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The phylogenetic relationships among extant species of Crocodylus (Crocodylia) have been inconsistently
resolved by previous systematic studies. Here we used nearly complete mitochondrial (mt) genomes
(~16,200 base pairs) for all described Crocodylus species, eight of which are new to this study, to derive
a generally well-supported phylogenetic hypothesis for the genus. Model-based analyses support mono-
phyly of all Asian + Australian species and paraphyly of Crocodylus niloticus (Nile crocodile) with a mono-
phyletic New World clade nested within this species. Wild-caught Nile crocodiles from eastern

gﬁg ‘c’\g:jriﬁ" populations group robustly with the four New World species to the exclusion of Nile crocodiles from wes-
Crocodylus tern populations, a result that is also favored by parsimony analyses and by various subpartitions of the
Phylogeny overall mt dataset. The fossil record of Crocodylus extends back only to the Late Miocene, while the ear-
Mitochondrial liest fossils assigned to C. niloticus and to New World Crocodylus are Pliocene. Therefore, in combination
Genome with paleontological evidence, mt DNA trees imply a relatively recent migration of Crocodylus from Africa
Dispersal to the Americas, a voyage that would have covered hundreds of miles at sea.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The genus Crocodylus includes approximately a dozen extant
crocodylian species that inhabit tropical and semi-tropical regions
of Asia, Australia, Africa, and the New World (Brochu, 2003;
McAliley et al., 2006). Although a variety of studies have addressed
phylogenetic relationships in this clade, a robust, fully-resolved
phylogenetic hypothesis is currently lacking (Brochu, 2000; Brochu
et al.,, 2010; Brochu and Densmore, 2001; Gatesy et al., 2004;
McAliley et al., 2006; Willis et al., 2007; Gatesy and Amato,
2008; Meganathan et al., 2010).

The absence of convincing support can be attributed to several
factors. First, although morphological characters have been coded
and incorporated into a cladistic matrix, along with some evidence
from extinct representatives (Brochu, 2003), the full scope of
phenotypic variation in this taxon has not yet been placed in a
phylogenetic context. Brochu (2000) suggested that the addition
of scalation traits, and other anatomical character systems that
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exhibit extensive variation within Crocodylus, could be informative.
Second, crown-group Crocodylus is a relatively young clade thought
to have diversified no earlier than the Miocene (Brochu, 2000). Gi-
ven the moderate evolutionary rates of nuclear genes that have
been applied to crocodylian relationships, relatively few phyloge-
netically informative sites are apparent within Crocodylus, and in-
ferred relationships vary widely in different nuclear gene trees
(McAliley et al., 2006; Willis et al., 2007; Willis, 2009; Meganathan
et al., 2010). Third, for most published datasets, the sampling of
Crocodylus species has been incomplete (e.g., McAliley et al.,
2006). Concatenation of the incomplete datasets into much larger
supermatrices has provided moderate support for some nodes
within Crocodylus, but such compilations further highlight the
spotty sampling of comparative data, and the need for phyloge-
netic matrices with fewer missing data (Brochu and Densmore,
2001; Gatesy et al., 2004; Gatesy and Amato, 2008). Lastly, inter-
specific hybridization and the presence of cryptic species have
been hypothesized recently within Crocodylus, and these patterns
further complicate attempts at resolving phylogenetic relation-
ships in the genus. In particular, evidence for interbreeding be-
tween various New World Crocodylus species has been recorded
(Ray et al., 2004; Weaver et al., 2008), matings of different Crocody-
lus species are common in captivity (e.g., Fitzsimmons et al., 2002),
and a substantial genetic break is apparent between Crocodylus
niloticus (Nile crocodile) specimens from eastern and western
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populations in Africa (Schmitz et al., 2003; Hekkala et al., 2010;
submitted for publication).

Analysis of large mitochondrial (mt) DNA sequence datasets of-
fers a promising approach to addressing some of the outstanding
systematic issues within Crocodylus. Mitochondrial genomes pro-
vide a bounty of phylogenetic information, albeit from a set of
tightly linked, rapidly evolving genes. Previous work has shown
that large mt DNA datasets are capable of yielding robustly sup-
ported resolution across a range of divergences within Crocodylia
(Janke et al., 2005; Roos et al., 2007), and among Crocodylus species
in particular (e.g., Feng et al., 2010; Meganathan et al., 2010). Here,
we combine published mt genomes with eight newly-generated
partial mt genome sequences, ~16,200 base pairs (bp), and use this
dataset to build a mt DNA tree for all currently recognized extant
species of Crocodylus.

