GastTrack:)
publication

Bull Mar Sci. 94(1):000-000. 2018

https://doi.org/10.5343/bms.2016.1134

research pape \‘<

Mitogenomic investigation reveals a cryptic
lineage of Crocodylus in Cuba

' Centro de Investigaciones
Marinas, Universidad de La
Habana, Calle 16 #114, entre 1™
y 3", Miramar, Playa, Cédigo
Postal 11 300, Havana, Cuba.

? Facultad de Biologia,
Universidad de La Habana,
Calle 25 # 455, entre J e |, Plaza
Vedado, Cédigo Postal 10 400,
Havana, Cuba.

3 Department of Biology,
University of British Columbia,
Okanagan Campus, 3247
University Way, Kelowna, V1V
1V, British Columbia, Canada.

+Sackler Institute for
Comparative Genomics,
American Museum of Natural
History, Central Park West at
79th Street, New York, New York
10024.

* Corresponding author email:
<yoamelmg@gmail.com>.

Date Submitted: 6 February, 2017.
Date Accepted: 25 July, 2017.
Available Online: 25 August, 2017.

Yoamel Milian-Garcia »**

Jessica Castellanos-Labarcena **
Michael A Russello 3

George Amato *

ABSTRACT.—The American crocodile, Crocodylus
acutus (Cuvier, 1807), is the most widely distributed
crocodylian in the Americas, and coexists with the endemic
and critically endangered Cuban crocodile, Crocodylus
rhombifer Cuvier, 1807. Although these species are
morphologically distinguishable, previous studies have
shown that they are more genetically related to each other
than either of them are to continental C. acutus. Here,
we characterize the mitochondrial genome of Cuban C.
acutus and analyze the resulting data relative to previously
published whole mitochondrial genomes to reconstruct
patterns of variation and phylogenetic placement within
Crocodylus. We sequenced 13,776 basepairs, representing
82% of the entire genome including five (COI, COII, ATPS,
ND3, ND4L) of the 13 protein-coding genes and 16 of the
22 tRNAs. Independent gene analysis of nucleotide diversity
and genetic distance of Tamura-Nei demonstrated that
the 16S rRNA, 12S rRNA, and COI genes are the most
conserved in Crocodylus, while ND6 was the most variable
(approximately 9%). Phylogenetic analysis confirmed that
Cuban C. acutus forms a well-supported sister relationship
with C. rhombifer, in contrast to continental C. acutus that
clusters with Crocodylus intermedius Graves, 1819. The
results are consistent with the hypothesis that Antillean C.
acutus represents a cryptic lineage with genetic divergence at
the species level. The ability to fully evaluate the taxonomic
status of the Caribbean lineage of C. acutus still requires
more comprehensive population samplings across the range
as well as nuclear DNA sequence data. Of more immediate
consequence, our results provide important information to
be integrated into current Crocodylus conservation strategies
in Cuba.

The genus Crocodylus is comprised of 12 species, four of which inhabit the

Americas, including the widespread Crocodylus acutus (Cuvier, 1807) and three
endemic species (Crocodylus rhombifer Cuvier, 1807—Cuba; Crocodylus moreletii
Duméril and Bibron, 1851—Central America; Crocodylus intermedius Graves,
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1819—Venezuela, Colombia). The Cuban crocodile (C. rhombifer) has the smallest
geographical distribution in the Americas, currently restricted to approximately 300
km?in Zapata Swamp in the province of Matanzas (Tabet et al. 2014). In contrast, the
American crocodile (C. acutus) has the widest distribution, found from the southern
tip of Florida to the Atlantic and Pacific coasts, from Mexico to the north of South
America, and from Caribbean islands such as Cuba, Jamaica, and Hispaniola (Tabet
et al. 2014, Budd et al. 2015). The American crocodile is sympatric with the Cuban
crocodile in Zapata Swamp, while it occurs in allopatry in the rest of the coastal
areas of the island (Milidn-Garcia et al. 2015). In the Cuban archipelago, it can be
found in 60 localities distributed in 11 provinces, including Isla de la Juventud as well
as in adjacent northern and southern cays of the island (Tabet et al. 2014).

The populations of Cuban Crocodylus have declined as a result of intense hunting
pressure since the middle of the 19" century. Currently, the main threats for the wild
populations of Cuban Crocodylus are: illegal hunting, habitat loss/modifications, and
anthropogenic hybridization (Tabet et al. 2014, Milidn-Garcia et al. 2015). The en-
demic C. rhombifer is considered the most endangered Crocodylus in the Americas,
listed as “Critically Endangered” by the International Union for the Conservation of
Nature (IUCN), while C. acutus is considered “Vulnerable” (IUCN 2016).

