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ABSTRACT

Species endemic to oceanic islands offer unique insights into the mechanisms underlying
evolution and have served as model systems for decades. Often these species show phenotypic
variation that is correlated with the ecosystems in which they occur and such correlations may
be a product of genetic drift, natural selection, and/or environmental factors. We explore the
morphologic and genetic variation within Ardops nichollsi, a species of phyllostomid bat endemic
to the Lesser Antillean islands. Ardops nichollsi is an ideal taxon to investigate the tempo of
evolution in Chiroptera, as it: is a recently derived genus in the family Phyllostomidae; contains
intraspecific morphological variation; and has a restricted insular distribution. To evaluate pat-
terns of evolution in 4. nichollsi, we used standard morphological analyses, in addition to ana-
lyzing Amplified Fragment Length Polymorphisms, mitochondrial cytochrome-b, and paternal
marker zinc finger Y-chromosomal intron DNA sequence data. Our results identified a pattern
that consists of two distinct evolutionarily lineages, which correspond to northern and southern
islands of the Lesser Antilles. We also describe a new subspecies from the southern island of
Saint Vincent. These results indicate gene flow among northern Lesser Antillean populations
during the Pleistocene, and local adaptation to individual islands in the southern Lesser Antilles.
Our findings can be used to further explore speciation processes within Caribbean bats and, more
broadly, within species distributed across other insular systems.

Key words: AFLP, Ardops, Ariteus, Caribbean, incipient species, island biogeography,
Lesser Antilles, speciation, subspecies

INTRODUCTION

Studies of species endemic to oceanic archipela-  finches are considered to be model organisms and pro-
gos have offered important insights into mechanisms of ~ vide a foundation for understanding natural selection,
evolution, and have advanced evolutionary theory (Dar-  adaptation, colonization, and speciation of island fauna
lington 1957; MacArthur and Wilson 1967; Heaney = (Roughgarden and Roughgarden 1995; Hedges 1996;
2007; Losos and Ricklefs 2010). Species complexes  Grant and Grant 2008; Pinto et al. 2008). It is within
such as Caribbean Anolis and Darwin’s Galapagos  this framework that we approach Ardops nichollsi,
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a Lesser Antillean endemic. The monotypic genus
Ardops is of relatively recent origin, between 1.8-2.0
million years ago (mya; Rojas et al. 2011; Baker et al.
2012), making it one of the youngest lineages of the
phyllostomid bats. Interestingly, A. nichollsi exhibits a
relatively large amount of intraspecific morphological
variation (Jones and Schwartz 1967; Jones and Geno-
ways 1973). Given its insular distribution, the forego-
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ing means that it successfully dispersed, established
island populations, and then adapted to local environ-
ments. Included within the 4. nichollsi complex are five
morphologically defined subspecies (montserratensis,
annectens, nichollsi, koopmani, luciae; Fig. 1), which
exhibit variation in body size across the 13 Lesser An-
tillean islands they inhabit (Jones and Schwartz 1967,
Masson et al. 1990; McCarthy and Henderson 1992;
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Figure 1. Map of the Lesser Antilles showing geographic variation in Ardops nichollsi. (A) Distribution based on
previous morphological analyses (*sensu Jones and Schwartz 1967; Jones and Genoways 1973; Genoways et al. 2007a;
Lindsay et al. 2010). Color coding: A. n. montserratensis — brown; A. n. annectens — yellow; A. n. nichollsi — green;
A. n. koopmani — purple; and A. n. luciae — blue. (B) Current taxonomy and distribution based on this study. Color
coding: A. n. montserratensis —brown; A. n. nichollsi — green; A. n. koopmani — purple; A. n. luciae — blue; and 4. n.
vincentensis — black. (C) Photograph of Ardops nichollsi from St. Vincent (by P. A. Larsen).
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Pedersen et al. 2003, 2005; Genoways et al. 2001,
2007a, 2007b; Lindsay et al. 2010).

Geographically defined phenotypes are typically
classified as subspecies, but empirical studies have
questioned whether or not such geographically or
ecologically defined units represent the initial stages
of speciation (Mayr 1954; Pimentel 1958; Lidicker
1962; Baker and Bradley 2006; Johnsen et al. 2006;
Patten and Pruett 2009). Here, we consider the varia-
tion within Ardops as an appropriate system to begin
formulating hypotheses regarding incipient speciation
given the hypothesized time of origin for Ardops is
recent, and the potential for unique evolutionary pres-
sures associated with an archipelago (i.e., divergent
selection, founder effects, and others).