2. Materials and methods

Our study includes all currently recognized species of Crocody-
lus with multiple exemplars of C. niloticus, Crocodylus porosus, Croc-
odylus siamensis, and Crocodylus palustris; the genera Osteolaemus
and Mecistops were chosen as outgroups to Crocodylus based on
previous phylogenetic work (Gatesy et al., 2004; Gatesy and
Amato, 2008; Feng et al., 2010; Meganathan et al., 2010).
Mitochondrial genomes have been published for most of these
crocodylian species, but we added new data from eight specimens
(Table 1). Tissue/blood from four wild-caught C. niloticus were col-
lected by E. Hekkala, T. Shine, and R. Fergusson; these samples in-
cluded representatives from both eastern and western populations
of the Nile crocodile (sensu Schmitz et al., 2003; Hekkala et al.,
2010, submitted for publication): Gatesy Lab ID #32 Gambia
(Gambia River), Gatesy Lab ID #33 Mauritania (guelta Linsherbe),
Gatesy Lab ID #36 Madagascar (S.E. near Fort Dauphin; Hekkala

Table 1
Sources of mt DNA sequences utilized in this study.
Species Genbank Source
number
Crocodylus acutus SAAFZP? JF502241° This study
Crocodylus intermedius SAAFZP JF502242° This study
Crocodylus rhombifer SAAFZP JF502247" This study
Crocodylus moreletii Meganathan Meganathan et al.
(2010)
Crocodylus niloticus 1 “eastern” JF502246" This study
Madagascar
Crocodylus niloticus 2 DQ273697 Ji et al. (2006)
Crocodylus niloticus 3 “eastern” JF502245" this study
Zimbabwe
Crocodylus niloticus 4 NC_008142 Janke et al. (2005)
Crocodylus niloticus 5 “western” JF502243" This study
Gambia
Crocodylus niloticus 6 “western” JF502244" This study
Mauritania
Crocodylus novaeguineae SAAFZP JF502240" This study
Crocodylus mindorensis GU144287 Feng et al. (2010)
Crocodylus johnstoni Meganathan Meganathan et al.
(2010)
Crocodylus palustris 1 Meganathan Meganathan et al.
(2010)
Crocodylus palustris 2 GU144286 Feng et al. (2010)
Crocodylus porosus 1 DQ273698 Li et al. (2007)
Crocodylus porosus 2 NC_008143 Janke et al. (2005)
Crocodylus siamensis 1 DQ353946 Ji et al. (2008)
Crocodylus siamensis 2 EF581859 Unpublished
Mecistops cataphractus NC_010639 Unpublished
Osteolaemus tetraspis 1 EF551001 Unpublished
Osteolaemus tetraspis 2 NC_009728 Roos et al. (2007)

¢ SAAFZP = St. Augustine Alligator Farm Zoological Park.
" New to this study.

ID# MADSE333), Gatesy Lab ID #37 Zimbabwe (Sengwa, Lake
Kariba; Hekkala ID# SENS8). The four other Crocodylus specimens
utilized in this study were from St. Augustine Alligator Farm Zoo-
logical Park (St. Augustine, Florida, USA): Crocodylus acutus (St.
Augustine ID# CA1), Crocodylus rhombifer (St. Augustine ID#
880002), Crocodylus intermedius (St. Augustine ID# 91277), Croco-
dylus novaeguineae (St. Augustine ID# 97041). Genomic DNAs
were extracted from tissues using standard methods (proteinase
K, phenol/chloroform, ethanol precipitation) or by utilizing the
Qiagen DNeasy extraction Kkit.

Overlapping PCR primer pairs were designed based on
published Crocodylus mt genomes (DQ273697, NC_008142,
DQ273698, NC_008143, DQ353946, EF581859) and used to ampli-
fy all mt DNA regions except for the terminal, repetitive segment of
the D-loop (~16,200 bp total). All primer sequences are given in
Supplementary online material 1. PCR reactions were run using
Denville Scientific Inc. Ramp-Taq DNA polymerase in 50 ul reac-
tions with the following thermal cycling parameters: initial dena-
turation at 95°C for 2 min; 45 cycles of 1min at 95°C
(denaturation), 1 min at 50 °C (annealing), and 1 min at 72 °C
(extension); final extension at 72 °C for 10 min. When the primary
PCR reaction failed to yield a usable product, nested PCR amplifica-
tions were performed using the aforementioned regime. One
microliter of the original PCR product was used as template DNA
in the nested PCR reactions. PCR products were run on 1% agarose
gels, excised, and cleaned with Bioneer AccuPrep Gel Purification
Kits. Cleaned PCR products were sequenced in both directions on
an automated DNA sequencer (ABI 3730x1) at the University of Cal-
ifornia - Riverside Core Instrumentation Facility. Contigs were
assembled with Sequencher 4.8. Eight partial mt genome se-
quences were generated (Table 1).