Although the two traditionally recognized species inhabiting Cuba are considered
morphologically distinguishable, they are genetically more closely related to each
other than they are to mainland populations of C. acutus (Milidn-Garcia et al. 2011).
In addition, further in situ studies of C. rhombifer and C. acutus populations sug-
gest that the American crocodile inhabiting Cuba is a cryptic lineage morphologi-
cally similar to C. acutus (Weaver et al. 2008, Milidn-Garcia et al. 2011, Rodriguez et
al. 2011, Milidn-Garcia et al. 2015). Extensive hybridization between populations of
Cuban Crocodylus has also been detected, and may be a key modulator of the degree
of genetic differentiation that has resulted in the formation of three major lineages:
C. rhombifer, Cuban C. acutus, and mainland C. acutus (Milidn-Garcia et al. 2015).

The recognition of cryptic species has significant implications for the taxonomy
and conservation of crocodylians (Eaton et al. 2009, Hekkala et al. 2011, Shirley et al.
2014). This information is critical for developing comprehensive management plans
that take into account all existing diversity and evolutionary potential to help ensure
the persistence of these species. It has been suggested that the failure to recognize
unique lineages and distinct populations results in inaccurate assessments of glob-
al biodiversity, in general (Cunningham et al. 2016), and crocodylians, specifically
(Hekkala et al. 2015). Genetic data have provided enhanced resolution for the detec-
tion and characterization of cryptic species diversity in a range of taxa (Hebert et al.
2004, Russello et al. 2005, Hekkala et al. 2011), including the use of whole mitochon-
drial genome sequencing (i.e., mitogenomics) for “super-DNA-barcoding” and subse-
quent population genetic (Shamblin et al. 2015) and phylogenetic analysis (Gillett et
al. 2014, Gémez-Rodriguez et al. 2015).

Here, we conducted a mitogenomic investigation of Crocodylus populations in-
habiting Cuba to: (1) characterize, for the first time, the mitochondrial genome of
Cuban C. acutus; (2) determine the phylogenetic position of Cuban C. acutus relative
to whole mitochondrial genomic data previously collected for all recognized species
of Crocodylus (Meredith et al. 2011); and (3) explore implications for taxonomy and
Crocodylus conservation in Cuba.
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MATERIALS AND METHODS

Data CoLrLEcTION.—We sampled a fragment of a caudal scale from one C.
acutus individual from the most abundant on-island population of the American
crocodile located in the Monte Cabaniguan Wildlife Refuge, Birama Swamp, Las
Tunas Province (20°40°28.1"N, 77°17°18.7"W). This population, located on the
eastern side of Cuba, has not historically overlapped with C. rhombifer. Moreover,
previous studies of crocodiles in Birama Swamp have morphologically characterized
all sampled individuals (n = 69) as C. acutus and have reconstructed the same
mitochondrial DNA haplotype across cytochrome oxidase I (COI), cytochrome b (cyt
b), and the D-loop (Milidn-Garcia et al. 2011, 2015). Consequently, we are confident
that individuals from this location are not admixed and felt justified in sequencing a
single exemplar individual.

DNA was extracted using the NucleoSpin Tissue (Macherey-Nagel, Diiren,
Germany) commercial kit following manufacturer’s instructions. The mitochondrial
genome sequences of C. rhombifer (GenBank accession numbers NC024513 and
JE502247) served as a template for the design of specific oligonucleotides (27
pairs). The primers were designed using Primer 3 (http://primer3.ut.ee/). Each set
of oligonucleotides generated a product of approximately 600 basepairs (bp) that
overlaps by approximately 100 bp with adjacent fragments. PCR reactions were
performed in a total volume of 15 pl containing: 1 pl of DNA (20-50 ng), 1x Taqg DNA
Polymerase VWR Master Mix (Tris-HCI pH 8.5, (NH,),SO,, 2.0 mM MgCl,, 0.2%
Tween® 20, 0.4 mM of each ANTP, 0.2 uM of each oligonucleotide, and 0.2 units pl™
of Tagq Polymerase VWR) (VWR Chemicals, Belgium). Cycling conditions were as
follows: 94 °C for 2 min followed by 35 cycles of 94 °C (45 s), annealing temperature
(45 s), and 72 °C (1 min 30 s) followed by a final extension step at 72 °C for 10 min.
Optimal annealing temperatures varied depending on each oligonucleotide pair,
ranging from 40 to 52 °C. The oligonucleotides sequences and corresponding
annealing temperatures are shown in Online Appendix 1.

