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Abstract

Transthyretin (TTR) is an attractive candidate for use in phylogenetic analysis because it is a short,
single-copy nuclear gene with regions that are highly conserved across evolutionarily-divergent
organisms from Xenopus laevis to Homo sapiens. To explore its utility as a phylogenetic marker, the
complete intron one region (789-805 bp) was sequenced in 22 crocodylian species. Detailed analyses
of intron 1 resolved the three expected lineages, Alligatorids, Crocodylids, and Gavialids, and offered
additional evidence for the utility of synapomorphic indels in elucidating higher-level phylogenetic
relationships. When used in conjunction with other genetic and morphological data sets, intron 1
should be a valuable tool in the investigation of other closely-related taxa.
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The gene encoding transthyretin (TTR) is an attractive candidate for use in phylogenetic
analysis because it is a short, single-copy nuclear gene with coding regions that are highly
conserved across evolutionarily-divergent organisms. The TTR gene product belongsto agroup
of thyroid hormone binding proteins that also includes thyroxine-binding globulin and albumin.
The gene spans ~6.9 kilobases and consists of 4 exons and 3 introns (Power et al., 2000).
Sequence identity between diverse species is relatively high, and the hormone binding site is
highly conserved across almost all vertebrate taxa. For example, sequence comparisons of
TTR between eutherians, marsupials, birds, and lizards show 65-85% similarity between these
diverse groups (Power et al., 2000). Although a few investigators have used the sequence of
TTR mRNA to discern phylogenetic relationships, most studies have focused on the evolution
of transthyretin itself (Hennebrey et al., 2006; Prapunpoj et al., 2002). Moreover, the use of
mRNA for phylogenetic analysis introduces the additional difficulty of acquiring tissue
samples. This becomes even more problematic with lineages that are threatened or endangered.
A better strategy targets the first intron of the TTR gene. It is well-suited for sequencing because
its short length is conserved across a wide variety of taxa. Additionally, the flanking coding
regions are relatively long and have sections that are also highly conserved, facilitating primer
design for comparison of diverse species. Two initial efforts to use TTR intron 1 for analysis
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of limited mammalian lineages have been promising (Steiner et al., 2005; Walton et al.,
2000), but they focused on specimens that were highly divergent (21% and 31% respectively).
It remains to be seen if this marker will prove to be useful for more closely-related taxa.

The extant crocodylians may provide an excellent group for testing the reliability of this
potential marker among closely-related species. There are extensive molecular and
morphological data sets available for comparison. Moreover, an extensive fossil record implies
that some species diverged from other groups approximately 84 mya (Brochu, 2003). On the
other hand, there also appear to be species in these lineages that have diverged recently
(~5mya). Historically, crocodylians have been divided among three different lineages
(Alligatoridae, Crocodylidae, and Gavialis). All three groups include extinct relatives that are
not placed within the crown clades comprising stem alligatoroids, crocodyloids and gavialoids.
Nevertheless, their similarities have left some controversy about the details of their
relationships. For example, the false gharial (Tomistoma schlegelii), has traditionally been
placed within Crocodylidae (Brochu, 1999), but most molecular analyses imply a Gavialid
relationship (Densmore, 1983; Densmore and Dessauer, 1984; Gatesey et al., 2003; Harshman
et al., 2003). It therefore seemed likely that detailed comparisons of TTR intron 1 among the
crocodylians would both establish the utility of this marker for phylogenetic analysis and
address some ambiguities among the relationships within this widespread group of reptiles.

MATERIALS AND METHODS

Blood collection and DNA Extraction

Whole blood of various crocodylians was collected from the dorsal postcranial sinus (Bayliss,
1987) and was used as the source of DNA for this study. These samples were a generous gift
from Dr. Llewellyn D. Densmore, I11. DNA extractions from all the species included in the
study were performed using a PureGene DNA extraction kit (Minneapolis, MN) or MoBio
UltraClean DNA BloodSpin kit (Calrsbad, CA) with minor modifications to the manufacturers’
protocols.