The new sequences were manually aligned to 14 previously
published mt genomes (11 Crocodylus spp., 1 Mecistops cataphrac-
tus, 2 Osteolaemus tetraspis; Table 1) using Se-Al (Rambaut,
1996). The alignment length was 16,287 bp (Supplementary online
material 2). Genes were identified based on a consensus crocodylid
mt genome derived from previously annotated Genbank submis-
sions. Regions of the mt genome that could not be directly assigned
to a specific gene or to the D-loop were excluded from all analyses
(249 bp). Sites in the mt alignment were partitioned a priori into
classes based on general evolutionary constraints, and Bayes fac-
tors were calculated to determine the optimal partitioning scheme
(Brandley et al., 2005). Five partitioning schemes were assessed:
one partition (one model for all sites), two partitions (protein-cod-
ing sequence, all other sites), four partitions (1st codons, 2nd co-
dons, 3rd codons, all other sites), six partitions (1st codons, 2nd
codons, 3rd codons, tRNAs, rRNAs, D-loop), and eight partitions
(1st codons, 2nd codons, 3rd codons, tRNA stems, tRNA loops, rRNA
stems, rRNA loops, D-loop). jModelTest (Posada, 2008; Guindon
and Gascuel, 2003) was used to determine the best fit model of
molecular evolution for each partition as suggested by the Akaike
Information Criterion. The marginal likelihood of each partitioning
scheme was approximated using the harmonic mean estimated by
MrBayes V3.1.1 (Huelsenbeck and Ronquist, 2001; Ronquist and
Huelsenbeck, 2003) and the stepping-stone approach (Fan et al.,
2011; Xie et al., 2011) implemented in Phycas (Lewis et al.,
2008). Bayes factors strongly favored eight partitions over all other
compared partitioning schemes.

Eight datasets were subsequently analyzed: (1) complete (all
data, partitioned by the three codon positions, tRNA loops, tRNA
stems, rRNA loops, rRNA stems, D-loop), (2) codon (protein-coding
regions, partitioned by codon position), (3) 1st codon position, (4)
2nd codon position, (5) 3rd codon position, (6) 1st and 2nd codon
positions (partitioned by codon), (7) tRNAs (partitioned by stems
and loops), (8) rRNAs (partitioned by stems and loops). tRNA con-
sensus stem and loop positions were based on Ji et al. (2008) and
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annotated Genbank mt genomes. In some cases, the tRNAs from
annotated genomes had additional 5’ and 3’ nucleotides when com-
pared toJietal. (2008). These extra bases were treated as loops in our
partitioning schemes that included tRNAs. Consensus rRNA second-
ary structures, stems and loops, were predicted using the RNAalifold
server (Vienna RNA WebServer; Hofacker, 2003) with default set-
tings and all aligned sequences as input. Within the Crocodylus mt
genome, several pairs of genes overlap each other. Therefore, each
overlapping region was assigned to only one of the genes in phyloge-
netic searches (Supplementary online material 2).

For the model-based analyses (see below), each partition was
given a particular model of sequence evolution as suggested by
the Akaike Information Criterion of jModelTest (Posada, 2008;
Guindon and Gascuel, 2003). Models chosen were as follows:
GTR + I'" +1 (1st codon position, 2nd codon position, and 3rd codon
position); TVMef + I" + I (tRNA stems); HKY + I" + I (tRNA loops);
TVM +I" +1 (rRNA stems); TVM + I" (rRNA loops); TrN+I" +1 (D-
loop). In cases where the model selected using jModelTest could
not be implemented in a particular program, the next more general
model was used (e.g., GTR for TVM).

PAUP* 4.0b10 (Swofford, 2002), RAXML v. 7.2.7-ALPHA
(Stamatakis, 2006), and MrBayes V3.1.1 (Huelsenbeck and
Ronquist, 2001; Ronquist and Huelsenbeck, 2003) were used to
perform maximum parsimony (MP), maximum likelihood (ML),
and Bayesian analyses, respectively. Gaps were treated as missing
data in all analyses. All character state transformations were
weighted equally in MP searches, and MP bootstrap analyses
(1000 replications) employed heuristic searches with 100 random
taxon-addition sequences and tree-bisection and reconnection
branch swapping. For the complete dataset, branch support
(Bremer, 1994) and partitioned branch support (PBS; Baker and
DeSalle, 1997) were calculated using Treerot (Sorenson, 1999)
and PAUP* 4.0b10 (Swofford, 2002); PBS scores for each supported
node were determined for the following partitions: 1st codon posi-
tion, 2nd codon position, 3rd codon position, tRNA stems, tRNA
loops, rRNA stems, rRNA loops, D-loop. ML bootstrap analyses em-
ployed 500 replicates, randomized MP starting trees, and the fast
hill-climbing algorithm with all free parameters estimated. Bayes-
ian analyses employed eight Markov chains (seven hot, one cold),
random starting default priors with chain sampling every 1000
generations, and each partition permitted different branch lengths
according to a rate multiplier. Analyses were terminated after the
average standard deviation of split frequencies for the simulta-
neous analyses fell below 0.01 (~1.5-5 million generations). Con-
vergence of topology was also tested using AWTY (Wilgenbusch
et al., 2004; Nylander et al., 2008).

