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ABSTRACT

Aim The origins of the Cuban biota are of long-standing interest in
biogeography, and the source of a small live oak (Quercus series Virentes)
population on Cuba remains unresolved. Based on morphological evidence,
previous authors have hypothesized a Florida origin from either Q. geminata or
Q. virginiana or both; a Mexican origin from Q. oleoides; or a hybrid origin from
both sources. We use molecular data and taxonomically informative leaf
morphology to identify the source species and timing of colonization.

Location Cuba, Central America, Mexico and the south-eastern United States.

Methods We collected representative samples of Cuban oaks and each putative
source species and genotyped each sample at 12 nuclear microsatellites and two
chloroplast DNA sequences. We estimated population structure using a Bayesian
clustering analysis and F-statistics, pairwise migration rates among taxa, and
divergence time using an isolation-with-migration model. We measured seven
leaf traits and conducted an analysis of similarity (ANOSIM) to determine which
putative source species was most similar to Cuban oaks.

Results Cuban oak contains one chloroplast DNA haplotype, which is common
in southern Florida. Bayesian clustering analysis of microsatellites revealed that
the Cuban oak forms a distinct and pure population cluster, and F-statistics
showed that Cuban oaks are differentiated least from Q. virginiana and most
from Q. geminata. Migration rates were highest out of Cuba to Q. oleoides.
Molecular diversity, the ratio of allelic richness to allele size range, and effective
population size of the Cuban oak were relatively low, suggesting a founder effect.
Divergence time estimates fell entirely within the Pleistocene (628-6 ka),
considering a range of mutation rates and generation times. Cuban oaks were
morphologically most similar to Q. virginiana and least similar to Q. geminata.

Main conclusions Molecular and morphological data support a Pleistocene
dispersal of Q. virginiana from Florida to Cuba, followed by isolation and
divergence, then limited dispersal and introgression from Cuba to Q. oleoides in
Central America. Birds could have dispersed acorns to Cuba during a glacial
period when sea levels were low. These results highlight the varied origin of the
Cuban biota and the possible role of Pleistocene glaciations in the establishment
of temperate taxa in the tropics.

Keywords
cpDNA, Cuba, founder effect, morphology, nuclear microsatellites, over-water
dispersal, phylogeography, Quercus oleoides, Quercus sagraeana, Quercus
virginiana.
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INTRODUCTION

The origins and migration history of the Cuban biota are of
long-standing interest in biogeography (Wallace, 1881;
Darlington, 1938; Simpson, 1956). The Cuban flora is highly
diverse (> 6000 species), with ¢. 50% of species endemic to
Cuba (Borhidi, 1996). A high proportion of the flora in the
Cuban Archipelago (c. 45%) is shared with the Yucatan
Peninsula in Mexico (Chiappy-Jhones et al., 2001), suggesting
direct exchange of populations between the two areas during
geological periods when they may have been briefly connected
or by over-water long-distance dispersal (Coney, 1982; Iturr-
alde-Vinent, 1982, 1988; Briggs, 1984; Hedges et al., 1992). An
intercontinental Yucatan—Cuba land bridge during the late
Miocene and early Pliocene (c. 11.6-3.6 Ma) has been hypoth-
esized to explain the migration of freshwater fish to Cuba
(Rivas, 1958; Doadrio et al., 2009), although geological
evidence for this connection is lacking (Iturralde-Vinent,
2006). Even in the absence of a land bridge, over-water
dispersal may have been facilitated by past and present ocean
currents proceeding northwards through the Yucatan Channel
around western Cuba, and then eastwards through the Straits
of Florida. Western Cuba also has floristic affinities with the
Florida Peninsula (Chiappy-Jhones et al., 2001), indicating
exchanges between these regions, although these are less
prevalent. No land bridge has existed between Cuba and
Florida for at least the last 35 Myr (Iturralde-Vinent &
MacPhee, 1999), and thus dispersal by birds or hurricanes
could explain floristic similarities. Finally, a strict vicariance
model for the development of the Antillean biota would have
been possible through the movement of a proto-Antillean
Cretaceous land mass in Central America that subsequently

fragmented and dispersed eastwards in the early Cenozoic
(Rosen, 1975; Savage, 1982).

Phylogenetic analyses of Cuban plant taxa suggest a variety
of origins, including vicariance, dispersal from eastern North
America, dispersal from Mexico or Central America, and
dispersal from South America (Santiago-Valentin & Olmstead,
2004; Graham, 2010). Overall, over-water dispersal has played
a prominent role in speciation and community assembly on
the Caribbean islands (Calsbeek & Smith, 2003; Graham, 2003;
Negron-Ortiz & Watson, 2003; Liu et al, 2004; Glor et al,
2005).