PCR products were purified using the QIAquick PCR Purification Kit (Qiagen)
following manufacturer’s instructions. All PCR products were sequenced using
a Sequencer Beckman Coulter 8800 and the GenomeLab™ Dye Terminator Cycle
Sequencing (DTCS) Quick Start Kit (Beckman Coulter, Inc., Brea, CA).

Data ANALYSIS.—DNA sequences were edited and aligned using Sequencher v5.4.1
(Gene Codes, Ann Arbor, MI). Alignments were performed using the mitochondrial
genome of C. rhombifer as a reference. A partial mitochondrial genome for Cuban
C. acutus was obtained by joining the consensus sequence of each fragment as
implemented in Geneious 8.1.2 (Biomatters, Ltd.). Preliminary annotation of each
sequence was done using the mitochondrial genome annotation server MITOS
(Bernt et al. 2013). Annotations were manually validated by comparison to the C.
rhombifer reference using the ClustalW algorithm as implemented in MEGA version
7 (Kumar et al. 2016). Partial mitochondrial genome of Cuban C. acutus is available
in Genbank accession number xxxxxxx.

The number of polymorphic sites and nucleotide diversity () (Nei 1987) were
calculated using DNASP v5 (Librado and Rozas, 2009). In each case, a pairwise
comparison of genomes for the sequence of Cuban C. acutus was also conducted
with continental C. acutus sequences and other Crocodylus species available on
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GenBank: Crocodylus palustris Lesson, 1831 (GU144286, Feng et al. 2010), C.
moreletii (HQ585889, Meganathan et al. 2011), Crocodylus mindorensis Schmidt,
1935 (GU144287, Feng et al. 2010), Crocodylus johnsoni Krefft, 1873 (HM488008,
Meganathan et al. 2011), Crocodylus porosus Schneider, 1801 (AJ810453, Janke
et al. 2005), Crocodylus novaeguineae Schmidt, 1928 (HM636896, Man et al.
2011), Crocodylus siamensis Schneider, 1801 (EF581859, Srikulnath et al. 2012), C.
intermedius (JF502242, Meredith et al. 2011), C. rhombifer (NC024513), Crocodylus
niloticus Laurenti, 1768 (JF502246, Meredith et al. 2011), Crocodylus suchus Geoffroy,
1807 (JF502243, Meredith et al. 2011), C. acutus (JF502241, Meredith et al. 2011).

Similarly, the genetic distances between all pairs of genomes were calculated using
the Tamura-Nei (Tamura and Nei 1993) model of nucleotide substitution in MEGA
v7 (Kumar et al. 2016), as selected according to the Bayesian information criterion
(BIC).

The sequence of each tRNA identified in the mitochondrial genome of Cuban C.
acutus was transcribed using the Geneious 8.1.2 (Biomatters, Ltd.). The secondary
structure and sequence of the anticodon were identified using tRNAscan-SE
v1.21 (Lowe and Chan 2016) maintaining default parameters. The entire sequence
obtained for the five genes encoding proteins (COI, COII, ATP8, ND3, and ND4L)
was translated into the amino acid sequence using MEGA v7 (Kumar et al. 2016).

Maximum likelihood and Bayesian phylogenetic reconstruction were used to infer
the phylogenetic placement of Cuban C. acutus. The analyses included 23 Crocodylus
mitochondrial genomes (partial or complete): C. acutus (HM636894, JF502241),
C. intermedius (HM636895, JF502242), C. johnsoni (HM488008); C mindorensis
(GU144287), C. moreletii (HQ585889); C. niloticus (AJ810452, DQ273697, JE502245,
JE502246), C. suchus (JF502243, JE502244); C. novaeguineae (HM636896, JF502240),
C. palustris (GU144286, HM488007), C. porosus (A]810453, DQ273698), C. rhombifer
(JX292787, JF502247), C. siamensis (DQ353946, EF581859). In addition, Mecistops
cataphractus (Cuvier, 1825) (EF551000) and Osteolaemus tetraspis Cope, 1861
(AM493868, EF551001) mitogenomic sequences were used as outgroups. Sequences
were aligned using the MUSCLE algorithm and default parameters as implemented
in Geneious 8.1.2 (Biomatters, Ltd.).

A maximum likelihood phylogenetic tree was constructed using PHYML (Guindon
et al. 2010) and assuming the model of nucleotide substitution HKY85, selected
according with the Akaike information criterion as implemented in MODELTEST
(Posada and Crandall 1998). Nodal support was evaluated using bootstrap analysis
and 1000 replicates. A Bayesian inference phylogenetic tree was also constructed
using MrBayes v3.2.6 (Huelsenbeck and Ronquist 2001) and the HKY85 model of
nucleotide substitution. Four simultaneous chains were run for a total of 1.0 x 107
generations, each one using a random tree as the starting point and sampling a tree
every 1000 generations for a total of 10,000 trees explored. The first 5000 trees
were discarded (burn-in) and the remaining were used to construct a majority-rule
consensus tree and derive posterior probability values.

