster
each. The six populations of P sargentii were
assigned to three different clusters. Individuals of this

species from Dominica mostly comprised the first of
these three clusters. Turks and Caicos samples were
largely assigned to the second cluster. Finally those
individuals of P. sargentii from Mona Island, Saona
and the main island of Hispaniola were mostly placed
in the third cluster. The seven populations of P. vin-
ifera were distributed into five clusters. Samples from
Populations 5, 7 and 8 primarily belonged to one
cluster each, and little admixture was detected among
them. These three clusters contributed little to the
genotypes of the four remaining populations of P. vin-
ifera. Samples from the two localities of this species
from northern Dominican Republic (Populations 10
and 11) were predominantly assigned to another
cluster, as was also the case for individuals from
southern Dominican Republic (Populations 6 and 9).

Separate species analyses

When the Bayesian clustering analysis was run indi-
vidually for each species, similar results were
obtained only for P. sargentii (optimal K = 3, Fig. 4B)
and P. vinifera (optimal K = 5, Fig. 4D). However, the
Evanno method identified an optimal K = 3 from the
analysis of the data matrix that combined samples of
P. sargentii and Pseudophoenix sp. indet. (Fig. 4C).
This analysis clearly supported a close genetic con-
nection between Pseudophoenix sp. indet. and P. sar-
gentii from Turks and Caicos. All members from these
two species were mostly assigned to a single cluster.
Cluster membership for the remaining five popula-
tions of P. sargentii followed the pattern detected in
the separate analysis that only targeted this species
(Fig. 4B).

Results from the Bayesian clustering analysis of
the P. ekmanii samples (optimal K = 4) (Fig. 4E) were
different from those found in the analysis of the 18
populations (Fig. 4A). The separate analysis showed
that samples from Populations 2 and 4 of P. ekmanii
were mostly each assigned to a different cluster
(Fig. 4E). The two remaining clusters were primarily
confined to Population 3, but they included admixture
between them.

DISCUSSION
GENETIC DIVERSITY AND DIFFERENTIATION

There is a general assumption that smaller popula-
tions tend to harbour lower genetic diversity than
larger ones (Oostermeijer, Luijten & den Nijs, 2003).
The results of this study did not concur with this
prediction as there was not a clear association
between population size and genetic diversity esti-
mates. These unexpected results might be the conse-
quence of relatively recent habitat fragmentation or
population size decline coupled with the life-cycle
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Figure 2. Relationship between pairwise geographical distances and chord genetic distances of Cavalli-Sforza & Edwards
(1967) among populations of Pseudophoenix vinifera and P. sargentii.

features of Pseudophoenix. Although no data concern-
ing the environmental history of the targeted popu-
lations were gathered for this study, it is well known
that since the 15th century, the Caribbean Islands,
particularly the Dominican Republic, have experi-
enced extensive habitat fragmentation and forest
clearance associated with rapid human developments
Sambrook, Pigozzi & Thomas, 1999; Alscher, 2011).
Currently, the Caribbean Islands rank third in
human population density among the Biodiversity
Hotspots (Cincotta, Wisnewski & Engelman, 2000).
Between 1990 and 2010, the Dominican Republic
experienced an average annual human population
growth of 1.65%, which is one of the highest rates for
the Western Hemisphere (Anonymous, 2013). Indi-
viduals of Pseudophoenix have long life cycles with an
estimated reproductive age of 57 years (Duran, 1995).
It has been suggested that long-lived organisms will
show the negative impact of genetic drift on genetic
diversity only after several hundred years because
they have long generation times and overlapping
cohorts (Amos & Balmford, 2001; Glémin, Bazin &
Charlesworth, 2006; Duminil et al., 2007; Duminil,
Hardy & Petit, 2009).

Overall, the analysis of population genetic struc-
ture supported high genetic differentiation, low

genetic diversity within populations and high
inbreeding coefficients. For P. sargentii and P. vinif-
era, the isolation-by-distance analysis showed that as
geographical distance increases, genetic similarity
decreases. This tendency was stronger in P. sargentii,
probably because of the larger geographical distances
among populations in this species, encompassing
several islands. The D, values supported higher dif-
ferentiation among species than within populations of
the same species. Likewise, the number of migrants
(N,,) was low among species, but high among popula-
tions of the same species. These results suggested
that gene flow is more relevant in conspecific popu-
lations than among populations belonging to different
species. These results indicate that there is limited
interspecific hybridization in the genus.

