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The geographical history of the Gulf of Guinea Islands has played a significant role in
shaping the diversity and distributional patterns of the Hemidactylus geckos in the AfricanAtlantic clade. This study elucidates the phylogenetic relationships between five closely
related members of the African-Atlantic clade from the Gulf of Guinea, and presents
evidence to recognize a new taxon, Hemidactylus principensis. Previous studies have
proposed that H. principensis and H. greeffi are two distinct species, classified both as H.
greeffi. A more recent study that included extensive morphological analyses and molecular
data recognize H. principensis. In this study I take a molecular approach, employing both
mitochondrial and nuclear genes (ND2, a-Enolase, RAG1) to create a more comprehensive
phylogeny outlining the African-Atlantic clade, and propose that there is evidence to
support H. principensis as an independent and taxonomically coherent species.
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Introduction

The Gulf of Guinea archipelago (Figure 1.) located off the west coast of Africa
(Bioko is approximately 40 km from Cameroon) is distinguished by its extensive
biogeographical history (Myers et al., 2000) and is geologically older than other oceanic
archipelagos, such as Hawaii or the Galapagos, yet the biodiversity of these islands have
not been as extensively studied as Hawaii or the Galapagos. The archipelago is part of a
chain of volcanoes called the Cameroon line formed during the middle to late Tertiary
period (Marzoli eta!., 2000) and is comprised of three oceanic islands (Principe, Sao Tome,
and Annobon) and one continental island (Bioko). Principe, Sao Tome, and Annobon are
separated from the continent by deep-sea trenches and have been above water for
approximately 31,14 and 4.8 My respectively. By contrast, Bioko (formerly Fernando Po)
has been connected to the continent at varying times during the last glacial period due to
sea-level fluctuations (Lee et al. 2000). Given the relative old age and isolation of the
islands from the continent for millions of years, Principe and Sao Tome accommodate a
high rate of endemic species and specifically, more endemics when compared to Bioko,
even though Bioko has far more of a diversity of flora and fauna (Jones, 1994).
Furthermore, Bioko's flora and fauna are reflective of the biota found on continental
Africa, likely because of the reoccurring land bridge formed during the aforementioned
sea-level fluctuations occurring during glacial times (Jesus et al. 2005a).
While there has been renewed interest in the biodiversity and the natural history
of the Republic of Principe and Sao Tome within the past couple of decades (notable
papers include: Bauer et al., 2010; Jesus et al., 2005a; Carranza & Arnold, 2006; Drewes
& Stoelting, 2004; Csuzdi, 2005; Wirtz et al., 2007; Desjardin & Perry, 2009; Figueiredo et
al., 2011), much of the research on Atlantic island herpetofauna has been focused on the
northern Atlantic volcanic islands, Cape Verdes and Canary Islands, with little research on
the Gulf of Guinea islands (Carranza et al. 2001). This is surprising considering the high
number of endemics and the potentially high levels of sympatry occurring on the latter
chain of islands. The herpetofauna on the islands of Principe and Sao Tome are comprised
of 19 species of reptiles, 14 of which are endemic to the islands. Furthermore, there are
8 species of amphibians, 7 of which are endemic. These species include representatives
from 5 different families (Measey et al. 2007). The avifauna are also exceptional in that
there are 28 unique species of non-pelagic species of bird on these islands (Miller et al.
2012).
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This paper focuses specifically on the Hemidactylus gecko species of these islands.
Many island biogeographic studies include work on geckos because they are an excellent
model for species origin and succeeding diversification, particularly island colonization
and speciation events. Notably, geckos are a relatively ancient species, and exist on many
islands worldwide, thanks to various biological characteristics (hard-shelled eggs,
adhesive digits) that promote and facilitate overseas dispersal (Gamble etal. 2011). Given
the lack of studies relatingtothe biota on the Gulf of Guinea islands, as mentioned above,
the research into Principe and Sao Tome's Hemidactylus gecko populations is especially
deficient (Jesus etal., 2005a).
Hemidactylus is one of the most diverse genera of gekkonid lizard groups,
comprising over 122 valid species1 scattered throughout Asia, Africa, the Pacific,
Mediterranean Europe and northern South America (Smi'd et al., 2013). Furthermore,
Hemidactylus, also known as "House Geckos", stand out among other Gekkonidae lizard
groups due to certain derived morphological characteristics as well as their readiness to
adapt to anthropogenic modification, often noted for their commensal relationship with
humans—hence the name "House Geckos" (Bauer et al., 2010). While many authors (See
for instance: Kluge, 1969; Vences et al., 2004; Carranza & Arnold, 2006; Carranza &
Arnold, 2012; Baldo et al., 2008; Rodder & Sole, 2008; Gamble et al., 2011) have
demonstrated that numerous transmarine colonizations were the result of translocation
by humans, a significant amount of colonization events may have originated from
extemporaneous rafting, such as floating (either adult or as ova) with the oceanic
currents, maybe on flotsam (Carranza & Arnold, 2006). For example, both Hemidactylus
longicephalus (also present on the African mainland) and the notoriously widespread
Hemidactylus mabouia, were probably either anthropologically introduced to the Gulf of
Guinea or their colonizations were the result of a recent natural arrival to the region
(Jesus et al., 2002b).
Sao Tome and Principe are inhabited by a number of geckonid lizards; some
members of this group are noted as prolific dispersers as mentioned above, nevertheless,
two members of the genus Lygodactylus and one species of Hemidactylus have been
recognized as endemic, and recent work at the California Academy of Sciences, San
Francisco, has shown that the supposed Hemidactylus greeffi on Principe Island
represents a valid species, raising the endemic gecko fauna of the island to four (Miller et
al. 2012).
Along with the endemic Greeffs giant gecko, H. greeffi and the un-described
species from Principe Island, are two additional species, H. longicephalus (also present on
1Vasconcelos and Carranza, 2014 has identified 124 valid species
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the African mainland) and the widespread H. mabouia. Both were probably either
anthropologically introduced or the result of a recent natural arrival, while the two
endemics appear to be the outcome of a very old dispersal event (Miller et al. 2012).
Jesus et al., 2005a suggested H. greeffifound in both Sao Tome and Principe might