The source, identity and coherence of the single oak
(Quercus) population on Cuba remain unresolved areas of
controversy and speculation, addressed only by morpholog-
ical evidence to date (Fig. 1). The entire Cuban oak
population is confined to the western province of Pinar del
Rio. Phylogenetically, it falls within a small monophyletic
lineage of evergreen or brevideciduous live oaks, section
Quercus series Virentes (Muller, 1961; Nixon, 1985; Manos
et al., 1999; Cavender-Bares et al, 2004; Pearse & Hipp,
2009). The live oaks span the tropical and temperate zones
from the south-eastern USA, where three species are found
(Q. virginiana, Q. geminata and Q. minima), throughout
Mexico and Central America to north-western Costa Rica,
where Q. oleoides occurs. The Cuban oak was first described
by Nuttall (1842) as Quercus sagraeana based on the
specimen collected by R. de la Sagra. Using the same
specimen, but apparently unaware of the original name,
Richard (1853) named the Cuban oak Q. cubana. Trelease
(1924) did not view Q. sagraeana as a species in its own right
but as a variety of Q. virginiana. He proposed the name
Q. virginiana var. sagraeana, implying a Florida origin.

Figure 1 Quercus sagraeana, the lone oak species on Cuba, is found only in the western province of Pinar del Rio, where these photos were
taken. (a) Large mature tree, (b) close-up of leaves, and (c) leaves of a different individual, demonstrating the variability in leaf morphology.

Photo credit, J. Cavender-Bares.
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Muller (1961) renamed it Q. oleoides var. sagraeana, hypoth-
esizing that the Cuban oak population was a subspecies of
Q. oleoides, originating from the Yucatan region of Mexico as
recently as the Pliocene, but with introgression from
Q. geminata coming from Florida (Muller, 1955). He viewed
the morphologically variable, highly ‘heterozygous’ Cuban
population as a hybrid swarm that had stabilized and was
distinct from the other live oaks of the series Virentes. Based
on high leaf morphological variation in Cuban populations,
Lopez-Almirall (1979) supported Muller’s hypothesis of a
hybrid origin of the Cuban oaks but assumed that the source
population from Florida was Q. virginiana rather than
Q. geminata. Nixon (1985) generally concurred with Muller’s
(1955) perspective of a largely Mexican origin for the Cuban
oaks with some introgression from Q. geminata in Florida,
and hypothesized long-distance dispersal by passenger
pigeons (Ectopistes migratorius) because viable acorns do
not float in sea water. Although Quercus fossils are known
from as far back as the late Miocene on the Gulf Coast of
Mexico (Graham, 1975) and the Eocene in the south-eastern
USA (Graham, 1964), none is known in Cuba (Graham,
2003; Peros et al., 2007).

Origins of the North American oaks (Manos et al., 1999;
Manos & Stanford, 2001) post-date the timing of a proto-
Antillean land mass connection with Central America (Pindell
& Barrett, 1990; Iturralde-Vinent, 2006). The possibility of a
vicariant origin of the Cuban oaks can thus be ruled out, as
concluded by previous authors (Muller, 1955; Nixon, 1985).
Three distinct scenarios emerge for the origins, timing of
colonization, and migration of the live oaks to and from Cuba;
these are variously supported by previous authors based on the
distributions and morphological similarities of species within
the group.

1. A Mexican origin with migration of Q. oleoides to Cuba
from the Yucatan.

2. A Florida origin with migration of either Q. virginiana or
Q. geminata, or both, to Cuba.

3. Colonization from both Mexico and Florida with intro-
gression in Cuba.

In the absence of land bridges, over-water dispersal of
acorns by birds, or more recently humans, could have
occurred, especially during periods of low sea level during
Pleistocene glaciations (Nixon, 1985). The earliest people are
thought to have inhabited the region 6 ka (Rouse & Allaire,
1978; MacPhee et al., 2007). Like many Native Americans (e.g.
Jacknis, 2007), indigenous Cubans probably used acorns as a
food source, suggesting that oaks could have dispersed as a
crop.

In the present study, we sampled all known subpopulations
of the Cuban oak and representative populations from each of
its three putative source species (Q. oleoides, Q. virginiana,
Q. geminata). We present the first molecular evidence to test
hypotheses about (1) the integrity of the population as a
species in its own right (Q. sagraeana), and (2) the origins and
migration history of the population. We also conducted
analyses of leaf morphology of the Cuban oaks relative to
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putative source populations in Florida, Mexico and Central
America.

MATERIALS AND METHODS

Sampling

We analysed a representative range-wide sample of Cuban oaks
(M50 = 40, ngee = 5) and each of the three putative source taxa
(Q. oleoides, mn;ng = 66, ng =8 Q. virginiana, ning = 52,
Ngte = 135 Q. geminata, Ming = 24, nge = 4; section Quercus
series Virentes) (Fig. 2; see Appendix S1 in Supporting Infor-
mation). As outgroups, we also sampled representative indi-
viduals of another live oak (Q. fusiformis), a white oak
(Q. alba; section Quercus), two red oaks (Q. buckleyi and
Q. ellipsoidalis; section Lobatae), and an intermediate oak
(Q. chrysolepis; section Protobalanus). Samples were shipped or
carried to the University of Minnesota and stored at —80 °C,
and pressed herbarium vouchers were made for each sample.