In four pairwise comparisons, populations from dif-
ferent islands displayed little genetic differentiation.
The two most relevant examples were found between
the main island of Hispaniola and its small satellite
islands of Beata (Population 2 vs. Population 3 of
P. ekmanii) and Saona (Population 14 vs. Population
15 of P. sargentii). Pairwise D,y values for these two
population comparisons were the lowest detected in
the study. In addition, their N,, scores were among
the highest in the analysis. The islands of Beata and

© 2014 The Linnean Society of London, Botanical Journal of the Linnean Society, 2014, 176, 469-485

20z Atenuer 2| uo 1senb Aq £0G91 ¥Z/69%/¥/9. L /8[0IE/UBBUUINOG/WOO"dNO ILISPEdE//:SAlY WO} POPEOJUMOQ



PSEUDOPHOENIX (ARECACEAE) SSRs 479
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Figure 3. NJ network [based on chord distance of
Cavalli-Sforza & Edwards (1967)]. It shows the genetic
relationships among 18 populations of Pseudophoenix from
nine microsatellite loci. Branch lengths are proportional to
distances and bootstrap supports for recovered clusters are
also indicated. All populations are from Hispaniola except
where indicated.

Saona are 29 and 13 km away from the main island of
Hispaniola, respectively. It is likely that both of them
were connected to the current Hispaniola during the
last glacial period (~12 000 years ago) because of the
shallow waters (< 15 m) of the straits that separate
them (UASD, 2002a, b). High gene flow cannot be
ruled out as an evolutionary mechanism to account
for the little differentiation shown by these popula-
tions; however, more likely scenarios include recent
vicariance events engendered by sea-level rise during
the Holocene. Little inter-island genetic differentia-
tion was also detected among: (1) populations of
P. sargentii from Hispaniola and those from Mona
Island; and (2) the population of P. sargentii from
Turks and Caicos and that of Pseudophoenix sp. indet.
from the northern Dominican Republic. Deep waters
separate these two islands from Hispaniola, and thus
they were not connected to the latter during the last
glacial period. Hydrochoric dispersal could explain
the high N,, and low D, values exhibited in these two
inter-island population comparisons. Between the
Late Eocene and Mid-Miocene (33-16 Mya) there
were land bridges between Puerto Rico and Hispan-

iola (Iturralde-Vinent & MacPhee, 1999). It could
be argued that the low genetic differentiation
detected between populations of P sargentii from
Puerto Rico and Hispaniola is the result of vicariance.
However, we would expect that such an ancient
vicariance disjunction would have resulted in much
higher D.+ scores among these distant populations.
Therefore, the low genetic differentiation values
between these sites appear to be the result of recent
migration events.

The inbreeding coefficients across all the popula-
tions were high and significant. Contrary to initial
expectations, Fj; values were highly positive even in
those sites that had a high number of individuals. It
is well known that small isolated populations are
more likely to have high levels of inbreeding as a
consequence of drift, limited gene flow and a higher
frequency of mating among relatives (Leimu et al.,
2006; Herron & Freeman, 2012); however, in our
study both small and large populations showed evi-
dence of inbreeding and reduced genetic diversity.
Several studies show that population genetic struc-
ture is influenced not only by genetic drift and migra-
tion, but also by breeding systems and their
associated patterns of reproductive biology (Young,
Boyle & Brown, 1996). Genetic drift is a strong evo-
lutionary force in small populations, but almost insig-
nificant in large populations (Ouborg, Vergeer & Mix,
2006), and its effect is greatly diminished in species
with long generation times (Amos & Balmford, 2001).
According to Duminil et al. (2007), mating system is
one of the major factors that influence the population
genetic structure of any plant species. Breeding
systems will have a strong effect on population
genetic structure regardless of population size and
age (Herron & Freeman, 2012). It is expected that
inbreeding species will show high genetic differentia-
tion among populations, low within-population
genetic diversity and high levels of inbreeding, even
in large populations (Hamrick & Godt, 1996) such as
we found in Pseudophoenix.