Jones and Schwartz (1967) conducted the first de-
tailed examination of the variation within 4. nichollsi.
Based on cranial and external measurements, these
authors identified a continuum in size and extensive

secondary sexual variation within the genus, hypoth-
esizing the populations adapted independently to envi-
ronmental conditions on each island. Since then, few
studies have specifically explored relationships within
A. nichollsi or closely related genera (Greenbaum et
al. 1975; Mennone et al. 1986; Carstens et al. 2004;
Davalos 2007; Baker et al. 2012), with each of these
studies lacking specimens from throughout the known
distribution. However, our expeditions to the Lesser
Antilles have increased the number of available voucher
specimens and tissues of A. nichollsi (Pedersen et al.
2003, 2005; Genoways etal. 2001, 2007a, 2007b, 2010;
Lindsay et al. 2010). To better understand the evolu-
tionary history of 4. nichollsi, we analyzed nuclear,
mitochondrial, and Y-chromosomal markers in addition
to morphological characters from specimens collected
throughout the Lesser Antilles. These data allow for an
analysis of genetic and phenotypic variation within the
genus and for the formulation of hypotheses concerning
the delimitation of subspecies, and incipient speciation
in an archipelago.

MATERIALS AND METHODS

Molecular methods—Tissues were collected
from natural populations of Ardops nichollsi throughout
the Lesser Antilles and Ariteus flavescens from Jamaica
(outgroup and sister genus representative; Appendix).
Whole genomic DNA was extracted from liver or mus-
cle tissue for all genetic analyses following standard
methods (Longmire et al. 1997), or by using DNeasy
Blood and Tissue Kits (Qiagen Inc., Chatsworth, Cali-
fornia). All tissues used in DNA analyses are archived
at the Genetic Resources Collection of the Natural
Science Research Laboratory (NSRL) of Texas Tech
University. All animals were handled following the
guidelines for animal care and use established by the
American Society of Mammalogists (Sikes etal. 2011,
Texas Tech University IACUC permits #02217-02 and
#07083-02).

External primers glo7L/glo6H (Hoffmann and
Baker 2001) were used to amplify 1,140 base pairs (bp)
of the cytochrome b (cyt-b) gene in three Ariteus and
47 Ardops specimens. The thermal profile consisted of
94°C for 2 min, followed by 35 cycles of denaturation
at 94°C for 45 s, annealing at 49°C for 1 min, extension
at 72°C for 1 min 15 s, and ended with 72°C for 10 min.

All PCR products were purified using QlAquick PCR
Purification Kits (Qiagen Inc., Chatsworth, California).
Internal primers from Hoffmann and Baker (2001;
glolL, gloSL), Smith and Patton (1991; MVZ 04),
and Larsen et al. (2007b; ART16) were used to obtain
final sequences of the cyt-b gene. While sequencing
cyt-b, we discovered the inadvertent amplification of
a pseudogene (translocation of a mitochondrial gene
into the nuclear genome) for two specimens (TK 15576,
TK 129202). To obtain the full cyt-b gene sequence
from the mitochondrial genome for these samples, two
long-range primers (Art563 32merF [5'-GGT-ATG-
GGC-CCG-ATA-GCT-TAT-TTA-GCT-GAC-CT-3'];
Art765 32merR [5'-ATG-ACC-AAC-ATT-CGA-
AAA-ACT-CAC-CCC-TTA-TT-3']) were developed
(CDP) and used to amplify a 6.3 kilo-base fragment
of the mitochondrial genome (NADH dehydrogenase 1
through cyt-5). The complete cyt-b gene subsequently
was sequenced from these amplicons.

Primers from Cathey et al. (1998; LGL335F and
LGL331R) were used to amplify and sequence 969
bp of an intron of the zinc finger Y-chromosome gene
(ZFY) from two male Ariteus flavescens and 22 male
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Ardops nichollsi. The thermal profile consisted of 95°C
for 3 min, followed by 32 cycles of denaturation at 95°C
for 45 s, annealing at 50°C for 30 s, extension at 70°C
for 2 min 30 s, and ended with 70°C for 5 min. PCR
products were electrophoresed on a 0.8% agarose gel
and excised using Qiagen Gel Extraction Kits (Qiagen
Inc., Chatsworth, California). Samples were prepared
for sequencing with Centri-Sep columns (Princeton
Separations, Freehold, New Jersey). DNA sequencing
for the cyt-b and ZFY genes was performed using ABI
Big Dye v3.1 chemistry, and fragments were electro-
phoresed on an ABI 3100-Avant Genetic Analyzer
(PE Applied Biosystems, Foster City, California). Se-
quences were verified and assembled using Sequencher
v4.10.1 (Gene Codes Corporation, Ann Arbor, Michi-
gan). To ensure correct open-reading frame, multiple
sequence alignments were performed manually and
further checked in MacClade v4.08 (Maddison and
Maddison 2005) and/or Clustal W (Larkin et al. 2007).