DNA preparation

Total genomic DNA was extracted using DNeasy Plant Mini Kits
(Qiagen, Valencia, CA, USA) according to the manufacturer’s
protocol. We amplified 12 nuclear microsatellite (nSSR) loci
from seven chromosomes: QpZAG1/2, QpZAG1/5, QpZAG9,
QpZAG15, QpZAGle, QpZAG36, QpZAG46, QpZAG102,
QpZAG108, QpZAG110 (Steinkellner et al., 1997); QrZAGI1,
QrZAG30 (Kampfer et al., 1998). Nuclear SSR data for the three
putative source taxa came from Cavender-Bares & Pahlich
(2009) and Cavender-Bares et al. (2011). Two chloroplast DNA
(cpDNA) regions were sequenced: a portion of the trny YA~
trnEYYC—trnTOCY (1rnDCYVC—trnTCCY) region (Cavender-Bares
et al., 2011) and the rpl32—trnLUAG region (Shaw et al., 2007).
Because cpDNA is maternally inherited, haploid, and non-
recombining, these sequences were concatenated for each
individual. A parsimony network with insertion—deletions
coded as a fifth state and ignoring poly-A repeats was
constructed in tcs 1.21 (Clement et al., 2000).

Genetic diversity and neutrality

All analyses were performed pooling samples within taxa. We
measured genetic diversity for each species as heterozygosity
(Hg) for nSSRs and as haplotype diversity (h) for cpDNA
sequences in ARLEQUIN 3.5 (Excoffier et al., 2005a). For each
locus, we tested the assumptions that we made in our analyses
below. For nSSRs, we tested selective neutrality using the
Ewens—Watterson homozygosity test (Ewens, 1972; Watterson,
1978; Slatkin, 1994, 1996) implemented in PyPor 0.7.0
(Lancaster et al., 2007), linkage equilibrium using a likelihood
ratio test comparing models with and without association
among loci (Slatkin & Excoffier, 1996), and constant popu-
lation size using M, the ratio of allelic richness to the allele size
range, which is expected to be below 0.68 under a bottleneck
(Garza & Williamson, 2001; Excoffier et al., 2005b). M was

3



P. F. Gugger and J. Cavender-Bares

Gulf of Mexico

+ Q. virginiana
+ Q. geminata
+ Q. oleoides

-100°

(e e 4 =
/ —— “__*—i—‘!i [ o i 35°
/ 7 o 2 North Carolina g £
[ UNITED STATES OF AMERICA A + B
I\,LL Y \ ) +_t|:+ =r"'
+ * i

0 125250 500 km
I N Y |
-80°

Figure 2 Map of species distributions of the live oaks (Quercus series Virentes), Quercus virginiana, Q. geminata, Q. oleoides and Cuban oak
in south-eastern USA, Mexico, Central America and Cuba based on herbarium data extracted from the Global Biodiversity Information
Facility portal (http://data.gbif.org/species). Sample sites for molecular analyses are shown as black stars; black stars with white points

are sites where morphological data were also measured. The continental limits during a Pleistocene glacial are shown in light grey

extending beyond modern limits.

chosen over tests of population bottlenecks based on hetero-
zygosity (e.g. Cornuet & Luikart, 1996) because it is expected
to be less sensitive to biases caused by pooling sample sites (e.g.
Wahlund, 1928) or by occasional genotyping errors caused by
null alleles. We tested nSSRs for the presence of null alleles
using MICRO-CHECKER 2.2.3 to identify loci with homozygote
excess (van Oosterhout et al., 2004). For cpDNA, neutrality
and constant population size were tested with Tajima’s D
(Tajima, 1989) and Fu’s Fs (Fu, 1997), and recombination was
tested with a four-gamete test (Hudson & Kaplan, 1985) in
DNASP 5.0 (Librado & Rozas, 2009).

Population structure

Population structure with admixture was estimated for nSSRs
using a Bayesian Markov chain Monte Carlo (MCMC)
clustering analysis in INSTRUCT 1.0 (Gao et al., 2007). We
ran three replicates, each with different random seeds, two
MCMC chains, 2,000,000 steps per chain, and 1,000,000 burn-
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in steps for 1-16 population clusters (K). Although INSTRUCT
can estimate the ‘optimal’ K using the deviance information
criterion (DIC), we were most interested in the uppermost
hierarchical level of population structure that delineated the
three putative source species. Unlike other similar clustering
algorithms (Pritchard et al., 2000), INSTRUCT does not assume
Hardy—Weinberg equilibrium within loci. Results were visu-
alized using pisTrRUCT 1.1 (Rosenberg, 2004) and ArcGIS 9.3
(ESRI, Redlands, CA, USA).

We also estimated global and pairwise genetic differentiation
among Cuban samples and putative source species (samples
pooled for each taxon) using Rgr (Slatkin, 1995) and Fsr for
nSSRs in GENALEx 6.1 (Peakall & Smouse, 2006) and Ngp and
Fsr for ¢cpDNA sequences using DistoN 1.0 and PermuT-
CPSSR 2.0 (Pons & Petit, 1996). Rsr and Nt are analogous to
Fsr, but, in addition to allele frequency differences, they
consider mutational distance among alleles under a stepwise
mutation model (SMM) (Ohta & Kimura, 1973) and using the
uncorrected number of nucleotide differences, respectively.
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Gene flow

We used a MCMC maximum likelihood approach for estimat-
ing bidirectional gene flow rates as the number of migrants per
generation (N.m) among all pairs of taxa (three putative source
taxa and Cuban population) using MIGRATE-N 3.2.6 (Beerli &
Felsenstein, 1999, 2001). All runs used 10 short chains of 10,000
recorded genealogies and four long chains of 100,000 recorded
genealogies with a sampling increment of 50-100 and a burn-in
0f 20,000 genealogies. An unweighted pair-group method using
arithmetic averages (UPGMA) starting tree and static heating
with default temperatures were selected. Nuclear SSR data were
run assuming a Brownian motion approximation of the SMM,
and cpDNA data were run assuming the F84 model of sequence
evolution (Felsenstein & Churchill, 1996). Runs were replicated
with different random seeds at least five times for each marker
type to ensure convergence.