REsSULTS
Sequencing of the 23 overlapping fragments from the mitochondrial genome

of Cuban C. acutus generated a total of 13,776 bp (Fig. 1). This represents 82% of
the complete mitochondrial genome relative to the C. rhombifer reference genome
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Figure 1. (A) Gene arrangement and organization of the mitochondrial genome in Crocodylia.
(B) Representation of the partial mitochondrial genome obtained in the present study for Cuban
Crocodylus acutus. Non-sequenced fragments are highlighted in green (online color figure).

(16,795 bp). Five (COI, COIL, ATP8, ND3, ND4L) of the 13 protein-coding genes and
16 of the 22 tRNAs were sequenced in their entirety. The tRNAP*® / tRNAS!, ribo-
somal RNA 12§ / 16S, and the D-loop were partially sequenced. No information was
obtained for tRNAS", tRNASY, tRNA™, and tRNAM, Most genes were encoded in
the heavy chain, except for ND6, tRNAS", tRNASr, tRNAT", tRNA®*, tRNA*"?, and
tRNAC" genes that were encoded in the light chain.

As expected, the mitochondrial genome of Cuban C. acutus shares the typical ar-
rangement of genes observed in crocodylians (Fig. 1). This includes the characteristic
variations in the arrangement of some genes encoding tRNAs compared to other
vertebrates, while maintaining the same organization of protein-coding genes found
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in mammals, amphibians, and fishes. The tRNA* gene is located on the 5" end of
the control region, forming a group with tRNA™® and tRNA™" genes (TPF group)
with the control region adjacent to the 12S rRNA gene. The tRNAS and tRNA"* also
are in a different order compared to other vertebrates, forming the cluster tRNAS¢,
tRNAMs, tRNA (SHL) instead of the more common arrangement in vertebrates
(HSL). In addition, it has a different arrangement for ND6/cyt b than found in the
mitochondrial genome of birds, and has longer noncoding regions between the genes
encoding proteins and tRNA, compared to that observed in mammals, amphibians,
and fishes.

The longest noncoding regions located between genes encoding tRNAs and pro-
tein-coding genes were found between cyt b and tRNA™ (46 bp), and ND4 and
tRNAS! (31 bp). Other similar spacer regions were detected between 1 and 21 bp.
The nucleotide composition was asymmetric (31.0% A, 28.8% C, 15.0% G, 25.2% T)
with an overall GC content of 43.8%.

GENE VARIATION AT THE MITOCHONDRIAL LEVEL.—Genes encoding proteins
and ribosomal RNA were sequenced at 87% of full length on average, ranging from
60% to 100% coverage (Table 1). Independent gene analysis of nucleotide diversity
and genetic distance were performed for each gene of Cuban C. acutus relative to
the corresponding sequences previously published for 12 species within the genus
(Online Appendix 2). The most conserved genes were 16S rRNA, 12S rRNA, and CO],
with nucleotide diversity values of 0.038, 0.04, and 0.058, respectively. The greatest
variability was found in the genes encoding the subunits of NADH dehydrogenase
I, with an average nucleotide diversity of 0.09 for ND5 and ND6. The control region,
typically the most variable part of the vertebrate mitochondrial genome, had an aver-
age nucleotide diversity of 0.06 across Crocodylus (Table 1).

PROTEIN-CODING GENES.—For the genes COII, ND4L, and ATPS, all of the ob-
served nucleotide changes were transitions, mainly in the third codon position.
Changes were synonymous for the primary sequence of the proteins. The ND3 gene
exhibited a transition in the second position of a codon that generated a conser-
vative amino acid change; the amino acid serine was replaced by asparagine, both
uncharged polar amino acids. For the COI gene, 11 transitions and two transver-
sions were detected, four of which were non-synonymous. The amino acid change
isoleucine to methionine was conservative since both are nonpolar, while the chang-
es from alanine to threonine, phenylalanine to serine, and phenylalanine to leucine
were non-conservative.

PHYLOGENETIC ANALYSIS.—Cuban populations of C. rhombifer and C. acutus
(0.009) possessed the lowest levels of mitochondrial genomic divergence of any pair-
wise comparison between recognized Crocodylus species (Table 2). This is in contrast
to the larger value of genetic differentiation detected between mainland populations
of C. acutus relative to Cuban C. acutus (0.054) and Cuban C. rhombifer (0.054),
respectively.