AFLPs were generated from three Ariteus and
47 Ardops, following the protocols of Vos et al. (1995)
and McDonough et al. (2008). A labeled (6FAM fluo-
rophore; Applied Biosystems, Foster City, California)
selective EcoRI primer and six non-labeled selective
primers (McDonough et al. 2008) were used to generate
AFLPs from Ariteus flavescens and Ardops nichollsi.
The labeled fragments were detected using an ABI
3100-Avant genetic analyzer, scored for presence or
absence using GeneMapper v4.0 (Applied Biosystems),
and converted into a binary data matrix using GenAlEx
v6.5 (Peakall and Smouse 2012). Only fragments
(50400 bp in length) with intensities larger than 100
relative fluorescence units were scored as present. Er-
ror rates (technical error rate and observer error rate)
were obtained following Bonin et al. (2004) using 26
replicated samples (approximately 9% of the overall
sample size).

Molecular analyses.—Phylogenetic analyses
of cyt-b sequence data were performed using MEGA
v5.2 (Tamura et al. 2011), MrBayes v3.2 (Ronquist
et al. 2012), and Garli v2.0 (Zwickl 2006) software.
Maximum-parsimony, Bayesian, and maximum-like-
lihood analyses were used to infer cyt-b phylogenies.
Maximum-parsimony analyses were performed using
heuristic searches, 25 replicates of the random taxon
addition option, each with random starting trees, and
tree-bisection-reconnection branch swapping. Sub-

stitution models of DNA evolution were analyzed in
MEGA to determine the appropriate model for the
cyt-b gene sequence data and the HKY+G model was
chosen. Maximum-likelihood analyses were performed
in Garli using 100 search replicates, with searches being
terminated after the last topological improvement fol-
lowing 5 x 10° generations. Bootstrap support values
for maximum-parsimony and maximum-likelihood
analyses were calculated based on 500 iterations and
values > 75% were considered statistically supported.
Bayesian analyses were performed using 5 million
generations (1 cold and 3 incrementally heated Markov
chains, random starting trees for each chain), and trees
were sampled every 100 generations with a final 25%
burn-in (convergence was confirmed using Tracer v1.5;
Rambaut and Drummond 2007). Posterior probabilities
> 0.95 were considered statistically supported.

Genetic distance values for cyt-b were calcu-
lated in MEGA using the Kimura 2-parameter model
(Kimura 1980), which allowed for comparisons with
previous molecular studies of Ardops (Carstens et al.
2004) and with other mammals (Bradley and Baker
2001; Baker and Bradley 2006). Based on previous
molecular studies, A. flavescens is an appropriate out-
group for the phylogenetic analyses (Baker et al. 2000,
2003, 2012; Davalos 2007). Additional cyt-b sequences
of Ardops were obtained from GenBank and included
in the analyses (Carstens et al. 2004; see Appendix:
HapA-I). The paternal ZFY gene sequence data was
highly conserved (see Results; Table 1) and as such
was analyzed via sequence alignment.