Divergence time and effective population size

Divergence time among each putative source species and the
Cuban population as well as effective population sizes were
estimated using an isolation-with-migration model in IMa
version 12/19/2009 (Hey & Nielson, 2007). To ensure conver-
gence, we compared three replicate runs (ESS > 50) of 40
geometrically heated chains (g3 = 0.8, g =0.9) with a
10,000,000-step burn-in followed by > 20,000,000 steps. We
estimated the maximum values for priors drawn from a
truncated uniform distribution on the basis of short preliminary
runs (Won & Hey, 2005). We assumed a Hasegawa—Kishino—
Yano (HKY) model (Hasegawa et al., 1985) of evolution for
sequences and a SMM for microsatellites (Ohta & Kimura,
1973). Gene flow estimates were not trusted because simulations
have shown that those estimates can be severely biased when not
all interbreeding populations are included, as is the case in our
pairwise approach (Strasburg & Rieseberg, 2010). The effect on
divergence time estimates, however, is expected to be minimal.

To convert the model estimate of divergence time to
demographic units, we considered a range of mutation rates
and generation times. For cpDNA, we calculated a mutation rate
for our locus by dividing the Jukes & Cantor (1969) corrected
sequence divergence rate per base pair among red oaks and
white oak/live oaks by two times the estimated divergence time
of the sections (c. 40 Ma) (Daghlian & Crepet, 1983; Crepet &
Nixon, 1989; Manos et al., 1999). For nSSRs, we considered
published rates ranging from 1.76 x 10™* per generation in
tomatoes (Solanum lycopersicum; Azaiez et al., 2006) to
8.8 x 107 per generation in Arabidopsis thaliana (Marriage
et al., 2009). Per-generation nSSR mutation rates were con-
verted to per-year rates considering mean generation times in
live oaks of 100-220 years (Cavender-Bares et al., 2011).

Morphological analysis
A large subset of sites was investigated for morphological

variation (Fig. 2; see Appendix S1): most samples of Q. vir-
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giniana and Q. geminata from Florida, all samples of Q. oleo-
ides from Belize, Honduras, and Veracruz, Mexico, and all
Cuban samples. We measured taxonomically informative leaf
morphological traits important in distinguishing the three
putative source taxa (Muller, 1961; Kurz & Godfrey, 1962;
Nixon & Muller, 1997; Cavender-Bares & Pahlich, 2009); these
included the following.

1. Rugose venation (0 = no, 0.5 = moderate, 1 = extreme).
2. Revolute margins (0 = no, 0.5 = moderate, 1 = extreme).
3. Abaxial pubescence (0 = none or sparse fused-stellate hairs,

0.5 = intermediate density, 1 = densely pubescent, includ-

ing stellate and additional felted or erect hairs).

4. Midvein thickness at 1/3 distance between base of petiole
and tip of leaf relative to leaf area (mm mm™2).

5. Leaf mass per area (gm ) as a measure of ‘thick and
leathery’.

6. Leaf length to width ratio.

7. Leaf area (mm?).

Each trait was measured for three leaves per sample under a
dissecting microscope or in IMaGE] (Rasband, 2010) without
knowledge of taxonomic identity. Average values from the three
leaves for traits 4—7 were rescaled between 0 and 1, where 0 more
closely matched the taxonomic description of Q. virginiana/
Q. oleoides and 1 more closely matched that of Q. geminata. We
tested for statistically significant differences among putative
source species and Cuban oak using an analysis of similarity
(ANOSIM) of Bray—Curtis similarities of all traits implemented
in PrRiMER5 (Primer-E Ltd., Ivybridge, UK). ANOSIM is a
multivariate, nonparametric test based on the rank order of
matrix values (Clarke, 1993). Similarity percentage (SIMPER)
analysis was used to determine which traits contributed most to
differences among taxa; traits that distinguish taxa have a high
average contribution to Bray—Curtis dissimilarities among taxa
and are consistent across samples (low standard deviation). To
identify groups of individuals with similar morphological
characteristics, we also performed a hierarchical cluster analysis
using Bray—Curtis similarities in PRIMER5.