be a separate species, exhibiting a 3.3% mitochondrial divergence between them.
However, they found no difference in the nuclear gene sequence c-mos, and the gene aEnolase sequence showed insufficient variation to support description of a new species.
Miller et al. (2012) reevaluated the work done by Jesus et al. (2005) and
employing more nuclear gene work along with morphological data, determined that,
what was formerly accepted as two populations of H. greeffi, respectively, on the islands
of Sao Tome and Principe were in fact two separate species. The Principe population is
described as a newly recognized species and endemic.
Employing both morphological as well as molecular work to further understand
the phylogenetic relationships, Carranza and Arnold (2006) and Bauer et al. (2010)
documented the evolutionary history of many of the Hemidactylus geckos. Incorporated
in their studies, with many groupings of species, is the African-Atlantic clade, which
includes H. greeffi, H. longicephalus, and Hemidactylus brasilianus, a relative found in
Brazil (believed to have colonized the area by way of the Gulf of Guinea). Indeed, the
endemic species recently recognized on Principe by the California Academy of Sciences
(Miller et al. 2012), will most likely prove to be a member of the African-Atlantic clade.
This paper focuses on the phylogenetic relationship between H. greeffi and the
recently recognized Principe species-Hemidactylus principensis. Using both mitochondrial
(mtDNA) and nuclear DNA (nuDNA) data (ND2, a Enolase, RAG1), this paper aims to
further elucidate the relationships between members of the African-Atlantic clade of
Hemidactylus and to expand on the evolutionary history of H. greeffi and H. principensis
within the African-Atlantic clade. A previous study, Miller et al. (2012), proposed that H.
principensis was a new species separate from H. greeffi. This paper will provide evidence
using molecular data to determine whether the new data fit this hypothesized taxonomy
and will determine how these species fit phylogenetically into the African-Atlantic
phylogenetic clade. Since much of the prior taxonomic research was based on
morphological differences and very little genetic sampling, the goal of this study is to
provide more genetic data to more accurately depict phylogenetic relationships and
ancestral origins.
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Materials and Methods
SaoTome and Principe Specimen Collection and Ethic Statement
This study includes genetic samples collected from 26 geckos. The California
Academy of Sciences provided material from 24 of the geckos. These specimens were
collected during the California Academy of Sciences' (CAS) first and second Gulf of Guinea
expeditions which occurred between March and June of 2001 and March and June 2006
on the islands of Sao Tome and Principe. Veterinary grade buthanol was used to
euthanize the specimens, which were subsequently preserved in 10% buffered formalin.
The collection of specimens used in this paper were from 12 different localities between
Sao Tome and Principe as shown on the map according to their GPS coordinates (figures
2 and 3), these coordinates can be found on the herpetology collections section on the
CAS website. Liver tissue from the aforementioned specimens was extracted and
preserved in 95% ethanol (Miller et al. 2012). Two additional tissue samples of H.
brasilianus that were used in this study were provided by Colegao Herpetologica Da
Universidade De Brasilia Departamento de Zoologia, Universidade de Brasilia. These
samples were preserved in 100% ethanol and were loaned to the herpetology department
of CAS in October 2012; they were maintained by CAS staff thereafter.
DNA Extraction
The Qiagen DNeasy tissue extraction kit (Qiagen Inc.) was employed to extract DNA
from the liver tissue of 24 CAS and 2 unknown tissues2from the Brazilian specimens, these
are listed in table #1: 5 specimens of H. principensis (Island: Principe), 12 of H. mabouia
(2 from Principe and 10 from Sao Tome). 2 of H. longicephalus (Island: Sao Tome), 5 of H.
greeffi (Island: SaoTome) and 2 of H. brasilianus (From the East Coast of Brazil), see figure
5. Thereafter, the extracted DNA was examined through the Nanodrop 2000c. Two pi of
AE buffer was applied onto the examining pedestal without DNA present and a blank was
recorded. Subsequently the pedestal was wiped down and each sample of the extracted
DNA was applied at 2 pi increments and recorded. Each and every sample was screened
for an optimal concentration between 25-100 ng/pl. Fortunately, every DNA extraction
concentration fell within the desired range.
DNA amplification and sequencing
Polymerase chain reaction (PCR) was performed to amplify two nuclear genes
(RAG1 and a-Enolase) and one mitochondrial gene (ND2), for a total of 2320 characters:
1092 base pairs of the RAG1 gene, 554 base pairs of the ND2 gene, 674 base pairs of the
2 Efforts to determine the organ of origin and the locality of the two Brazilian specimens had been
unsuccessful, due to a lack of response from the Cole^ao Herpetologica Da Universidade De Brasilia
Departamento de Zoologia, Universidade de Brasilia.
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a-Enolase gene. The RAG1 nuclear gene fragment was amplified using the primers: R13
(5'-TCTGAATGGAAATTCAAGCTGTT-3') and R18 (5'-GATGCTGCCTCGGTCGGCCACCTTT-3')
(Groth and Barrowclough 1999). This gene fragment was approximately 1092 base pairs.
The
F700
(5' -G GAG ACATG GACACAATCCAT CCTAC-3')
and
R700
(5'TTTGTACTGAGATGGATCI11 IIGCA-3') (Bauer et al. 2007) primers were used to amplify a
shorter segment of approximately 700 base pairs of the same RAG1 fragment mentioned
above. Each of the RAG 1 polymerase chain reactions were carried out in a 25 pi mixture
consisting of 2.5 pi of 10X INV Buffer, 0.75 pi - 1.50 pi of 50mM MgCI2, 1 pi of each of 10
uM R18 and 10 uM R13, 0.5 pi of 10 mM dNTP, 1.5 pi 10 mg/ml of BSA, 0.25 pi of 5u/pl
INVITROGEN Taq polymerase and approximately 2-4 pi of extracted DNA mixture. The
remaining component of the mixture consisted of distilled water. The PCR parameters
were as follows: initial denature at 94^ C for 2 minutes, followed by 35-52 cycles (the
number of cycles depended on the quality of DNA: the lower the quality of DNA, the more
cycles) of 94g C for 30s, annealing temperatures ranged from 48QC to 525 C for 30s for
35-52 cycles and finally 72g C for 30s. The annealing process was followed by a final
extension consisting of 72? C for 10 minutes and then the final hold of 4^ C open-endedly
until ready to be sequenced. The same process referenced above was repeated using the
interior primers of F700 and R700.
The ND2 mitochondrial gene fragments were amplified using the primers ND2fl01
(5'-CAAACACAAACCCGRAAAAT-3’) and Trpr3a (5'- TTTAGGGCTTTGAAGGC-3.')
(Greenbaum et al. 2007). The aforementioned primers were used to amplify a region that
was approximately 550 base pairs. Very similar to the PCR procedure carried out above