The approximately unbiased (AU) (Shimodaira, 2002), Shimo-
daira-Hasegawa (SH) (Shimodaira and Hasegawa, 1999), and
Kishino-Hasegawa (KH) (Kishino and Hasegawa, 1989) tests
were used to evaluate alternative phylogenetic hypotheses in a
ML context. Two a priori hypotheses were tested using non-
partitioned versions of the complete and codon datasets: (1) C.
niloticus monophyly and (2) C. niloticus paraphyly (Schmitz
et al, 2003). Constrained tree searches were performed using
RAXML (v. 7.2.7-ALPHA; Stamatakis, 2006) under the GTR+T" +1
model of sequence evolution and fast hill-climbing algorithm for
ten runs with all other free model parameters estimated. The
tree with the best ML value was used in subsequent analyses.
PAUP* 4.0b10 (Swofford, 2002) was used to determine the site-
wise log-likelihoods for the trees with the highest likelihood
scores. Statistical tests were performed using Consel (Shimoda-
ira, 2002). In a MP context, alternative topologies, monophyly
versus paraphyly of C. niloticus, were compared using the Wilco-
xon signed rank test (Templeton, 1983) and the winning sites
test (Prager and Wilson, 1988). Both were executed in PAUP*
4.0b10 (Swofford, 2002).

3. Results

Bayesian and ML analyses of the complete dataset of 16,038
aligned sites yielded the same topology (Fig. 1) with high support
scores at most nodes (Table 2); 14 of 18 clades in the fully resolved
tree for Crocodylus record Bayesian posterior probabilities of 1.0
and ML bootstrap scores of 100% (Fig. 1). The four New World spe-
cies cluster in a monophyletic group as do the nine sequences from
Asian and Australian species. Within the Asia + Australia grouping,
the two mt sequences from C. siamensis (Siamese crocodile) were
positioned in different subclades. C. siamensis 1 (Genbank
DQ353946) fell among C. porosus (saltwater crocodile) sequences
and showed limited sequence divergence from C. porosus 1, Gen-
bank DQ273698 (Fig. 1). C. siamensis 2 (Genbank EF581859) clus-
tered with the two C. palustris (mugger crocodile) exemplars, and
this clade was the sister group to the C. porosus group. The com-
bined group that included all sequences from C. siamensis, C. poro-
sus, and C. palustris is characterized by moderate support scores in
the explicitly model-based analyses (Table 2), and is the sister
group to a clade composed of Crocodylus johnstoni (Australian
freshwater crocodile), C. novaeguineae (New Guinea crocodile),
and Crocodylus mindorensis (Philippine crocodile). The latter two
are sister species according to the mt DNA data (Fig. 1).

Perhaps the most striking result recorded in the mt topology is a
robust grouping of C. niloticus samples 1-4 with all New World
Crocodylus to the exclusion of C. niloticus 5, C. niloticus 6, and all
other extant Crocodylus species (Fig. 1). If interpreted strictly, the
mt DNA data imply that the Nile crocodile, a widespread species
in Africa, is not monophyletic and that the four New World species
- C. rhombifer (Cuban crocodile), C. acutus (American crocodile), C.
intermedius (Orinoco crocodile), and C. moreletii (Morelet’s croco-
dile) - share a recent common ancestor with eastern populations
of C. niloticus. Two of the sequences in this “eastern” clade were
derived from wild-caught C. niloticus from Madagascar and
Zimbabwe (C. niloticus 1 and 3, respectively); the other two, C.
niloticus 2 and 4, were Genbank sequences DQ273697 and
NC_008142, respectively (Fig. 1). The two wild-caught specimens
from Gambia and Mauritania (C. niloticus 5 and 6, respectively)
group in a “western” clade that is the sister group to “eastern” C.
niloticus plus all New World Crocodylus species. The overall clade
composed of six Nile crocodile sequences and the four New World
species is well supported according to the ML and Bayesian
methods (Fig. 1; Table 2).

Parsimony analysis of the complete mt dataset yielded a strict
consensus of minimum-length trees that is generally congruent
with the ML/Bayesian tree for Crocodylus but shows less resolution
among Asian and Australian species (Fig. 2). The sole conflict
among methods concerns the placement of C. rhombifer and C.
moreletii within the New World clade, but support scores are weak
(Fig. 2; Table 2). In the MP tree, the four New World Crocodylus are
again nested within C. niloticus, closer to the “eastern” clade of Nile
crocodiles, and this relationship garnered 100% bootstrap support
(Table 2) with a branch-support score (Bremer, 1994) of +55 steps
(Fig. 2).