Maximum likelihood and Bayesian phylogenetic trees including Cuban C. acu-
tus and whole mitochondrial genomes of 12 other Crocodylus species recovered the
same tree topology, which was largely consistent with broad-scale patterns previous-
ly obtained by Meredith et al. (2011). Specifically, a monophyletic Indo-Pacific clade
was reconstructed with high support, with African species clustering with the New
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Table 1. Length of the ribosomal genes, protein-coding and control region of the mitochondrial
genome expressed in basepairs (bp) and the percentage of each gene sequenced for Crocodylus
acutus of Cuba. Genes were arranged in descending order of their average nucleotide diversity and
genetic distance of Tamura-Nei, estimated for all members recognized to date within the genus
Crocodylus.

Percent Average genetic
Gene bp sequenced Average I1 Percent distance
ND6 530 71 0.092 9.20 0.106
ND5 1,861 84 0.091 9.09 0.101
ND1 963 62 0.084 8.40 0.093
ND4L 294 100 0.081 8.08 0.089
Cytb 1,165 73 0.081 8.06 0.089
ND2 1,056 87 0.080 7.97 0.087
ATP6 697 93 0.078 7.82 0.087
ND4 1,374 97 0.073 7.33 0.082
COX3 786 98 0.072 7.21 0.078
ND3 348 100 0.068 6.85 0.074
ATP8 162 100 0.067 6.74 0.075
COX2 684 100 0.065 6.47 0.069
COX1 1,558 100 0.058 5.83 0.063
D-loop 1,073 49 0.060 6.00 0.062
12S_ARNr 985 92 0.040 4.00 0.042
16S_ARNr 1,593 60 0.038 3.80 0.040

World clade as previously described (Man et al. 2011, Oaks 2011). Within the New
World clade, mainland C. acutus and C. intermedius were also found to be sister taxa
(Meredith et al. 2011, Oaks, 2011). Importantly, Cuban C. acutus and C. rhombifer
form a monophyletic group relative to all other species found in the Americas, with
significant nodal support (posterior probability > 0.99) (Fig. 2). This result renders C.
acutus paraphyletic, with the Cuban C. acutus more closely related to C. rhombifer
than to mainland C. acutus populations.

DiscussiON

DESCRIPTION OF THE MITOCHONDRIAL GENOME OF CUBAN CROCODYLUS
Acurus.—Mitochondrial genome sequences have been important for investigating
certain conflicts in crocodylian systematics (Janke et al. 2005, Srikulnath et al. 2012),
as well as to show patterns of significant intra- and interspecific diversification (Eaton
et al. 2009, Shirley et al. 2014, Bloor et al. 2015). Here, we followed up on previous
research that revealed unique lineages within Cuban Crocodylus, corresponding to
the endemic Cuban crocodile (C. rhombifer) and a cryptic lineage morphologically
similar to the American crocodile (C. acutus) (Weaver et al. 2008, Milidn-Garcia et

Table 2. Estimates of Tamura-Nei genetic distances (Tamura and Nei 1993) by pairs of
representative mitochondrial genomes for Cuban Crocodylus acutus, mainland Crocodylus acutus
and Crocodylus rhombifer.

Species 1 Species 2 Genetic distance
Cuba C. acutus (present study) C. rhombifer 0.009
Cuba C. acutus (present study) Mainland C. acutus 0.054

Mainland C. acutus C. rhombifer 0.054
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HM636894 Crocodylus acutus
JF502241 Crocodylus acutus
HM636895 Crocodylus intermedius
JF502242 Crocodylus intermedius
HQ585889 Crocodylus moreletii
JF502247 Crocodylus rhombifer
JX292787 Crocodylus rhombifer
Partial_mtGenome_Cuban Crocodylus acutus
DQ273697 Crocodylus niloticus
JF502246 Crocodylus niloticus
JF502245 Crocodylus niloticus
AJ810452 Crocodylus niloticus
JF502243 Crocodylus suchus

+ JF502244 Crocodylus suchus

DQ273698 Crocodylus porosus

DQ353946 Crocodylus siamensis
AJ810453 Crocodylus porosus
GU144286 Crocodylus palustris

HM488007 Crocodylus palustris

EF581859 Crocodylus siamensis

Crocodyls

JF502240 Crocodylus novaeguineae

GU144287 Crocodylus mindorensis

p O Ci dylus johnsoni
1 P EF551001.1 Osteolaemus tetraspis
B AM493868 Osteolaemus tetraspis
0 [EF551000.1 Mecistops cataphractus