and only with some slight modifications, the 25 pi reaction mixture consisted of 2.5 pi of
10X INV Buffer, 0.80 pi - 1.50 pi of 50mM MgCI2( 1 pi of each of 10 uM ND2fl01 and 10
uM Trpr3a, 0.5 pi of 10 mM dNTP, 1.5 pi 10 mg/ml of BSA, 0.25 pi of 5u/pl INVITROGEN
Taq polymerase and approximately 2-4 pi of extracted DNA mixture. The remaining
component of the mixture consisted of distilled water. The PCR parameters were as
follows: initial denature at 94^ C for 2 minutes, followed by 35-52 cycles of 942 c for 30s,
annealing temperatures ranging from 48QC to 52^ C for 30s running for 35-52 cycles and
finally 72^ C for 30s. The annealing was followed by the final extension of 725 C for 10
minutes and then the final hold of 4^ C until ready to be sequenced.
Near identical procedures as mentioned above were applied to the nuclear
fragment of the a-Enolase gene amplified with primers EnolL731 (5'TGG ACTT CAAAT CCCCCG ATG ATCCCAGC-3')
and
EnolH912
(5'CCAGGCACCCCAGTCTACCTGGTCAAA-3') (Friesen et. al., 1997). Some specimen tissues
had already been sequenced for this particular gene as presented in Miller et al. 2012.
These sequences were extracted from GenBank and were adopted directly for purposes
of this paper. They are as follows: H. greeffi (CAS: 219063, 219062, 219045, 219044,
219006), H. prmcipensis (CAS: 233524, 233430, 233429, 233421, 219079).
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Following DNA amplification, the PCR product quality was analyzed using 1.0%
agarose gels infused with ethidium bromide. Subsequently the gels were photographed
under UV light and observed on VisionWorks analysis software (VisionWorks®LS Analysis
Software). If the bands were visually strong, the PCR products were cleaned with ExoSAPIT ® (USB Corporation, Cleveland, OH). If one or more of the PCR products produced faint
bands or displayed bands in exceedingly close proximity to one another, the desired band
was excised under a UV light and the gel melted in order to extract the targeted PCR
product. The CAS Center for Comparative Genomics' 2012 laboratory handbook
protocols for ExoSAP-IT PCR purification were applied: 2 pi (1.0 pi for faint bands) of
dilute ExoSAP-IT enzyme was applied per 5 pi (7 pi for faint bands) of PCR product.
Moreover, the quick spin tubes that contained the PCR product and ExoSAP-IT were later
incubated in a PCR machine and run on the CAS Center of Comparative Genomics' pre
programmed ExoSAP-IT protocol: Incubate at 379C for 30 minutes, incubate at 809 C for
15 minutes, hold at 49C.
Cycle sequencing was then carried out on the clean, purified PCR product,
essentially adding fluorescent dyes to the desired DNA fragment strands. The cycle
sequencing recipes totaled 10 pi in each reaction and consisted of: 5.45 or 5.70 pi of
water, 1.5 pi of 5X Big Dye Buffer, 0.3 pi of one of the original PCR primer and 0.5 to 0.75
pi of the BigDyet Terminator v3.1(Applied Biosystems Incorporation, Foster City, CA), and
finally 2-5 pi of the clean PCR product. Overall, the cycle sequencing recipes were
different depending on the size of the fragments used; 0.75pl were used for fragments
>800 base pairs in length and 0.50 pi was applied for fragments < 800 base pairs in length.
The cycle sequencing parameters were as follows: initial denature at 969 C for 1 minute
followed by 15 cycles of 969 C for 10s, 559 C for 5s, 609 C for 1:15 minutes, followed by 5
cycles of 969 Cfor 10s, 559 Cfor 5s, 609 C 1:30 minutes, ensued by a final phase of 5 cycles
of 969 C for 10s, 559 C for 5s, 609C for 2:00 minutes and finally a hold at 49 C. The cycle
sequencing products were later cleaned using ethanol precipitation in order to remove
the excess dye terminators and salvage the concentrated nucleic acids from the liquid
matrix. 2.5 pi of 125mM di-Na EDTA with a pH of 8.0 and 30 pi of 100% EtOH were
combined in each product and centrifuged at 3000 x g for 30 minutes. Subsequently, the
tubes were inverted in a paper towel to remove the excess ethanol. Then the inverted
samples were spun at 200 x g for 2 minutes. Then 60 pi of 70% EtOH were added to each
product and centrifuged at 2000 x g for 15 minutes. Again, the samples were inverted on
a paper towel and spun inverted at 200 x g for 1-2 minutes. Lastly, the plate was removed
from the centrifuge and placed in 659 C incubator for 8 minutes. The cleaned cycle
sequence products were resuspended in 10 pi of deionized formamide of Hi-Di ™ (Applied
Biosystems Incorporation, Foster City, CA). Then the samples were denatured in a pre
heated PCR machine at 94-969 C for 2 minutes and placed on ice for 5 minutes. Following
that, the samples were placed on the ABI sequencing cassettes and sealed with clean
septa.
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The samples were sequenced on the ABI Prism 3130 automated DNA sequencer (Applied
Biosystems Incorporation, Foster City, CA).
A preliminary alignment of the forward and reverse sequences was performed
using the De Novo assembly on Geneious 10.2. Following the initial alignments, further
trimming was applied to clean the ends of several of the sequences still exhibiting
ambiguous characters. The aforesaid sequences were then transferred into PAUP*
4.0a 157 (Swofford, 2002) for further manual alignment and trimming.
Phylogenetic analysis
Following the extensive alignment and trimming process mentioned above, the
sequences were used to reconstruct the phylogenetic trees utilizing three different
methods. These methods are as follows: maximum likelihood (ML), Bayesian inference
(Bl) and maximum parsimony (MP). Phylogenetic analyses were conducted in PAUP*
4.0al57 (Swofford, 2002) and MrBayes v3.2.6 (Ronquist & Huelsenbeck, 2012) to
determine the relationships between the 26 specimens used in this study. The outgroup
was input as Hemidactylus brasilianus, one of the most geographically distant (Brazil) but
genetically closely related to H. greeffi and H. longicephalus (Gamble et al., 2010). As
referenced above, Carranza and Arnold (2003) among other authors (Bauer et al., 2010;
Gamble et al., 2010) opined that this species came to Brazil because of a transatlantic
colonization event from the Gulf of Guinea.
Before proceeding with any of the following analyses, some specimens had
specific genes excluded from the study due to inconclusive data; for RAG1: H. brasilianus
(CHUNB 41095); for a-Enolase: H. mabouia (CAS: 219079, 218725, 218724, 218723); for
ND2: H. greeffi (CAS 219045). In the ML analysis, the best-fitting model of nucleotide
substitution was assessed first for each gene (ND2, a-Enolase, RAG1) independently and
then for the concatenated series using PAUP's automated model selection under the
Akaike Information Criterion (AIC) (Huelsenbeck & Crandall, 1997). In order to obtain the
initial parameter estimates for the ML model, a Jukes-Cantor tree was generated using
the neighbor-joining algorithm. Once the most probable tree topology was determined,
the parameters were recalculated until all models converged, creating the final ML tree.