RESULTS

Genetic diversity and neutrality

No cpDNA variation was found in Cuban oak, and its
chlorotype (C1) was also common in Q. virginiana and
Q. geminata in southern Florida and present in two Q. oleoides
individuals in Belize (Fig. 3a) (GenBank accessions JF506259—
JF506632). Two deeply divergent chlorotype clades were shared
among Q. virginiana and Q. oleoides, but the centre of diversity
for clade C1-C8 was Florida and the centre of diversity for clade
C9-C16 was Mexico and Central America. Among Q. virgin-
iana and Q. geminata, chlorotype depends more on location
than on species (Fig. 3a), with an introgression ratio, IG = 0.91,
when considering all sympatric sites as a single population
(Belahbib et al., 2001). IG is a relative measure ranging from 0
to 1 of how often sympatric species share haplotypes locally.
The ‘outgroups’ Q. alba and Q. fusiformis also shared chloro-



P. F. Gugger and J. Cavender-Bares

(@)

Q. ellipsoidalis

Q. chrysolepis Q. buckleyi

0 125 250 500 km
N NS AT N 1 Y |

(b)

Q. geminata

Q. virginiana

Cuban oak

e

Q. oleoides

y/
,

Figure 3 (a) Map of south-eastern USA, Mexico, Central America and Cuba showing the sample sites of the live oaks, Quercus virginiana,
Q. geminata, Q. oleoides and Cuban oak, coloured according to cpDNA haplotype in proportion to frequency. A parsimony network is inset.
(b) Map of sample sites of the same four live oak species coloured according to four INSTRUCT clusters with admixture plot. Quercus

geminata samples are shown in the ocean + 1.3° longitude of their actual location for comparison with Q. virginiana samples, which are
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shown on land at their true location.
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types with Q. virginiana (C10). Chloroplast DNA sequence data
did not deviate from neutral expectations according to D, but
there was evidence of a bottleneck in Q. virginiana according to
Fs. Finally, the four-gamete test detected no evidence of
intralocus recombination.

Four nSSR loci were discarded from subsequent analyses:
QpZAG46 and QpZAG108 for failure to amplify in Cuban and
some Belizean individuals, and QpZAG1/2 and QrZAG30 for
showing significant departures from neutral expectation after
Bonferroni correction for multiple tests (Ewens—Watterson,
P < 0.004). For the remaining eight nSSR loci, diversity was
high, but lowest in Cuban oak (Table 1). Mean M ranged from
0.19 in Cuban oak to 0.33 in Q. virginiana, suggesting
bottlenecks in all taxa (Table 1). micro-cHECKER flagged
three loci (QrZAG11, QpZAG15 and QpZAG102) as having
homozygote excess and thus possible evidence of null alleles.
However, M was consistently low across all eight loci, whether
or not they may have had null alleles and when estimated
within taxa or within individual sample sites. No pairs of loci
were consistently found to be in linkage disequilibrium across
taxa after Bonferroni correction.

Population structure

The three putative source species and Cuban oak samples were
distinguished at K = 4 (mean DIC = 10,057.7) (Fig. 3b). At

Origin of the Cuban oak

K =2 (DIC = 10,405.5), Cuban samples belonged to a cluster
more common in Q. oleoides but present in Q. virginiana and
Q. geminata (see Appendix S2). At K =3 (DIC = 10,057.7),
Cuban samples were delineated from a primarily Q. oleoides
cluster and a Q. virginiana/ Q. geminata cluster (Appendix S2).
The ‘optimal’ K =9 (DIC = 9797.3) resulted in Cuban oak
samples almost entirely assigned to one genetic cluster and the
three putative source species assigned to various nearly equal
mixtures of the other eight genetic clusters (Appendix S2).
Genetic differentiation among taxa was low, but significant
for nSSRs (Fsy = 0.024, Rgr = 0.09) and moderate for cpDNA
sequences (Fst = 0.374, Ngp = 0.509) (Table 2). By most
measures, Cuban oaks were least differentiated from Q. vir-
giniana and most differentiated from Q. geminata, and Cuban
oaks were more differentiated from mainland taxa than
mainland taxa were from each other. Although these differ-
ences were not that large, weak differentiation is common
among oak species (Petit et al., 1997; Zeng et al., 2010).

Gene flow

For nSSRs, migration between Cuban oak and mainland taxa
was modest (0.25 < Ngm < 0.51), and generally lower than
migration estimates among mainland taxa (Table 2). Gene
flow estimates were highest from Q. virginiana to Cuban oak
than from Q. oleoides or Q. geminata. Gene flow was slightly

Table 1 Sample size of individuals (N), mean number of nSSR alleles (A), mean nSSR heterozygosity (Hg), ratio of allelic richness to allele
size range (M), number of cpDNA haplotypes (ny,), haplotype diversity (h), Tajima’s D, and Fu’s Fs (the bold value indicates
significance after Bonferroni correction) for Cuban oak, Quercus virginiana (south-eastern USA), Q. geminata (Florida) and Q. oleoides

(Mexico and Central America).