No studies have been conducted pertinent to the
reproductive biology and breeding systems of Pseu-
dophoenix (Barfod, Hagen & Borchsenius, 2011). In
subfamily Ceroxyloideae, Pseudophoenix is the only
genus with hermaphroditic flowers and therefore with
the potential for self-fertilization (Dransfield et al.,
2008). In addition, isolated individuals of the genus
have been found to produce seeds, suggesting that
they are self-compatible (S. Zona, pers. comm.). The
high F values found across all of the populations
sampled for this study suggest that these casual
observations from botanic gardens might confirm that
self-pollination is an important feature of the repro-
ductive biology of this genus and could explain the
high levels of inbreeding shown by the results.
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Figure 4. STRUCTURE analyses for individuals from populations of Pseudophoenix. Colour and box sizes indicate the
cluster type of each individual and the number of plants sampled per population. The vertical lines indicate the
probability that each individual belongs to an inferred cluster. A, analysis for the 18 populations included in the study.
B-E, analyses of four separate data sets as indicated in each insert. F, geographical distribution of the 18 populations.
STRUCTURE analyses for A and E were based on nine microsatellite loci; for the remaining analyses (inserts B, C and

D) the data were generated from ten microsatellite loci.

Another population genetic study of Caribbean
Island plants based on SSRs also reported low levels
of genetic diversity and high Fi, values. This work
concerned populations of Ipomoea microdactyla
Griseb., a self-incompatible species (Geiger et al.,
2014). In this case, the authors attributed the reduced
levels of genetic diversity and significantly high
inbreeding coefficients to genetic drift and mating
among relatives. This example involved species with
reduced population size in a highly fragmented
habitat.

TAXONOMIC IMPLICATIONS

Results from the Bayesian and NJ cluster analyses
were consistent with the current taxonomy of the

genus as published by Zona (2002). Additionally, no
indication of admixture between populations belong-
ing to different species was found. The NJ tree
showed that the vast majority of the populations
grouped according to their current taxonomic assign-
ment. Population 12 (Pseudophoenix sp. indet.)
formed a cluster with P. sargentii from Turks and
Caicos (Fig. 3). This cluster was part of another group
that included all of the populations of P. sargentii
(Fig. 2).

Zona (2002) was unable to assign plants of Pseu-
dophoenix from the northern Dominican Republic (i.e.
Pseudophoenix sp. indet.) to any particular taxon,
indicating that further studies were needed to clarify
the taxonomic placement of this unique morph that is
the only one growing on serpentinite soils. Zona’s
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(2002) morphological studies showed that plants
belonging to Pseudophoenix sp. indet. have a combi-
nation of unique traits not found in any other species
of the genus. They include three-sided calyxes and
ovoid fruits (as in P. vinifera) and divaricating rachil-
lae (as in P. sargentii). However, his conclusion was
based on the study of a single herbarium specimen. A
full taxonomic and morphological study of Pseu-
dophoenix is beyond the scope of this paper. However,
systematic studies are in progress to clarify the place-
ment of this enigmatic morph and determine its spe-
cific identity (R. A. Rodriguez-Pena & S. Zona,
unpubl. observ).

Our study had a limited sampling of populations of
P. sargentii, and therefore we cannot infer robust
population genetic conclusions pertinent to this
species and its relationships with Pseudophoenix sp.
indet. Clearly, future studies should include samples
of P. sargentii from Cuba, the rest of the Bahamas,
the Yucatan Peninsula and Florida to gain a complete
understanding of population genetic structure and
relationships in the genus.

Our results indicated that microsatellite markers
have taxonomic value and can be useful for species
delimitation. SSRs are not believed to be good molecu-
lar markers for phylogenetic reconstructions, as there
are uncertainties concerning their mutation model
(Jarne & Lagoda, 1996).