This final tree was then confirmed using the ML bootstrap analysis (Felsenstein, 1985),
performed using the random stepwise addition of a heuristic search for 100 replicates.
The Bayesian analyses were performed using MrBayes, running the concatenated
series and then each gene individually, implementing the same respective nucleotide
substitution models as mentioned in the ML analysis. Furthermore, the posterior
probabilities were evaluated using the Metropolis-coupled Monte Carlo Markov Chain
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(MCMCMC). The program began with randomly generated trees and then two parallel
searches were run for 1 million generations with the chains sampled every 1000
generations on a converging diagnostic. The default settings were used to define the
parameters. The first 25% of all the sampled trees were removed as burn-in and all the
remaining trees were used to calculate the Bayesian Posterior Probabilities.
The parsimony analysis was assessed first for each gene (ND2, a-Enolase, RAG1)
independently and then for the concatenated series. A heuristic search of 1000 replicates
was conducted employing the tree-bisection-reconstruction branch swapping, with a 100
random stepwise additions option with unordered changes of equal weight. In order to
evaluate the accuracy of the branching pattern for the parsimony trees, a bootstrap
analysis was executed using 1000 replicates of closest stepwise addition (Felsenstein,
1985).
Results
All 26 samples produced quantities of DNA that were of sufficient quality for this
analysis. The final alignment of the concatenated genes included 2320 base pairs (554
base pairs of mtDNA and 1766 base pairs of nuDNA). Concerning the individual genes,
1092 base pairs of the nuclear RAG1 were included in this study, 554 base pairs of the
mitochondrial ND2 and 674 base pairs of the nuclear a-Enolase. This study obtained 25
complete sequences of RAG1, 25 complete sequences of ND2 and 4 complete sequences
of a-Enolase. Additionally, there were 12 partial sequences of a-Enolase; the remaining
a-Enolase sequences were obtained from GenBank as mentioned in the "DNA
amplification and sequencing" section of this paper. Moreover, the sequences extracted
from GenBank were 212 base pairs long, while the sequences in this paper ranged all the
way up to 674 base pairs.
Phylogenetic analyses results
The three types of phylogenetic tree analyses (ML, MP and Bl) applied to the
individual genes and the concatenated series produced similar results, displaying near
identical topologies, in addition, most of the major nodes were well supported (Figures
6-9). The only exception was the tree topology of the mitochondrial ND2 ML tree, which
produced no ML bootstrap support for the relationship between the clade of H. greeffi
and H. principensis in addition to the clade of H. longicephalus and H. mabouia as shown
by (*) on figure 9.
For the ML analyses, PAUP produced the general time reversible (GTR) model
including gamma distributed rate variation among sites (GTR+G) for the concatenated
series produced similar results, displaying near identical topologies, in addition, most of
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the major nodes were well supported (Figures 6-9). The only exception was the tree
topology of the mitochondrial ND2 ML tree, which produced no ML bootstrap support for
the relationship between the clade of H. greeffi and H. principensis in addition to the clade
of H. longicephalus and H. mabouia as shown by (*) on figure 9.
For the ML analyses, PAUP produced the general time reversible (GTR) model
including gamma distributed rate variation among sites (GTR+G) for the concatenated
series. Regarding the single genes: the Tamura Nei substitution model (Tamura & Nei,
1993) with a proportion of invariable sites (TrNef+l) was generated for a-Enolase, the
Hasegawa-Kishino-Yano (HKY) (Hasegawa et. al. 1985) model for RAG1 and the
Transversion model with a gamma distributed rate variation among sites (TVM+G) for
ND2.
For the concatenated series' ML heuristic search discovered a single tree of -Ln
5604.719, with a rate variation in every one of the six base substitution types (AC:
7.45451, AG: 9.31365, AT: 1.95512, CG: 1.32192, CT: 9.31365, GT: 1.00000), the unequal
base composition (A=0.26722, C=0.25431, G=0.19880, T=0.27967), with a proportion of
invariable sites equaling 0.233854 (Figure 6). For a-Enolase, a single tree of-Ln 1179.112
was discovered, with a rate variation restricted to three distinct rates (AC: 1.00000, AG:
4.36981, AT: 1.00000, CG: 1.00000, CT: 9.28154, GT: 1.00000), all base frequencies were
equal, and the proportion of invariable sites was equal to 0.681053 (Figure 8). For RAG1,
a single tree was produced with a value of -Ln 1966.422, Ti/tv ratio of 2.29548 and a userspecified base composition (A=0.24514, C=0.21958, G=0.19683, T=0.33845) (Figure 7).
For ND2, a single tree of Ln -2129.815, with the 6st rate matrix values (AC=181.932,
AG=607.38, AT=110.098, CG=99.5675, CT=607.38, GT=1), rates at variable sites=gamma,
shape =0.40386 (8 categories (mean)) (Figure 9).
Employing the same models for the respective individual genes and the
concatenated series as described in ML analysis, the Bayesian analyses produced similar
results with almost identical topologies as found in the ML analyses—the only exception
was the mitochondrial ND2 ML tree mentioned above, which showed H. greeffi basal to
H longicephalus and H. principensis.
The parsimony analysis for the concatenated series found 317 informative
characters. The individual genes produced: 55 informative characters for RAG1, 21
informative characters for a-Enolase, and finally 241 informative characters for ND2. Like
mentioned above, the parsimony tree topology for the concatenated series and the
individual genes were mostly consistent with the ML and Bl tree topologies, for the
exception of the ND2 ML tree.
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In all the analyses, five distinct monophyletic clades are visible: H. principensis, H.
greeffi, H. longicephalus, H. mabouia, H. brasilianus. Furthermore, all of these
monophyletic groups were well supported by high bootstrap values and posterior
probabilities. According to RAG1 ML tree (Figure 7), H. greeffi (CAS: 219006, 219063)
shows some in-clade differentiation. Likewise, both H. principensis and H. mabouia
similarly show differentiation within their respective clades. The ND2 MP tree (Figure 9)
indicates intraspecies differentiation within the H. principensis clade:
(CAS:233429,219198), (CAS: 233430, 233421) and CAS 233524 show different distances.
However, the results for H. mabouia were a bit more convoluted, the RAG1 and a-Enolase
trees (Figure 7) and showed differentiation in variable groupings, inconsistent with one
another. Similarly, there wasn't a noticeable pattern based on differentiation according
to geographical location.
Discussion
In general, I found support for the recognition of H. principensis as a species with
the closest taxa being H. greeffi. These results support the previous conclusions from