0.05

Figure 2. Bayesian phylogenetic tree based on the resulting partial or complete mitochondrial
genome sequences for all known Crocodylus species. The mitogenomes employed have been
identified by their accession number to the GenBank database, and the partial mitochondrial
genome of Cuban C. acutus (Crocodylus acutus Cuba) generated in the present study has been
included. Mecistops cataphractus and Osteolaemus tetraspis were used as outgroups to root the
tree. The numbers on the nodes indicate posterior probability values.

al. 2011, 2015). The sequencing of the mitochondrial genome for this cryptic lineage
is of great importance for both resolving Crocodylus systematics analysis and for
better understanding patterns of intraspecific genetic diversity throughout the range
of this taxon previously described as C. acutus.

In crocodylians, tRNA genes and protein-encoding genes are separated by spac-
ers that are longer than in other vertebrates (Janke et al. 2005). This organization is
largely a result of the rearrangement of the tRNAs. An example is the non-coding
region that is shared between Alligator and Crocodylus positioned at the 5" end of
tRNA™:, This spacer is between 32 and 68 bp (Glenn et al. 2002), with Cuban C.
acutus exhibiting one 46 bp in length that is likely the result of the movement of
tRNAPe, as has been found in Alligator mississippiensis (Daudin, 1802) (Janke and
Arnarson 1997). Furthermore, Alligator and Crocodylus have a 23-30 bp spacer be-
tween ND4 and tRNAS! genes, while it is 264 bp in Caiman and 31 bp in Cuban C.
acutus. This contrasts with birds and other reptiles that have no more than three
nucleotides separating these coding regions (Kumazawa and Nishida 1995).
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In terms of base composition, Cuban C. acutus exhibited a high abundance of
the “A” nucleotide, similar to other species of the genus. In contrast, other members
of Crocodylia, such as Alligator sinensis Fauvel, 1879 and Paleosuchus palpebrosus
(Cuvier, 1807), have an abundance of the “C” nucleotide (Meganathan et al. 2010).
Overall, the GC content was found to be lower than the AT content, which is a com-
mon feature of the mitochondrial genomes in crocodylians.

GENE VARIATION AT THE MITOCHONDRIAL LEVEL IN CROCODYLUS.—
Mitochondrial ribosomal and protein-coding genes have been widely used as mo-
lecular markers in studies of population genetics and phylogenetics (Milidn-Garcia
2008, Milian-Garcfa et al. 2011, Oaks 2011, Patwardhan et al. 2014). Although these
markers have resolved relationships at higher taxonomic level within the order
Crocodylia, they are unable to provide the resolution necessary to discern recent
relationships within Crocodylus (Oaks 2011, Srikulnath et al. 2015). These results
demonstrate the need to better understand patterns of intraspecific differentiation
within the members of the genus, before establishing interspecific relationships.

In the present study, we found that the most conserved regions within Crocodylus
are the ribosomal genes (approximately 4%) and COI (5.83%), which is consistent
with data from other members of this order. Similarly, the greatest variability was ob-
served for ND5 and ND6 (approximately 9%), but not for ATPase genes. Comparing
protein-coding genes and ribosomal RNA for seven species within the order, COI
was the most conserved gene while ND6 was the most variable. The variability of
the rRNA was low, but higher than COI (Li et al. 2007). Similarly, Srikulnath et al.
(2012) reports that COI and cyt b genes are conserved while ND and ATPase genes
are more variable.

When analyzing a short region of the COI gene in 23 species of five families of
vertebrates (Crocodylidae, Alligatoridae, Bovidae, Suidae, Cercopithecidae), intra-
specific polymorphism was generally low, with an average of 0.24%. By contrast, the
average genetic divergence when comparing species of the same genus was 9.8%, with
crocodylians the lowest at 6.5% (Eaton et al., 2010). This average value of nucleotide
divergence for crocodylians is consistent with previous analyses of representatives
from the family Crocodylidae and Alligatoridae (Eaton et al. 2010). Our analysis re-
vealed a lower value (5.83%) for the genus Crocodylus.

The ND6-cytb gene has been considered an effective marker for phylogenetic stud-
ies of the order Crocodylia, especially for comparing closely related taxa (McAliley
et al. 2006). The results obtained in this study show that, for Crocodylus, ND5-ND6
are useful regions for examining variability within the genus. When comparing hap-
lotype pairs, these genes showed the highest nucleotide diversity values, even at the
intraspecific level (Online Appendix 2).