Partitioned branch-support scores (Fig. 2; Baker and DeSalle,
1997) and separate analyses of different data partitions (Fig. 3; Ta-
ble 2; Supplementary online Tables 1 and 2) were used to assess
the distribution of support among different classes of data in the
mt genome. Generally, character support for critical nodes was re-
vealed in diverse molecular partitions (all codons, 1st codon, 2nd
codon, 3rd codon, 1st+2nd codons, tRNAs, tRNA stems, tRNA
loops, rRNAs, rRNA stems, rRNA loops, D-loop). In the MP tree,
PBS scores were nearly uniformly positive, with no conflicts, or
only a trivial amount of conflict, at most nodes (Fig. 2). The excep-
tion was a PBS score of —7.5 steps for the 1st codon position at the
C. rhombifer + C. moreletii node (Fig. 2), the only clade in the MP
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E Crocodylus intermedius
Crocodylus acutus

Crocodylus moreletii

Crocodylus rhombifer

Crocodylus niloticus 1
Crocodylus niloticus 2
Easienn Crocodylus niloticus 3

Crocodylus niloticus 4
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¢ Crocodylus niloticus 5

Crocodylus niloticus 6
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{ 5 Crocodylus siamensis 1
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Crocodylus siamensis 2
Crocodylus novaeguineae

Crocodylus mindorensis Asia - Australia

Crocodylus johnstoni

Fig. 1. Maximum likelihood (ML) phylogram for Crocodylus based on mt DNA sequences (complete matrix). The topology is identical to that supported by Bayesian analysis;
white circles at nodes mark clades with 100% ML bootstrap support and posterior probabilities of 1.0. The scale bar (bottom left) is proportional to 0.01 substitutions per site.
New World Crocodylus species form a monophyletic group, as do Asian plus Australian Crocodylus species, but C. niloticus is paraphyletic. According to the mt DNA results,
“eastern” Nile crocodiles are more closely related to the four New World species than to “western” Nile crocodiles. The eight new mt DNA sequences generated for this study
are indicated by gray rectangles overlaying terminal taxon names. The three background colors in the figure separate New World species of Crocodylus (represented by the
painting of C. rhombifer - top), African lineages (C. niloticus - middle), and Asian-Australian species (represented by C. johnstoni — bottom). The tree includes multiple
representatives for some species, and these are numbered (C. niloticus 1 = specimen #36 from Madagascar, C. niloticus 2 = Genbank DQ273697, C. niloticus 3 = specimen #37
from Zimbabwe, C. niloticus 4 = Genbank NC_008142, C. niloticus 5 = specimen #32 from Gambia, C. niloticus 6 = specimen #33 from Mauritania, C. porosus 1 = Genbank
DQ273698, C. porosus 2 = Genbank NC_008143, C. siamensis 1 = Genbank DQ353946, C. siamensis 2 = Genbank EF581859, C. palustris 1 = Meganathan et al. (2010), C. palustris
2 = Genbank GU144286). The tree is rooted with mt sequences from Mecistops and Osteolaemus (not shown).

Table 2
Bootstrap and posterior probabilities summaries for codon and complete data sets. Bayesian posterior probabilities are reported as the average of the two independent runs.
Bold = clade found in best MP or ML tree(s); MP = maximum parsimony; ML = maximum likelihood.

Clade Data sets

Codon Complete

MP ML Bayesian MP ML Bayesian
Crocodylus 100 100 1.00 100 100 1.00
C. johnstoni + C. mindorensis + C. novaeguineae + C. porosus + C. siamensis + C. palustris 16 82 0.99 7 69 0.98
C. johnstoni + C. mindorensis + C. novaeguineae 43 100 1.00 56 100 1.00
C. mindorensis + C. novaeguineae 100 100 1.00 100 100 1.00
C. porosus + C. siamensis + C. palustris 57 92 1.00 47 91 1.00
C. porosus (DQ273698) + C. siamensis (DQ353946) 100 100 1.00 100 100 1.00
C. siamensis (EF581859) + C. palustris 929 100 1.00 100 100 1.00
C. niloticus + C. rhombifer + C. moreletti + C. acutus + C. intermedius 100 100 1.00 100 100 1.00
C. niloticus (West African) 100 100 1.00 100 100 1.00
C. niloticus (East African) 100 100 1.00 100 100 1.00
C. niloticus (Monophyly) 0 0 0.00 0 0 0.00
C. niloticus (East African) + C. rhombifer + C. moreletti + C. acutus + C. intermedius 100 100 1.00 100 100 1.00
C. rhombifer + C. moreletti + C. acutus + C. intermedius 95 99 1.00 100 100 1.00
C. moreletti + C. acutus + C. intermedius 29 77 0.99 24 68 0.92
C. acutus + C. intermedius 100 100 1.00 100 100 1.00

strict consensus that is incompatible with the ML/Bayesian tree
(Fig. 1). Partitioned branch support at the node that joins New
World Crocodylus with “eastern” C. niloticus shows consistent, po-
sitive character support from seven data partitions with no con-
flicts (Fig. 2). Separate MP, ML, and Bayesian analyses of different
mt partitions also strongly favor this grouping in nearly all cases
(Fig. 3; Table 2; Supplementary online Tables 1 and 2).