Microsatellite markers have been widely used in
palm population genetic studies (e.g. Kaneko, Kondo
& Isagi, 2011; Nazareno, Zucchi & dos Reis, 2011;
Abreu et al., 2012; Menezes et al., 2012; Ramos et al.,
2012; Cibrian-Jaramillo et al., 2013), but these works
have mostly focused on research pertinent to popula-
tion genetic diversity, genetic conservation and
genetic structure. Two particular studies have used
these markers to address taxonomic questions. The
first one concerned Phoenix atlantica A.Chev., and
results supported this Cape Verde endemic as a dis-
tinct species, clearly differentiated from P. dactylifera
L. (Henderson, Billotte & Pintaud, 2006). The second
was conducted by Bacon et al. (2012), who analysed
microsatellites and DNA nucleotide sequence data to
investigate species boundaries in Pritchardia Seem.
& H.Wendl in Hawaii. However, the authors failed to
reach robust conclusions because of rampant inter-
specific hybridization.

CONSERVATION IMPLICATIONS

Not all the species and sites included in this study
are located inside protected areas. For instance, all
of the populations of P. ekmanii are protected in the
Jaragua National Park, whereas the only known
population of P. lediniana is found on private land
and is not the subject of any in situ conservation

initiative (Rodriguez-Pena et al., 2014). Concerning
P. vinifera, the populations from the northern area of
the Dominican Republic are not protected, but two of
the populations from southern Dominican Republic
are located inside the nature reserves of Monumento
Natural Las Caobas or of Reserva Biolgica Loma
Charco Azul. The P. sargentii populations from Mona
Island and the Dominican Republic are also found on
protected areas. However, no in situ conservation
actions have been developed for Pseudophoenix sp.
indet. and P. sargentii from the Dominican Republic
and Turks and Caicos, respectively. Field observa-
tions found that all of the populations that are
located outside nature reserves (except for Popula-
tion 6 of P vinifera on Jimani) have a reduced
number of individuals and occur in areas with
human disturbance in a highly fragmented habitat.
The two populations on Mona Island are the only
ones that thrive inside a protected area that have
severely reduced population sizes of 14 and 24 indi-
viduals.

Among the species of the genus, P. lediniana and
Pseudophoenix sp. indet. should have the highest
priority for conservation because they are restricted
to a single population each and have a small number
of individuals. The extremely reduced levels of genetic
diversity in the only population of P lediniana
(Rodriguez-Peiia et al., 2014) stress the importance of
having an in situ conservation action plan for this
species. Contrary to initial expectations, the sole
population of Pseudophoenix sp. indet. had relatively
high H, values, 100% polymorphic loci and the second
highest average number of alleles per locus among all
the populations included in the study. This case high-
lights the lack of association between genetic diver-
sity estimates and population size found during our
research.

The lack of clear relationships between levels of
genetic diversity and population size (see above) was
also detected when comparisons were made between
protected and unprotected sites. Contrary to what
was anticipated, protected areas do not harbour most
of the genetic diversity of the genus. Possible reasons
for these results are the recent creation of these
protected areas. Established in 1975, the Parque
Nacional del Este is the oldest of the protected areas
of the Dominican Republic where Pseudophoenix
occurs (Hernandez, Bautista & Schubert, 1990). In
addition, it has been indicated that some of the pro-
tected areas of the Dominican Republic often have
poor conservation enforcement and are under severe
anthropogenic pressure by local communities who
exploit these forests (Powell & Inchaustegui, 2009).
The nature reserve of Mona Island was created in
1919 (Sastre de Jesis & Santiago-Valentin, 1996);
however, this island has serious problems with feral
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goats and pigs, both of which are extremely detrimen-
tal to the native flora (Griffith etal., 2012
Santiago-Valentin et al., 2012).

Overall, the results support isolation-by-distance
for the study sites (see above); however, in one case
two populations of P. vinifera (at Jimani and Cabral
sites) that were geographically distant were more
similar than those that were geographically close. The
unexpected similarity patterns for these populations
might well reflect past gene-flow routes and common
population ancestry that have been disrupted by
habitat fragmentation. It is suggested that future
conservation efforts should aim to maintain popula-
tion connectivity and increase population size, par-
ticularly targeting those populations where low
genetic diversity was detected.

Species delimitation is important for conservation
management (Frankham, Briscoe & Ballou, 2002).
Without a clear idea of what needs to be protected, it
is almost impossible to prepare sound conservation
action plans. The results of this study reinforce
species boundaries in Pseudophoenix and identify
taxa for which conservation actions are required
immediately.
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