Population N A Hg M 1y h D Fq
Cuban oak 40 7.9 0.73 0.19 1 0 - -

Q. geminata 24 11.5 0.75 0.25 3 0.52 1.2 1.4
Q. virginiana 52 14.4 0.80 0.33 7 0.76 1.3 9.9
Q. oleoides 66 14.1 0.81 0.32 11 0.84 1.6 6.9

Table 2 Global and pairwise morphological dissimilarity (R-statistic from ANOSIM) and molecular differentiation (Rsy, Nst and Fsr)
among Cuban oak, Quercus virginiana (south-eastern USA), Q. geminata (Florida) and Q. oleoides (Mexico and Central America). Bold

values were significantly different from zero after Bonferroni correction. N, and N.m, indicate mean population migration rates (effective

number of migrants per generation) into the first and second population listed in each pairwise comparison to the left and were esti-

mated from nSSRs across five independent runs of MIGRATE-N.

cpDNA nSSR
Morphology -_

Groups R Nst Fst Rsr Fsr Nem; N.m,
Global 0.514 0.509 0.374 0.090 0.024 - -
Cuban oak—-Q. geminata 0.787 0.579 0.612 0.087 0.157 0.25 0.30
Cuban o0ak-Q. oleoides 0.316 0.678 0.566 0.05 0.093 0.30 0.51
Cuban oak-Q. virginiana 0.15 0.239 0.528 0.055 0.086 0.40 0.35
Q. virginiana—Q. geminata 0.994 0.178 0.063 0.023 0.093 0.57 0.62
Q. virginiana—Q. oleoides 0.144 0.365 0.174 0 0.059 0.65 0.53
Q. oleoides—Q. geminata 0.987 0.668 0.313 0.009 0.114 0.56 0.46
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higher from Q. virginiana to Cuban oak than vice versa
(Nemyy 5 cy = 040;  Nemcy — vi = 0.35)  and  higher
from Cuban oak to Q. oleoides than the reverse
(Netnor, s cu = 0.30; Nemicy — or = 0.51). Preliminary sim-
ulations (P. Beerli, Florida State University, pers. comm.)
suggest that estimates of the directionality of migration based on
multiple loci should be robust to violating the assumption of
constant population size (i.e. bottleneck; Tables 1 and 3) and to
the assumption that shared genetic variation is not due to recent
divergence from a common ancestor. The magnitudes, however,
may be inaccurate. N estimates for cpDNA sequences did not
converge, even across longer runs with more heated chains.

Divergence time and effective population size

All divergence time estimates among putative source species
and the Cuban population fell within the Pleistocene
(Table 3). The Cuban oak—Q. virginiana split may have
occurred 628-6 ka, including the 90% highest posterior
density interval of estimates based on low mutation rate/long
generation time and high mutation rate/short generation time
(Table 3). Divergence time estimates among other taxa and
other details are given in Table 3. The scaled effective
population size estimate for the Cuban population is ¢. 15%
of Q. virginiana and 1.4% of their ancestor, supporting a
strong bottleneck.

The conversions of scaled divergence time estimates to
demographic units incorporated our cpDNA mutation rate
estimate of 1.27 x 107! bp™" year™! (+ 0.41 x 107'° bp™*
year™!), which we converted to a per-locus per-year rate for
IMa by multiplying by the sequence length of 1805 bp. Our
mutation rate estimates are similar to those calculated for rbcL
based on the divergence of Quercus and Castanea
(0.71 x 10710 bp_1 year_l; Frascaria et al,, 1993) and those
calculated based on only the trnY—trnE—trnT locus
(0.8 x 10710 bpf1 yearfl; Cavender-Bares et al., 2011).

Morphological analyses

Analysis of similarity showed global morphological differences
among species (R = 0.51, P < 0.0001). All pairwise compari-
sons among taxa were significant (Table 2), with Cuban oak
most different from Q. geminata (R = 0.79, P < 0.0001),
intermediately  different  from Q. oleoides (R = 0.32,
P < 0.0001), and least different from Q. virginiana (R = 0.15,
P < 0.001). The most important traits for distinguishing taxa
were as follows: for Cuban oak and Q. geminata, revolute
margins (contribution to dissimilarity = 31.2%) and rugose
venation (29.9%); for Cuban oak and Q. oleoides, leaf area
(25.5%) and pubescence (21.6%); and for Cuban oak and
Q. virginiana, pubescence (22.2%) and rugose venation
(19.6%) (see Appendix S3). Hierarchical clustering revealed
two groups of individuals: one containing all Q. geminata and
two Cuban individuals, and one containing a mixture of
Q. oleoides, Q. virginiana, and the remaining Cuban individ-
uals (Appendix S3).
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Table 3 Divergence times (f) and 90% highest posterior density intervals (HPDI) estimated from IMa among Cuban oak, Quercus virginiana (south-eastern USA), Q. geminata (Florida)

and Q. oleoides (Mexico and Central America) were converted to demographic units (ka) assuming high mutation rates and a short generation time of 100 years (f,,,), and assuming low mutation

rates and a long generation time of 220 years (fig). Scaled effective population size estimates are given for taxon 1 (gq;), taxon 2 (g,) and their ancestor (g4). Values for runs with highest

effective sample size are shown.

thigh (90%
HPDI) (ka)

ow (90%
HPDI) (ka)

t (90% HPDI)

92 qa

QD

Priors (t, my, M3, q1, g2, qa)

Comparison

200 (52-628)

22 (6-69)

0.13 (0.03-0.42)
0.55 (0.09-9.09)
0.20 (0.04—0.76)

0.21 (0.08-0.57)

59.99 (41.92-88.64)
54.97 (26.97-146.63)
59.05 (40.40-90.67)
70.73 (51.27-99.02)

0.85 (0.37-1.71)