The sequence divergence between members of the “eastern”
and “western” clades of C. niloticus is extensive, and the support
for Nile crocodile paraphyly is significant according to a variety
of statistical tests. Uncorrected pairwise distances between “east-
ern” and “western” Nile crocodiles for the complete dataset range
from 5.6-5.7%, with 15.0-15.2% divergence at 3rd codon sites. For
comparison, uncorrected distances among the four species of New
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World Crocodylus, which are nested within C. niloticus, are 1.1-4.6%
for the complete dataset and 3.0-12.6% at 3rd codons (also see
branch lengths in Figs. 1 and 3). The optimal ML tree for the com-
plete dataset was a significantly better fit to the mt DNA data in
comparison to the best ML tree that retained a monophyletic C. nil-
oticus (AU test: P=0.00003, SH test: P=0.0004, KH test:
P=0.0004). Likewise, in a MP context, Nile crocodile paraphyly
was a much better fit to the complete dataset according to the Wil-
coxon signed rank test (P =0.0109-0.0001) and the winning sites
test (P=0.0154-0.0001). The same basic results hold for the codon

55

343

647

1st codons
2nd codons
3rd codons
rDNA loops
rDNA stems
tRNA loops
tRNA stems
D-loop

303
44

dataset (AU test: P=0.0003, SH test: P=0.002, KH test: P=0.002,
Wilcoxon signed rank test: P=0.0001, winning sites test:
P =0.0002).

4. Discussion

ML and Bayesian analyses of partial mt genomes yielded a fully
resolved tree for all extant species of Crocodylus (Fig. 1). Separate
analyses of subpartitions from the 16,038 bp complete matrix
showed that the support for the overall tree comes from diverse

Crocodylus acutus

200
Crocodylus intermedius

24
Crocodylus rhombifer
Crocodylus moreletii
Crocodylus niloticus 1
Crocodylus niloticus 2
Crocodylus niloticus 3
Crocodylus niloticus 4

Crocodylus niloticus 5

Crocodylus niloticus 6

Crocodylus porosus 1

Crocodylus siamensis 1

Crocodylus porosus 2

Crocodylus palustris 1

Crocodylus palustris 2

Crocodylus siamensis 2

H177

Crocodylus mindorensis

Crocodylus novaeguineae

Crocodylus johnstoni

Fig. 2. Strict consensus of minimum-length parsimony trees for the complete matrix with branch support and partitioned branch support (PBS) at nodes. Branch-support
scores are shown as numbers to the right of nodes. PBS scores for eight partitions (see basal branch for key) are represented by green bars above internodes (positive) and red
bars below internodes (negative); a PBS score of zero for a partition has no bar. The shortest bars represent PBS scores of 0.5 steps. PBS scores that are >30 steps are
represented by bars that are 30 units. Multiple individuals from the same species are numbered as in Fig. 1.
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Fig. 3. Bayesian 50% majority rule phylograms for 1st + 2nd codons (top) and 3rd codons (bottom). Branch lengths in the two trees are drawn to scale (scale bar = 0.06
substitutions per site); note the much longer branches in the tree based on 3rd codons. Asterisks at nodes mark the three clades characterized by posterior probabilities less
than 0.95. The trees include multiple representatives for some species, and these generally are numbered as in Fig. 1 but with Osteolaemus 1 = Genbank EF551001 and

Osteolaemus 2 = Genbank NC_009728.

classes of mt data (Fig. 3; Table 2; Supplementary online Tables 1
and 2). Although not as well resolved as the explicitly model-based
methods, MP analysis of the complete dataset corroborated all of
the strongly supported clades in the ML/Bayesian tree (Fig. 1),
and PBS scores again indicate that character support comes from
across the mt DNA molecule (Fig. 2).

Because distantly related taxa have been included in many pre-
vious analyses of crocodylian mt genomes, phylogenetic analyses
often have been restricted to data partitions that have evolved at
relatively slow rates, in particular 1st and 2nd codon positions of
protein coding genes, ~7500 nucleotides (e.g., Janke et al., 2005;
Roos et al., 2007; Janke, 2008; Feng et al., 2010). Here, we focused
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on relationships at a finer taxonomic level, explored the utility of
more rapidly evolving mt DNA partitions, and included a greater
percentage of the mt genome in our phylogenetic estimates. Bayes-
ian/ML analyses of 1st + 2nd codons yielded the same topology as
the complete matrix (all three codons, rRNAs, tRNAs, D-loop), as
did analysis of the three codons combined and separate analysis
of just 3rd codons. These sub-analyses demonstrate that rapidly
evolving 3rd codons exactly replicate the phylogenetic pattern
supported by the more conservative 1st + 2nd codons (Fig. 3; see
Supplementary online Table 2 for support scores). By utilizing dif-
ferent models for subpartitions of the complete matrix in ML
searches, and by allowing different models and branch lengths in
Bayesian analyses for partitions that have evolved at very different
rates, we accommodated at least some of the rate heterogeneities
in the crocodylian mt genome.