Bayesian clustering of AFLP data was performed
using STRUCTURE v2.3 (Pritchard et al. 2000) and
GENELAND v4.0 (Guillot et al. 2005). STRUCTURE
analyses were performed using ten iterations 0f200,000
replications with a burn-in of 50,000 for each iteration,
allowing for admixture with correlated allele frequen-
cies. Analyses were streamlined using the StrAuto
v0.3 python utility by Chhatre (2012). Our sample of
Ardops consisted of individuals collected from eight
islands, thus our K (cluster) values ranged from 1 to 8
for each STRUCTURE iteration. Structure Harvester
v0.6 (Earl and vonHoldt 2011) was used to implement
the delta K procedure of Evanno et al. (2005), where
the estimated number of clusters was chosen based
on the greatest Pr(X|K). GENELAND was used for
spatial analyses of AFLP data with 1,000,000 itera-
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Table 1. Characters in the ZFY sequence data. Base pair references are given above the sequences. “...” indicates removed sequence positions that contain
no polymorphisms. For Ardops nichollsi, islands are listed from north to south (the line delineates northern from southern islands). Ariteus flavescens is
only known from Jamaica (delineated by double line). Each island group (north and south) is represented by a single haplotype. Sample sizes (n) from
each island are listed.
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tions, 100 thinning intervals, and a burn-in of 25%.
The correlated allele frequencies model was used and
the maximum population number was set to eight. We
performed three runs to test for consistency for the
number of populations estimated by GENELAND and
we selected the run with the highest average posterior
probability. Additional analyses of AFLP data included
a principal coordinates analysis (PCoA) and an analysis
of molecular variance (AMOVA), both of which were
conducted using GenAlEx v6.5 (Peakall and Smouse
2012). PhiPT analyses were conducted in GenAlEx
with 9,999 permutations, with PhiPT (analogous to
F,) representing the proportion of variance among
populations relative to the total variance.

Morphological methods.—Voucher specimens
are located at the following institutions: American
Museum of Natural History (AMNH); British Museum
of Natural History (BMNH); Royal Ontario Museum
(ROM); Texas Tech University (TTU); and University
of Nebraska State Museum (UNSM). A total of 52
females and 48 males of Ardops nichollsi (indicated
by @ and & symbols in Appendix) were used in mor-
phological analyses. Following the definitions and
methods of Hall (1946) and Genoways et al. (2007b),
seven cranial measurements were recorded from adult
specimens of Ardops nichollsi from throughout their
geographic distribution (based on criteria from Kunz

and Anthony 1982). Measurements were taken from
museum specimens using digital calipers and are given
in millimeters to the nearest 0.01 mm. Measurements
include: GLS = greatest length of skull; CBL = con-
dylobasal length; ZB = zygomatic breadth, POC =
postorbital constriction; MB = mastoid breadth; MTR
= maxillary toothrow length; and MM = breadth across
upper molars.

Statistical analyses tested for secondary sexual
dimorphism (one-way multivariate analysis of variance,
MANOVA) and evaluated the extent of morphologi-
cal variability in our sample of the Ardops nichollsi
complex (principal component analysis). Since the
number of subspecies in A. nichollsi has been debated
(Jones and Genoways 1973), a conservative approach
of analyzing the data as one unit was utilized. Prin-
cipal component analysis (PCA) does not take into
account any difference between groups based on
apriori classification of the sample. Overall, variation
in cranial size was summarized by the first axis of the
PCA (PC1). Loadings are reported to describe the
direction and magnitude of measurements with their
respective axis. Descriptive statistics (mean, standard
deviation, and range) were obtained for all individuals
from each island. Statistical analyses were performed
in R statistical software (2014).

REsuLTS

Fifty sequences of the mitochondrial cyt-b gene
and 289 AFLP bands were generated from Ardops
and Ariteus (outgroup and sister genus representative
from Jamaica). For each AFLP primer pair, an aver-
age of 50 bands were scored. An error rate of 1.0% (3
bands of 298) was estimated, with these discrepancies
originating from poor amplification. Additionally,
ZFY sequence data were generated from 24 males (2
Ariteus and 22 Ardops). Cyt-b and ZFY sequences
were deposited in GenBank and accession numbers
for all DNA sequence data herein are presented in the
specimens examined (Appendix).

Phylogenetic analyses —Sequence alignment of
the complete cyt-b gene from 47 Ardops (in addition
to the nine individuals of Ardops from Carstens et al.
2003) and three Ariteus was unequivocal and without

stop codons. Including the outgroup, 110 sites were
variable with 79 being parsimony-informative with
seven at codon position 1, three at position 2, and 69
at position 3. Maximum-likelihood analyses resulted
in a single optimal tree (-InL = 2311.91); nucleotide
frequencies of A=0.292, C=0.326,G=0.123,and T
= 0.259; a transition/transversion ratio of 10.09; and
an alpha shape parameter of the gamma distribution
of 0.867. Tree topologies resulting from maximum-
parsimony, Bayesian, and maximum-likelihood analy-
ses were largely congruent with differences arising at
unsupported nodes. The monophyly of A. nichollsi was
statistically supported; however only four clades within
the species had statistical support and these did not
strictly correspond to island occurrence (Fig. 2). The
level of intraspecific variation among cyt-b sequences
was found to be < 1.0% in A. nichollsi, whereas the
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Figure 2. Bayesian phylogram of 1140 base pairs of the cyt-b gene from
59 individuals. (Ariteus flavescens was used as an outgroup but is not
shown.) Top score = Bayesian posterior probability, middle score =
maximum likelihood bootstrap, bottom score = maximum parsimony
bootstrap. Bootstrap support values are percentages of 500 iterations.
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sequences of Ariteus averaged ~ 5.0% divergent from
Ardops.