Amplification of Nuclear Genes

Polymerase chain reaction (PCR) amplifications of the targeted TTR gene were performed
using gene-specific forward primer 5’-GGCTTTTCATTCTATGCTTCTCG-3' located near
the 3’ terminus of exonl developed by Prapunpoj et al. (2002) and a reverse primer that |
designed based on a region located downstream of the 5’ end of exon 2, 5'-
CTTGCCAGTCTCCATCTGAAG-3'. Each reaction consisted of Failsafe PCR System
(Epicentre Biotechnologies, Maddison, WI) with 1ul of each primer (10uM), 0.5 mu;l of
Failsafe PCR Enzyme mix (1.25U), and water to a final volume of 25 mu;l, to which | added
25 mu;1 of Premix F containing MgCl, (~5mM), dNTP (400 mu;M each) Tris-HCI (100mM),
and KCI (1L00mM). Amplification began with an initial denaturing step of 95°C for 5 minutes
and thirty cycles were then performed with the following parameters: 40-second denaturation
at 95°C; 40-second annealing at 55°C; and a 90-second extension at 72°C, all conducted in an
Eppendorf Mastercycler gradient thermocycler (Brinkmann Instruments Inc., Westbury, NY).
Amplification ended with a 7-minute extension step of 72°C followed by a 4°C hold. The
amplified products were purified using DNA Clean and Concentrator-5 (Zymo Research,
Orange, CA) following the manufacturer’s protocol and a cycle sequencing reaction was
performed using the previously noted primers. After a final purification step using ZR DNA
Sequencing Clean-up kit (Zymo Research, Orange, CA), the PCR products were sequenced in
an ABI 3130 automated sequencer (Perkin Elmer, Foster City, CA), with ABI Big Dye
Chemistry v. 3.1 (Perkin Elmer, Foster City, CA). The resulting sequence information from
22 species has been deposited in GenBank with the accession numbers, GQ496361-GQ496382.
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Data Analyses

Sequences were aligned using Align X in Vector NTI Advance Suite software version 10.0
(Invitrogen Inc., 2006) and verified manually for obvious sequence misreads. Alligator
mississippiensis was used as the outgroup taxon in all analyses. Gene sequences were analyzed
using maximum parsimony and maximum-likelihood using PAUP v. 4.0b10 (Swofford,
2002), and Bayesian methods using Mr. BAYES v3.0 (Huelsenbeck and Ronquist, 2001).
Sequence divergence values were calculated using uncorrected pair-wise values and k2p
parameters. In maximum-likelihood analyses, Modeltest (Posada and Crandall, 1998)
determined the most appropriate evolutionary model to be HKY85 (Hasegawa et al., 1985)
using base frequencies estimated by PAUP (A=0.32067, C=0.1623, G=0.16413, T=0.35286)
and a heuristic search was performed with 100 bootstrap replicates.

In Bayesian analyses, MrModeltest (Nylander, 2004) determined the most appropriate
evolutionary model to be GTR+I+G (Laneve et al., 1984). To evaluate the parameters used,
multiple independent Metropolis-coupled MCMC runs from random starting points were
performed including a cold chain followed by five incrementally heated chains. A starting tree
was chosen at random and 1.0 x 107 generations were run with sampling every 100 generations
using the most appropriate model of evolution for the dataset. In all searches, stationarity of
the Markov chain was determined as the point when sampled log-likelihood values plotted
against generation time reached a stable value. Additionally, the on-line application AWTY
(Wilgenbush et al.; 2004) and its cumulative function to verify post burn-in values did not vary
directionally over time. A burn-in of 5000 trees was then set producing 95001 sample points.
The resulting trees were used to generate a majority consensus tree with posterior probability
values. Nodes with values of 85 to 89 were considered to have low support, 90 to 94 to have
moderate support and nodes greater than 95 to be highly supported (Huelsenbeck and Ronquist,
2001).

To explore the utility of the transthyretin gene in systematic analysis, | used the crocodylians
as a model phylogenetic group. Approximately 980 base pairs spanning TTR intron 1 and
sections of exon 1 and exon 2 were sequenced for twenty-two individuals representing every
crocodylian species except Crocodylus novaeguineae. This enabled me to compare the
complete 789-805 bp introns for all species noted in the study. Initially, both primers designed
by Prapunpoj et al. (2002) were used to sequence the first animals in this study. However, these
did not provide the length needed to sequence the entire intron without cloning. Consequently,
a new reverse primer was designed based on a conserved region 76 base pairs further
downstream so that the fragment could be sequenced directly from the PCR product.
Intrageneric variation was moderate, with most occurring in alligatorids. The crocodylids were
more conserved with the exception of Osteolaemus tetraspis and Mecistops cataphractus.
These species were differentiated from the others by several unique transitions and
transversions. Of the 789-805 base pairs examined, there were 718 constant sites, 32 parsimony
uninformative sites, and 55 parsimony informative sites.