Our overall phylogenetic hypothesis for Crocodylus is highly
consistent with the analysis of Brochu and Densmore (2001),
which was based on a combination of morphological evidence,
restriction fragment data, and mt DNA sequences (12S rDNA,
ND6 to cytb). C. palustris was not included in Brochu and Densmore
(2001), but relationships among the remaining ten Crocodylus spe-
cies in their trees are identical to our overall topology (Fig. 1). Pub-
lished MP supermatrix trees (Gatesy et al.,, 2004; Gatesy and
Amato, 2008) also are highly congruent with our overall results
(Figs. 1 and 2), however in both supermatrix studies, C. porosus
grouped with C palustris to the exclusion of C. siamensis. The mt
genome trees of Feng et al. (2010) and Meganathan et al. (2010) in-
cluded fewer species of Crocodylus than the current analysis, but
matched our overall ML/Bayesian tree (Fig. 1). Smaller datasets
also have supported many of the clades consistently resolved by
the mt DNA data, including C. acutus + C. intermedius (Densmore
and White, 1991 - restriction fragments; Poe, 1996 - combined
morphological and molecular data; McAliley et al., 2006 - mt D-
loop; mt ND6 to cytb; Li et al., 2007 - mt D-loop), all New World
Crocodylus (McAliley et al., 2006 - C-mos; Willis, 2009 - TTR; Bro-
chu, 2000; Brochu et al., 2010 - morphology; Li et al., 2007 - mt D-
loop), all New World Crocodylus plus C. niloticus (McAliley et al.,
2006 - mt ND6 to cytb; Brochu, 2000; Brochu et al., 2010 - mor-
phology; Li et al., 2007 - mt D-loop), C. mindorensis + C. novaegui-
neae (Densmore and White, 1991 - restriction fragments; Poe,
1996 - combined morphological and molecular data; McAliley
et al., 2006 — mt ND6 to cytb), C. mindorensis + C. novaeguineae + C.
johnstoni (McAliley et al., 2006 — mt ND6 to cytb), C. palustris + C.
porosus + C. siamensis (Densmore and White, 1991 - restriction
fragments; Li et al., 2007 - mt D-loop), and all Asian + Australian
Crocodylus (Brochu, 2000; Brochu et al., 2010 - morphology).

In addition to generally robust support and congruence with
previous systematic studies, our analyses revealed two instances
where Crocodylus species were not monophyletic according to mt
data (Figs. 1-3). In the first case, the two C. siamensis sequences
did not cluster. C. siamensis 1 (DQ353946; Ji et al., 2008) groups
within C. porosus and shows very limited divergence from the C.
porosus 1 sequence (DQ273698; Li et al., 2007), only 0.2% pairwise
distance (Fig. 1). The uncorrected pairwise distance between the
two C. siamensis sequences in the dataset, DQ353946 and
EF581859, is substantially greater (8.4%). Partial mt rDNA and cytb
sequences from an additional C. siamensis sample in our lab (St.
Augustine ID# S166/162) revealed a very close match to C. siamen-
sis 2 (EF581859) and high divergence from the C. siamensis 1 se-
quence. Perhaps the simplest explanation for the grouping of C.
siamensis 1 within C. porosus is that the Siamese crocodile sample
sequenced by Ji et al. (2008) was a C. siamensis x C. porosus hybrid;
these species have been crossed frequently in captivity for the skin
trade (Fitzsimmons et al., 2002). Our results (Figs. 1-3) are relevant
to previous systematic work that has attempted to place C. siamen-
sis. In particular, a recent study (Meganathan et al., 2010) robustly

supported a sister group relationship between C. porosus and C.
siamensis among extant Crocodylus (also see Feng et al., 2010); this
relationship should be considered much less secure given our trees
based on a broader sample of mt DNA sequences. Additional data,
preferably from wild-caught C. siamensis, are required to resolve
the discrepant phylogenetic positions of mt sequences from this
critically endangered species.