1.24 (0.60-2.19)

5.49 (2.47-10.82)
11.69 (5.77-20.52)

3,2,9,05,03,5

Q. virginiana—Cuban oak
Q. geminata—Cuban oak

825 (135-13,639)
296 (56-1139)

91 (15-1502)

33 (6-125)

20, 0.7, 6, 1, 0.5, 7
2,3,20,1,03,6

314 (113-860)

35 (12-95)

0.70 (0.22-1.65)
6.19 (3.36-10.16)

8.55 (3.70-16.90)
6.57 (3.52-10.90)

2,3,5,05,07,5

Q. oleoides —Cuban oak
Q. virginiana—Q. oleoides
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DISCUSSION

Our combined molecular and morphological data support a
Pleistocene origin of Cuban oaks from Q. virginiana in Florida.
The Cuban population does not show any evidence of hybrid
origin. Rather, the combined effect of a dispersal bottleneck
from a single source and persistent isolation as a small
population has yielded a relatively pure, low-diversity popu-
lation. Some evidence supports subsequent dispersal out of
Cuba to Q. oleoides populations in Belize and Honduras.

Florida origin from Q. virginiana

Evidence for a Q. virginiana, Florida origin is three-fold. First,
cpDNA haplotypes in Cuban oak (C1) are identical to the most
common chlorotype in southern Florida, shared by both
Q. virginiana and Q. geminata (Fig. 3a); that chlorotype falls
within a clade whose centre of cpDNA diversity is Florida and
that is highly divergent from the clade found primarily in
Q. oleoides in Central America and Mexico. Second, gene flow
estimates based on nSSRs were higher into Cuban oak from
Q. virginiana than from the other mainland taxa (Table 2).
Third, Cuban oaks are morphologically and genetically most
similar to Q. virginiana and least similar to Q. geminata
(Table 2). However, we cannot rule out that a small propor-
tion of colonizers were Q. geminata or that a small proportion
of introgressed Q. geminata genes were carried in Q. virgini-
ana. For example, hierarchical clustering analysis of leaf
morphology grouped two Cuban individuals with an otherwise
purely Q. geminata cluster (Appendix S3). Despite morpho-
logical variability (Fig. 1 & Appendix S3; Muller, 1955; Lopez-
Almirall, 1979), genetic diversity (A, Hg, ny, h; Table 1) is
relatively low in Cuban oak, and there is almost no signal of
genetic admixture, even when assuming a wide range of
ancestral population numbers (Fig. 2b & Appendix S2). This
provides strong evidence against a predominantly hybrid
origin for the Cuban oak and suggests continued isolation
following colonization.

Pleistocene colonization of Cuba

If Cuban populations derived from Q. virginiana, colonization
probably occurred in the Pleistocene (Table 3). The low
diversity and low M-value of the Cuban oak (Table 1) and the
low effective population size of Cuban oaks relative to
Q. virginiana and their ancestor (Table 3) indicate a strong
founder effect. The combination of cooler temperatures and
low sea level during a glacial period may have facilitated
limited dispersal to Cuba, highlighting the role that Pleistocene
glaciations might have played in the establishment of temper-
ate taxa in the tropics (Gugger et al., 2011).

Passenger pigeons have been hypothesized as a potential
dispersal vector (Nixon, 1985). Although they were only rarely
observed in Cuba before extinction in the 20th century, they
could have been more common there during cool, glacial
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periods. Other birds, such as crows (Corvus) or jays (e.g.
Aphelocoma, Cyanocitta), could have also been plausible
dispersing agents. However, divergence time estimates pre-
clude humans as a vector. The only divergence time estimates
that overlap with human occupation of the region (6 ka) are at
the extreme tail of the 90% highest posterior density interval of
estimates based on high mutation rates and short generation
times (Table 3). Estimates based on the unusually high nSSR
mutation rates in Arabidopsis (Marriage et al., 2009) are less
plausible in oaks than estimates based on low mutation rates
(Cavender-Bares et al., 2011).

The actual divergence of Cuban populations from
Q. virginiana may be somewhat older than reported here
because mutation rates may be lower in trees than in
herbaceous plants (Petit & Hampe, 2006). Given that nSSRs
represent eight of the nine loci used in our analysis, our
estimates strongly depend on nSSR rates, which were
estimated from herbaceous plants. A study using the same
nSSRs but with two additional DNA sequence loci found an
older divergence time between Q. oleoides and Q. virginiana
than when our data are used for that estimate (Table 3;
Cavender-Bares et al., 2011).

Isolation and speciation

Following colonization, the isolation of Cuban oaks in small
populations permitted genetic and morphological differentia-
tion. Leaf morphological differences among Cuban oak and
mainland species are comparable to differences among main-
land species, and genetic differentiation among Cuban oak and
mainland species is stronger than among mainland taxa
(Tables 2 & 3). Morphological and molecular differentiation,
together with the isolation and genetic purity of the Cuban
population, argues for the taxonomic designation of the Cuban
oak at the species level as Q. sagraeana.