The ZFY intron sequenced from male Ardops
nichollsi was highly conserved across all individuals
(Table 1). However, specimens collected from St. Lu-
cia and St. Vincent were found to have the same ZFY
intronic sequence as the outgroup Ariteus flavescens
(currently distributed only on Jamaica). Males of A.
nichollsi from northern Lesser Antillean islands (St.
Eustatius, St. Kitts, Montserrat, and Dominica) dif-
fered from the outgroup at seven nucleotide positions
(5 transitions and 2 transversions; Table 1).

AFLP analyses—Our STRUCTURE analyses of
47 Ardops resulted in the identification of two clusters
or groups within the AFLP sample of 4. nichollsi (Figs.
3A, B). The blue group (Fig. 3B) included individuals
collected from throughout the northern Lesser Antilles
(Montserrat, Saba, St. Eustatius, St. Kitts, St. Martin,
and Dominica), whereas the red group (Fig. 3B) was
comprised of individuals collected from St. Lucia and
St. Vincent. Alternatively, GENELAND identified
three groups within the AFLP data (Fig. 3C: corre-
sponding to northern Lesser Antilles, St. Lucia, and
St. Vincent, respectively). The principal coordinates
analysis (PCoA) of AFLP genetic distance (Fig. 4)
reinforced the GENELAND results, with three groups
also corresponding to the northern Lesser Antilles, St.
Lucia, and St. Vincent. The first, second, and third prin-
cipal coordinates accounted for 39.32%, 31.91%, and
11.76% of the total variation, respectively. An analysis
of molecular variance (AMOVA) of the three groups
identified with GENELAND and PCoA resulted in 51%
of'the total variance being observed among populations
and 49% within (Table 2). Pairwise PhiPT values were
0.53 (northern Lesser Antilles versus St. Lucia), 0.55
(northern Lesser Antilles versus St. Vincent), and 0.35
(St. Lucia versus St. Vincent).

Morphological analyses.—Secondary sexual
variation was significant (P < 0.001) for each vari-
able among the sampled Ardops; therefore the sexes
were separated in further statistical analyses. The
PCA of females revealed overlap among individuals
from Montserrat, St. Kitts, St. Eustatius, Guadeloupe,
Martinique, Antigua, and St. Lucia, whereas Dominica
and St. Vincent were separate and distinct along the
first principal component. For females, PC1 explained
81.7% of the variation and PC2 explained 8.3% of the
variation (Fig. 5A). The variables that had the highest
component loading on PC1 for females were ZB, MB,
MTR, and MM (Table 3); however, all seven variables
were correlated with PC1 to a similar extent and in the
same direction (Fig. 5A). POC showed a very high
component loading with PC2. The PCA of males
revealed overlap among individuals from Montserrat,
St. Kitts, St. Eustatius, Guadeloupe, Martinique, Nevis,
Antigua, and St. Lucia, whereas Dominica and St. Vin-
cent were separate and distinct along the first principal
component. For males, PC1 explained 87.2% of the
variation and PC2 explained 5.0% of the variation (Fig.
5B). The variables that had high component loadings
on PC1 for males were ZB, MTR, and MM (Table 3);
however, all seven variables were correlated with PC1
to a similar extent and in the same direction just as was
seen in females (Fig. 5B). PC2 had high component
loadings, but they were mixed (in opposite directions)
for POC and MB (Table 3). Overall, the variance along
PC1 in males and females was primarily due to cranial
size, and all measurements from individuals from the
northern end of the range and from St. Lucia were
larger, whereas those from Dominica and St. Vincent
were generally smaller. On PC2, POC appeared to
explain most of the variation within males and within
females; however MB is also important in the variation
seen in males on PC2. Mean, standard deviation, and
range are reported for individuals by island for each
sex (Tables 4, 5).































