Miller et al. (2012). That study included morphological analyses which showed
differences in iris color between H. principensis and H. greeffi, with H. greeffi displaying a
mossy-green iris color and H. principensis a coppery-gold color. Other morphological
differences included contrasts in adult specimen sizes: H. greeffi adults are generally
larger and display longer limbs than H. principensis. Their study also included some
molecular work where they sequenced a fragment a-Enolase, which found differentiation
occurring between H. principensis and H. greeffi. As mentioned above, this study included
Miller et al.'s a-Enolase data and the sequencing I performed on my other two DNA
fragments likewise found differentiation. Their study was the first to approach H. greeffi
on Principe as potentially its own unique species. Moreover, they used a relatively large
and more diverse sampling size of H. greeffi and H. principensis, more so than in any prior
study; 14 geckos from Sao Tome (from nine different sites) and 12 geckos from Principe
(from six different sites). Given Miller et al/s findings in conjunction with the molecular
work of this paper, it appears there is a high probability that their hypothesis is correct:
that H. greeffi is restricted solely to Sao Tome and that in fact, H. principensis is the "H.
greeffi" believed to have existed on Principe.
According to the previous phylogenetic analyses of the African-Atlantic clade, H.
principensis and H. greeffi were both included in the African-Atlantic clade as “H. greeffi."
Carranza and Arnold (2006) placed what they believed to be H. greeffi (Principe specimens
herein identified as H. principensis) in a clade with H. longicephalus (specimens found in
Sao Tome and on mainland Africa) and in a sister clade to H. brasilianus. Alternately, both
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Bauer et al. (2010) and Gamble et al. (2010) placed H. greeffi (Sao Tome samples) and H.
brasilianus together in a clade sister to H. longicephalus (Sao Tome samples).
However, in accordance with the present work and in conjunction with the robust
morphological findings of Miller et al. (2012) mentioned above, H. principensis is actually
distinct from H. greeffi and therefore its place in these clades had (prior to the present
work) been undetermined. Based on the results of this paper, H. principensis should be
monophyletic and placed into a clade with H. greeffi, and a sister clade to H. longicephalus
and H. brasilianus. Further bolstering the close phylogenetic relationship between H.
principensis and H. greeffi, is that they both share a distinctive synapomorphy—they are
both missing an identical appendage on the thumb (Miller et al., 2012), a derived feature
unique to the two species.
It has been established convincingly that the Hemidactylus clades containing the
Brazilian species of H. brasilianus and H. palaichthus arrived in South America via a transAtlantic dispersal event (Carranza & Arnold, 2006). They posited that perhaps the
ancestor of H. brasilianus originated in mainland Africa and travelled to the Gulf of Guinea
250-350 km away. Once there, the descendants of the original gecko embarked on a
journey to the East Coast of Brazil (Figure 5). By examining these specimens in the
context of their applied sequence evolution rate (here 1.35-3.2%/My), Carranza and
Arnold (2006) opined that they arrived in Brazil and its environs between 6 and 16 Ma., a
result supported partially by Gamble et al. (2001) and their estimated divergence dates
between 7.4-21.9 Ma.
Based on the phylogenetic relationships presented in this paper in conjunction
with older transatlantic dispersal event theories (noted in the papers: Carranza and
Arnold (2006), Gamble et al. (2010), Bauer et al. (2010)), one can substantiate the theory
posited by Miller et al. 2012, that the oldest island of this chain, Principe, was colonized
first, and even potentially before the next island, Sao Tome, ever emerged from the sea.
If Principe and Sao Tome have been aerial 31 and 14 My years respectively as mentioned
in the introduction of this paper, Principe has had a 17 My head start in terms of
colonization events. Assuming that Gamble et al. (2001) is accurate with regards to their
molecular clock analyses and ancestral area reconstruction, the common ancestor of H.
brasilianus, H. principensis, H. greeffi, would have a 7.9 My window in which to colonize
Principe before Sao Tome eventually became aerial. That could certainly provide enough
time for their common ancestor to establish a population (or rather, multiple micro-niche
populations) on the widespread Principe island prior to one of those populations
travelling to Sao Tome and further differentiating into the H. greeffi gecko of Sao Tome
today. Furthermore, the Principe island during the Oligocene period was considerably
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larger than it is today, with many micro-climatized regions (Marzoli et al. 2000) that could
have supported the many kinds of speciation events, including allopatric speciation.
There is a divergence, found here, between the evolutionary rate of mitochondrial
lineages and the rate of evolution in the nuclear genes, which would indicate incomplete
lineage sorting. The nuclear markers show far less variation between the different clades,
a general phenomenon noted by several authors, including in amphibians and in reptiles.
(See e.g. Rato et al. (2010)) Geckos in particular have been hypothesized to have low
variation within their nuclear markers and a relatively faster rate of evolution in
mitochondrial DNA. (Id.) The parsimony analysis conducted here produced only 55 and
21 informative characters for RAG1, and a-Enolase, respectively, yet found 241
informative characters for mitochondrial ND2. As noted by Rato et al. in their discussion
of the existent and well-developed literature on this issue, this relatively minimal
evolution rate shown in the nuclear DNA and high rates of differentiation in the
mitochondrial DNA indicates incomplete lineage sorting. Further work should include a
larger sample sizes of H. principensis and H. greeffi from all the different climatic niches
on both islands. In addition, larger sample sizes of H. longicephalus from both mainland
Africa and Sao Tome should be able to delineate a directionality for the common ancestry
of both H greeffi and H. longicephalus. This study had a very limited sample size of H.
brasilianus in addition to inadequate sequence data, it is not inconceivable that H.
brasilianus is H. greeffi and H. principensis' closest relative and is part of a recent
colonization event.
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Figure 1. Map showing Gulf of Guinea archipelago, the islands of Bioko, Principe, Sao
Tome and Annobon. For scale, the island of Bioko is approximately 40 km from
Cameroon. Principe and Sao Tome are approximately 255 and 250 kilometers,
respectively, off the northwestern coast of Gabon.