Post-colonization dispersal to Central American
Q. oleoides

Although gene flow into Cuba following colonization appears
to have been lacking, there is evidence for dispersal out of
Cuba. In particular, the Cuban population cluster (Fig. 3b) is
present in moderate proportion in Belize and Honduras.
Moreover, gene flow estimates were higher out of Cuba to
Q. oleoides than into Cuba (Table 2). Gene flow by pollen
dispersal to Central America could have been, or could be,
facilitated by prevailing north-easterly trade winds in the
region. Chlorotype Cl was found in two individuals in
Belize, suggesting that seed also dispersed there. Those
samples were collected near modern buildings at Mountain
Pine Ridge, a site that has a long history of active
management for forest resources (Anonymous, 2002). Thus,
people may have planted them there from a Cuban source.
Alternatively, birds or other natural agents could have been
the dispersal vector.
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Alternative explanations

An alternative scenario less consistent with our data is an
origin from Q. oleoides in Central America, especially Belize.
For example, the Cuban nSSR cluster (Fig. 3b) and chlorotype
C1 are found in Belize, two nSSR loci failed to amplify in both
Cuban and some Belizean samples, and gene flow into Cuban
oak from Q. oleoides was only a little less than that from
Q. virginiana. A Q. oleoides origin would assume a strong
dispersal bottleneck in which only relatively rare Central
American genotypes arrived in Cuba. This would also imply
that, subsequently, seeds dispersed from Cuba to Florida,
where chlorotype C1 was captured (Rieseberg & Soltis, 1991;
Tsitrone et al., 2003) by both Q. virginiana and Q. geminata.
We regard this scenario as less parsimonious because (1) the
dispersal route would run counter to the diversity gradient for
the chlorotype clade containing C1, (2) common Central
American genotypes (e.g. C15 and Q. oleoides nSSR cluster) are
not found in Cuba, and (3) it relies on the assumption that
Q. oleoides previously inhabited the harsh limestone soils of
the Yucatan Peninsula near Cuba, which is unclear in the fossil
record (Leyden et al., 1996; Islebe & Sanchez, 2002; Graham,
2003; Carrillo-Bastos et al., 2010). Nonetheless, it must be
cautioned that our molecular data represent a limited snapshot
relative to genome-wide variation.

Finally, we note that our molecular and morphological data
contain a limited signal of migration into Cuba. Bayesian
clustering analysis suggests that Cuban oak forms a distinct
population cluster (Fig. 2b), and migration rate estimates
(Table 2) often suggest more migration out of Cuba than into
it. Thus a third scenario is that the identity of the source
species is obscured by an old colonization of Cuba, subsequent
divergence, and recent, limited migration out of Cuba into
both Florida and Central America.

Chloroplast introgression

The introgression of the chloroplast genome is common in
sympatric oaks within the same taxonomic section (Whitte-
more & Schaal, 1991; Petit et al., 2002). Our cpDNA data show
a strong signal of chloroplast introgression among Q. virgin-
iana and Q. geminata in Florida (IG = 0.91), similar to that
among closely related European white oaks (Belahbib et al.,
2001). Chloroplast introgression across sympatric species
within section Quercus could also explain the unusual pattern
of genetic diversity observed here, where each of two deeply
divergent chlorotype clades are widely distributed from Central
America to North Carolina and are shared among Q. virgin-
iana and Q. oleoides. Chloroplast capture (Rieseberg & Soltis,
1991; Tsitrone et al., 2003) and pollen swamping (Potts &
Reid, 1988; Bacilieri et al., 1996; Petit et al., 2004) have been
proposed as mechanisms for shared chloroplast variation
among species. However, shared ancestral variation owing to
incomplete lineage sorting cannot be ruled out. A history of
extensive pollen swamping (causing asymmetrical introgres-
sion), as proposed in European white oaks (Petit et al., 2004),
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could cloud migration patterns inferred from cpDNA because
species can effectively colonize new territory exclusively by
pollen. Although chloroplast introgression can hamper phy-
logeographic approaches to understanding intraspecific his-
tory, we still found some molecular and morphological signals
of colonization and divergence in the Cuban oak.

CONCLUSIONS

Molecular and morphological data support the hypothesis that
oaks colonized Cuba during the Pleistocene from a single
source: Q. virginiana in Florida. Subsequent isolation and
divergence suggest that the Cuban oak should be regarded as a
distinct species as per its original designation (Q. sagraeana
Nuttall, 1842). Although Cuba shares strong floristic similar-
ities with the Yucatan Peninsula (Chiappy-Jhones et al., 2001),
our data emphasize that the Cuban biota arose from diverse
sources driven by a variety of geological and climatic forces at
different time-scales (Graham, 2003; Santiago-Valentin &
Olmstead, 2004).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Appendix S1 Sample site coordinates, species composition,
sample sizes, and whether or not morphological data were
measured.

Appendix S2 Maps and admixture plots for two, three and
nine (lowest deviance information criterion) population
clusters defined by INSTRUCT.

Appendix S3 Supplementary morphological analyses: results
of similarity percentage (SIMPER) analysis and hierarchical
clustering based on leaf traits.

As a service to our authors and readers, this journal provides
supporting information supplied by the authors. Such mate-
rials are peer-reviewed and may be re-organized for online
delivery, but are not copy-edited or typeset. Technical support
issues arising from supporting information (other than
missing files) should be addressed to the authors.
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