In addition to the coding sequences, the mitochondrial genome of vertebrates has
the largest non-coding region in the form of the control region, which is generally the
most variable part of the genome. Variation within the control region can take the
form of nucleotide substitutions, as well as changes in length due to short insertions/
deletions and in the number of tandemly repeated sequences (Ray and Densmore
2002). In the present study, analysis of the partial control region sequences revealed
an average nucleotide diversity of 6%, which was lower than that of certain protein-
coding genes such as ND5, ND6, ND4L, ND1, and cyt b. While the control region
typically is the most variable part of mtDNA, the absence of domain III in our se-
quence may be influencing the lower value obtained with respect to the rest of mito-
chondrial fragments.
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TRANSFER RNA.—Some vertebrate mitochondrial tRNAs exhibit unusual fea-
tures. In most, the size of the arm D is variable and is even absent in tRNAS" (AGY),
which is common to all vertebrates. With this exception, the remaining mitochon-
drial tRNA structure may take the typical cloverleaf and stabilization requires less
tertiary interactions compared to cytoplasmic tRNAs. The tRNA"* of marsupials
and placental mammals have a reduced D arm and tRNAS** (UCN) consists of six nu-
cleotides at the anticodon arm, instead of five. In contrast to birds, these two tRNAs
have cloverleaf canonical structures in reptiles and amphibians (Pereira 2000). The
only conserved features are the general structure of the anticodon region and the
presence of the CCA end that is not encoded in mtDNA, but is post-transcriptionally
added (Fernandez-Silva et al. 2003).

For the genus Crocodylus, all tRNAs adopt the cloverleaf secondary structure ex-
cept tRNAS" (AGY) (Li et al. 2007, Ji et al. 2008, Meganathan et al. 2011). In the
present study, all 16 completely sequenced tRNAs exhibited this structure and were
similar to those previously reported (Online Appendix 3).

The high degree of conservation in the primary structure of tRNAs is indicative of
the importance of folding for function. While there may be differences in the nucleo-
tide sequence, they all can be virtually folded in the same conformation in inverted
L-shaped, except for differences in the anticodon arm and aminoacyl end (Krebs et
al. 2014). In our study;, it was verified that nucleotide changes observed in the tRNAs
with respect to the C. rhombifer reference were not in the anticodon loop and did not
affect the expected folding. This is important since the structure of this molecule
determines its function as an adapter during synthesis of proteins.

PROTEIN-CODING GENES.—The protein subunits encoded in the mitochondrial
genome are essential for the proper assembly and activity of the complexes of the
oxidative phosphorylation system (Ferndndez-Silva et al. 2003). This implies that
changes in the gene sequence should not affect the structure and function of the
protein subunit, since the main function of mitochondria is to produce the required
cellular ATP via the oxidative phosphorylation system (Ferndndez-Silva et al. 2003).

In three mitochondrial protein-coding genes (COIIL, ATP8, and ND4L) analyzed, it
was found that nucleotide changes do not generate variation in the primary structure
of the protein, while in the ND3, there was a conservative nonsynonymous substitu-
tion that does not severely affect the structure and function of the protein. In COI,
one conservative and three non-conservative changes were identified that could in-
fluence the structure and function of the protein. The effects of these changes in the
protein subunit COI should be further evaluated by studying their secondary and
tertiary folding. This is especially important, as a previous analysis of the 13 protein-
coding genes in six species of Crocodylus suggested that the level of evolutionary
pressure acting on these genes could be attributed to negative or purifying selection
(Meganathan et al. 2011).

RELATIONSHIPS BETWEEN CUBAN CROcODYLUS SPECIES.—Crocodylians have
been considered a relatively homogeneous, ancient, and widely distributed group. Yet
many studies have shown patterns of considerable intraspecific variation (Hekkala
et al. 2010, Meredith et al. 2011, Milidn-Garcia et al. 2015) and diversification at the
species level (Eaton et al. 2009, Hekkala et al. 2011, Shirley et al. 2014).

The natural history for species that inhabit large geographic regions may be
complex, but it may help elucidate current patterns of biodiversity. The American
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crocodile is the most widely distributed species among New World crocodiles. Given
the wide geographical distribution and vulnerable conservation status (IUCN 2016)
of C. acutus, it has been challenging to reconstruct range-wide estimates of genetic
diversity and population structure (Bloor et al. 2015). Preliminary phylogeographic
analysis for C. acutus revealed a significant degree of variation in the genetic struc-
ture of its populations (Weaver et al. 2008, Rodriguez et al. 2011), but these studies
were based on limited character sampling (cyt b and CR), and more importantly, did
not do include vouchered specimens of Cuban C. acutus.