Table #1
Details of the specimens and sequences used in the present study
Taxa
Specimen Code (Figures, #7-U)
CAS 233524
Hemidactylus prlncipensls
CAS 233430
Hemidactylus pmclpensis
Hemidactylus principensis
CAS 233429
Hemidactylus principensis
CAS 233421
Hemidactylus prindpetais
CAS 219198
CAS 219063
Hemidactylus greeffi
CAS 219062
Hemidactylus greeffi
CAS 219045
greeffi
Hemidactylus
CAS 219044
Hemidactylus greeffi
CAS 219006
Hemidactylus greeffi
CAS 219079
Hemidactylus mobotiia
CAS 219078
Hemidactylus mbouia
CAS 219028
Hemidactylus mbouia
CAS 219008
Hemidactylus mobouio
CAS 219007
Hemidactylus m b o rn
CAS 218941
Hemidactylus mbouia
CAS 218940
Hemidactylus mbouia
CAS 218938
Hemidactylus mbouia
CAS 218729
Hemidactylus m a te
CAS 218725
Hemidactylus mbouia
CAS 218724
Hemidactylus mobotiia
Hemidactylus mobouia
CAS 218723
CAS 218942
Hemidactylus longxepbolus
CAS 218939
Hemidactylus bngxepbolus
HB41095
Hemidactylus brosilm s
HB41096
Hemidactylus b rosikm