The Nile crocodile, C. niloticus, also was not monophyletic in our
optimal trees (Figs. 1-3). A marked genetic break in this species
between eastern and western populations has been documented
previously in surveys of mt DNA (Schmitz et al., 2003; Hekkala
et al, submitted for publication), nuclear gene sequences
(Hekkala et al., submitted for publication), and microsatellites
(Hekkala et al., 2010). With sampling from 13 populations of the
Nile crocodile, Schmitz et al. (2003) reported high genetic dis-
tances, 4.3-5.4%, between East and West African populations for
~425 bp of mt 12S rDNA, and suggested a division of C. niloticus
into two species. In the present study, a larger sample of molecular
data per individual permitted more robust estimates of phyloge-
netic patterns and divergence among mt lineages of C. niloticus.
Partial mt genome sequences show 5.6-5.7% uncorrected distance
between wild-caught eastern and western Nile crocodiles. As in
Schmitz et al. (2003), C. niloticus is not monophyletic in mt trees,
but for the >16,000 bp examined here, C. niloticus paraphyly is very
strongly supported (Table 2; Supplementary online Tables 1 and 2).
Wild-caught representatives of eastern populations (C. niloticus 1
and 3) and the two published mt genome sequences (C. niloticus
2 and 4; Janke et al., 2005; Ji et al., 2006) cluster with New World
Crocodylus to the exclusion of individuals from western popula-
tions of the Nile crocodile (C. niloticus 5 and 6) (Figs. 1-3).

Monophyly of mt DNA sequences from C. niloticus was rejected
by multiple statistical tests (AU, SH, KH, Wilcoxon signed rank,
winning sites), suggesting significant support for paraphyly of this
named species. Some authors have given great weight to such tests
in assessments of phylogenetic support for alternative topologies
in analyses of mt genomes (e.g., Janke et al., 2005; Roos et al.,
2007; Janke, 2008), but this represents a somewhat simplistic
view. The tight linkage of all mt genes and the presumed rarity
of recombination in the vertebrate mt genome suggest that, given
certain circumstances, different nucleotide positions in the mt gen-
ome do not represent independent pieces of phylogenetic evidence
for the reconstruction of evolutionary history (Maddison, 1997). As
has been noted in previous studies of crocodylian phylogeny, it
would be naive to assume the impossibility of mt DNA introgres-
sion across species boundaries, deep coalescence, or other pro-
cesses that yield conflicts between gene trees and species trees
(Gatesy et al., 2003; Gatesy and Amato, 2008; but see Janke,
2008 for an alternative view). Thus, the statistical rejection of C.
niloticus monophyly documented here simply represents robust
support for Nile crocodile paraphyly in a mt tree for Crocodylus
(Fig. 1), and might not represent robust support for the species tree
of Crocodylus. Additional systematic evidence from the nuclear
genome, morphological characters, and extinct taxa is required to
determine whether the mt DNA result is a quirk or a general evo-
lutionary pattern that is corroborated by independent character
data. That being said, our mt DNA trees present a striking pattern
that warrants discussion.

The preferred topologies suggest what, at first glance, might be
considered an unlikely biogeographic scenario. Specifically, the
nesting of all four New World species of Crocodylus within
C. niloticus implies a relatively recent migration from Africa to
the Americas. Given that the earliest, phylogenetically substanti-
ated occurrences of crown Crocodylus are at most Late Miocene,
the oldest fossils assigned to C. niloticus are Pliocene, and that
the oldest New World Crocodylus also are Pliocene (Miller, 1980;
Brochu, 2000; Delfino et al., 2007; Brochu et al., 2010), the simplest
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interpretation is that an African Crocodylus crossed the Atlantic
quite recently, when this oceanic barrier was already hundreds of
miles wide (Ford and Golonka, 2003; Scotese, 2004; Bandoni de
Oliveira et al.,, 2009). Previously, Brochu (2001), among others
(Densmore, 1983; Taplin and Grigg, 1989), have noted that the
young geological age of Crocodylus suggests a long trans-oceanic
journey to the Americas, so the geographic scope of this dispersal
event has been considered feasible in past reconstructions of croc-
odylian biogeography. In addition, molecular and paleontological
data also imply trans-Atlantic dispersals by several other verte-
brate taxa (Mausfeld et al., 2002; de Queiroz, 2005; Bandoni de
Oliveira et al., 2009).

The anatomical and physiological attributes of Crocodylus make
these reptiles viable candidates for such a long journey at sea.
Crocodiles are large-bodied with a relatively low metabolism,
and C. porosus individuals have been recorded traveling up to
590 km in 25 days via oceanic currents (Campbell et al., 2010). Like
C. porosus, Nile crocodiles have lingual salt excreting glands, and
some populations of C. niloticus occupy estuarine habitats (Taplin
and Grigg, 1989). Furthermore, the phylogenetic relationships of
Crocodylia, in combination with geographic and temporal data
from the fossil record, provide compelling evidence for long-
distance dispersals across saltwater barriers throughout the evolu-
tionary history of this clade (Brochu, 2001 and references therein).
Thus, a relatively recent trans-Atlantic crossing of “C. niloticus” to
the New World - with a subsequent diversification that produced
C. acutus, C. rhombifer, C. moreletii, and C. intermedius — would seem
to be the most parsimonious explanation given our phylogenetic
results (Figs. 1-3) and the known fossil record of Crocodylus
(Brochu, 2000; Brochu et al., 2010).
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