Previous studies focusing on the Cuban populations of Crocodylus revealed that
the lineages of the island are unique. The American crocodile inhabiting Cuba exhib-
its morphological and ecological characteristics of C. acutus, but is genetically more
similar to the endemic Cuban crocodile, C. rhombifer, at the level of mtDNA (Milidn-
Garcia 2008, 2015, Milidn-Garcia et al. 2011, 2014, 2015). It has been hypothesized
that this close relationship may be the result of a mitochondrial capture event associ-
ated with past hybridization, proposing that haplotype  unique to Cuban C. acutus
may represent a glimpse of ancient haplotype diversity in C. rhombifer (Rodriguez
et al., 2011). However, there is no morphological or genetic evidence of hybridiza-
tion event, presently or ancestrally, in any population other than Zapata Swamp.
Furthermore, the mitochondrial capture hypothesis fails to explain why just the 8
haplotype is widespread in the Caribbean without any evidence of other haplotypes
in the region. In the present study, we sampled C. acutus from the largest Cuban
population in Birama Swamp, where it is allopatric relative to C. rhombifer and where
all individuals previously studied have been classified genetically and morphologi-
cally as C. acutus. Moreover, there is no evidence to suggest that C. rhombifer and C.
acutus ever overlapped in this location in eastern Cuba (Milidn-Garcia et al. 2015),
further suggesting that our results are not confounded by mitochondrial capture.

Rather, we argue that the mitogenomic results reported here further suggest the
existence of a cryptic lineage of the American crocodile currently inhabiting Cuba
and possibly other locations in the Caribbean region (Milidn-Garcia et al. 2011, 2014,
2015). Although estimates of molecular divergence between members of the genus
Crocodylus vary between clades—in part based on which molecular data are used—
it has been reported that formally-recognized Crocodylus species generally exhibit
<1% of intraspecific divergence, and between 2.5% and 7.5% interspecific divergence
(Hekkala etal. 2011, Srikulnath et al. 2012). Cuban C. acutus and C. rhombifer showed
an extremely low value of genetic distance (0.9%), especially since they are currently
considered distinct species. In contrast, Cuban C. acutus possessed a genetic dis-
tance of 5.4% relative to continental C. acutus populations, which is similar to the
expected differences between different species within Crocodylus (Ray et al. 2004).

The phylogenetic analysis allowed us to further examine the position of Cuban
C. acutus relative to a broad-sampling of Crocodylus species with published mito-
chondrial genomes. The phylogenetic tree revealed a well-supported, monophyletic
Crocodylus, as has been reported previously (Meredith et al. 2011, Oaks 2011) (Fig.
2). At a finer-level, Cuban C. acutus forms a well-supported sister relationship with
C. rhombifer, in contrast to continental C. acutus that clusters with C. intermedius
(posterior probability = 1, Fig. 2). These results based on whole or partial mitochon-
drial genomes are consistent with previously published analyses of cyt b, COI genes,
and a fragment of the control region (Milidn-Garcia et al. 2011, 2015), but with great-
er nodal support.
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That C. rhombifer and Cuban C. acutus are closely related but distinguishable mor-
phologically is certainly a challenge for the taxonomy of the Cuban Crocodylus spe-
cies. This pattern of cryptic diversity has been observed for other species of the order
Crocodylia, including C. niloticus (Hekkala et al. 2011, Cunningham et al. 2016).
Similarly, African crocodylians belonging to the genus Osteolaemus and Mecistops
were previously considered a single species, but now have been proposed to contain
three species within Osteolaemus and two in Mecistops (Eaton et al. 2009, Shirley et
al. 2014). Morphology has not adequately identified many cryptic crocodylian species
(Shirley et al. 2015). Despite these results based on mitogenomics, the ability to fully
evaluate the taxonomic status of the Caribbean lineage of C. acutus still requires a
more comprehensive population sampling across the range, as well as nuclear DNA
sequence data (Milidn-Garcia et al. 2015).

The recognition of cryptic species in well-established crocodylians is not only of
taxonomic significance, but also has important implications for species conservation.
This is particularly vital for rare, exploited, or endangered species, since manage-
ment plans may not adequately protect existing diversity and evolutionary potential
(Eaton et al. 2009, Shirley et al. 2014). Identifying patterns of intraspecific genetic
diversity, as well as appropriate management units, will be key elements in the con-
servation and management of widely distributed species, such as C. acutus, moving
forward (Cunningham et al. 2016). In Cuba, there are at least two distinct genetic
lineages differentiated from Mainland Crocodylus can be recognized. None of the
threats to their persistence have been resolved, ratifying the Critically Endangered
status of the C. rhombifer, and punctuating the need for an immediate evaluation of
currently described Cuban C. acutus as a distinct entity from the continental form.
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