locality
CAS Herpetology Collection Database Cat No.
CAS 233524
Principe
CAS 233430
Principe
CAS 233429
Principe
CAS 233421
Principe
CAS 219198
Principe
CAS 219063
Sao Tome
Sao Tome
CAS 219062
CAS 219045
Sao Tome
CAS 219044
Sao Tome
CAS 219006
Sao Tome
CAS 219079
Principe
CAS 219078
Principe
Sao Tome
CAS 219028
Sao Tome
CAS 219008
CAS
219007
Sao Tome
CAS 218941
Sao Tome
CAS 218940
Sao Tome
CAS 218938
Sao Tome
CAS 218729
Sao Tome
CAS 218725
Sao Tome
CAS 218724
Sao Tome
Sao Tome
CAS 218723
CAS 218942
Sao Tome
Sao Tome
« S 218939
Not Apllicable
East Coast of Brazil
Not Applicable
East Coast of Brazil

CHUNB database
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
NotApplicaoie
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
No! Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
CHUNB 41905
CHUNB 41906

GenBank Accession Nos. GenBank Accession Nos. GenBank Accession Nos,
aEnoisse
RAG1
N02
JQ611750
JQ611748
JQ611747
JQ611749
JQ611744
JQ611736
JQ6U739
JQ611733
EU268308
EU268308
JQ611732
JQ611737
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
HM559703
HM559637
Not Applicable
Not Applicable
Not Applicable
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Figure 2. Map showing Hemidactylus sampling localities on the island of Principe in the
Gulf of Guinea.
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Figure 3. Map showing Hemidactylus sampling localities on the island ofSao Tome in the
Gulf of Guinea.

Figure 4. This photo, courtesy of Miller et al. 2012, shows the differences of iris color
between H. principensis (A) and H. greeffi (B).
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ancestor of H. brasilianus, H. greeffi and H. principensis from the Gulf of Guinea to the
east coast of Brazil. H. brasilianus was first described by (Amaral, 1935) and its
distribution is restricted to Brazil (Minas Gerais, Bahia, Pernambuco).
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Figure 6. Tree derived from maximum likelihood (ML) analysis using the combined data
(concatenated series) of a-Enolase, RAG1, ND2 sequences. The values below or above
the branches correspond to the ML bootstraps, Bayesian posterior probabilities and
Maximum Parsimony (MP) node supports respectively. All trees were rooted using H.
brasilianus.

20

h P 233524 —,
H P 233430
H . prim iptnm
— b P 233-129
98/83/95
HH 233421
H P 219193 —I
_ 8 1/98/66
Hg
Hg 219006
Hq 2"9062
89/94/86 Hg 2'9044

H . mabouia

62/92/64 -

100/80/100

92/60/85

100/98/100

Ml 21£94?

IH

hngktphaius

Hm 21911 7B
I Im 219C2B
Hm 21 9 :0 7
Hm 21*729
Hm 21*725
•Hm 2*90 .'8
Hm 219D06
Hm ?18&4ti
Hm 21*724
Hm 21*723
Hm 218941
Hm 218938

— HI 213939
H B 41095 i
■ C <301

H. bmsilia nus

Figure 7. Tree derived using ML analysis using RAGlsequences. The values below or
above the branches correspond to the ML bootstraps, Bayesian posterior probabilities
and Maximum Parsimony (MP) node supports respectively. Within the square above,
there is some miniscule evidence of intraspecific differentiation between the H. greeffi
monophyletic group.
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Figure 8. Tree derived from ML analysis usingt a-Enolase sequences. The values below
or above the branches correspond to the ML bootstraps, Bayesian posterior probabilities
and Maximum Parsimony (MP) node supports respectively. When (*) is present for the
Bayesian posterior probability, that meant there was no value for that branch. Overall,
this tree topology had little support for some of the basal nodes, which could be
attributed to inadequate sequencing.
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Figure 9. Tree derived from ML analysis using ND2 sequences. The values below or
above the branches correspond to the ML bootstraps, Bayesian posterior probabilities
and Maximum Parsimony (MP) node supports respectively. The presence of (*) indicates
that there was no value for that ML bootstrap support.
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