Maximum-likelihood (ML), maximum parsimony (MP), and Bayesian analyses produced
phylogenetic trees with essentially identical topologies. The only major difference was that the
MP and ML had more difficulty elucidating Crocodylus relationships and most were placed
into an unresolved polytomy. Bayesian posterior probability values provide strong support at
most major nodes (i.e., at the generic level, Fig. 1), but not among species in the Crocodylus
genus. As occurred with the MP and ML analysis, however, the dataset differentiated between
the “Old World” and “New World” clades. All New World true crocodiles (C. acutus, C.
intermedius, C. moreletii, and C. rhombifer) were united in a single clade. The Old World true
crocodiles (C. mindorensis, C. palustris, C. porosus, and C. siamensis) also formed a clade
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with the exception of C. niloticus and C. johnstoni, which formed their own clade closer to the
New World group (Fig. 1). Mecistops cataphractus maintained a sister-taxon relationship with
Osteolaemus and formed a clade separate from all other Crocodylus with high support values
(Fig. 1). Indeed, the support for classifying Mecistops and Osteolaemus as sister taxa is higher
than some of the data sets that originally separated Mecistops from Crocodylus (McAliley et
al., 2006). The false gharial (Tomistoma schlegelii) formed a clade with the true gharial
(Gavialis gangeticus) with high support values in all three analyses. All phylogenetic analyses
strongly support the clades formed within the caiman complex (Caiman spp., Melanosuchus
niger and Paleosuchus spp.) Melanosuchus formed a clade with the members of the Caiman
genus, and Paleosuchus trigonatus and P. palpebrosus were in their own clade. Finally, the
Chinese alligator (Alligator sinensis) formed the sister taxon to the American alligator
(Alligator mississippiensis), which was used as the outgroup in all three analyses.

Genetic distance values using uncorrected pair-wise values or K2p parameters were virtually
identical. As such, only the uncorrected pair-wise value is shown in the table (Table 1). The
values ranged from less than 0.3% when comparing species within Crocodylus to a high of
6.85% between members of Crocodylus and the caimans. It is noteworthy that Mecistops
cataphractus had a consistently higher level of divergence than Osteolaemus when compared
to the remaining members of Crocodylus. Mecistops was found to be only 0.43% divergent
from Osteolaemus and displayed 1.0% percent divergence to the closest Crocodylus. The false
gharial was 1.55% divergent from the true gharial and both of these animals were 2.8%
divergent from most of Crocodylus.

There were synapomorphic indels present within the data set. The most notable was a 14-bp
indel in Gavialis gangeticus, Tomistoma schlegelii and all alligatorids, which was not present
in Crocodylus, Mecistops and Osteolaemus (Fig. 2).

DISCUSSION

The phylogenetic comparisons of TTR intron 1 corroborates several relationships within the
crocodylians that have been historically supported by other molecular data (Brochu and
Densmore, 2001; Ray and Densmore, 2002; Roos et al., 2007) with high support in all three
analyses (ML, MP and Bayesian). Crocodylians have been extensively studied and most
relationships have been discerned using morphological, as well as mitochondrial and nuclear
gene comparisons. However, there are still some relationships that have not been fully resolved
and most data sets have not been able to elucidate all nodes across crocodylian relationships.
The last few years have seen resurgence in crocodylian systematics in an effort to find a marker
that could consistently elucidate all crocodylian lineages. Most of the recent data sets have not
included all of the extant crocodylians. Not having every representative can hinder the ability
to discern if the marker is useful or if it is just a consequence of not having enough samples
for the lineages to fall into their evolutionary relationships.

The caimans (Caiman spp., Melanosuchus niger and Paleosuchus spp.) are distributed
throughout Mexico and South America. The clade is still in need of revision, but to date, no
one has performed extensive molecular analyses on this group. The caimans have the least
complete fossil records of all the crocodylians (Brochu, 2003) and most molecular analyses
have suffered from incomplete taxon sampling within this group. Nevertheless, the current
comparisons using TTR intron 1 place the caimans into the generally accepted phylogeny with
high support in all analyses.

Crocodylids comprise the most diverse extant group, and its members occur throughout the
tropics and sub tropics on almost every major landmass except for the poles. It contains eleven
“true crocodiles” (Crocodylus spp.), the dwarf crocodile (Osteolaemus tetraspis), and the
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African slender-snouted crocodile (Mecistops cataphractus). This last species has been
recently moved from Crocodylus to its own genus (Gatesy and Amato, 2008; McAliley et al.,
2006; Willis et al., 2007). Genetic nuclear distances in Table 1 clearly indicate that M.
cataphractus has achieved a level of divergence equal to or greater than that seen between
Crocodylus and Osteolaemus, which is considered a valid monotypic genus. Furthermore, all
analyses place Mecistops as the sister-group to Osteolaemus, which has been suggested by
others (Brochu, 1997; Densmore, 1983; Gatesy et al., 2003; White and Densmore, 2000),
although most other data sets have not shown the high support that this marker has provided.
Molecular and morphological data support the idea that M. cataphractus represents the sole
surviving member of an ancient lineage endemic to the African continent (Brochu, 2003).

Finding a marker that can differentiate between the discrepancies in evolutionary divergence
times between the crocodylian lineages has been problematic. The true crocodiles
(Crocodylus), as well as the Caiman, have split relatively recently (12 and 5 mya respectively),
while the alligatorids and gavialids have been recognized by fossil representatives since the
late-cretaceous (Brochu, 1999; 2003). Crocodylian systematics is further complicated because
the true crocodiles can produce viable offspring through hybridization events and there are
instances where the species have sympatric geographic ranges. One would typically infer that
these lineages have not been isolated from each other very long. However, there are numerous
species which are considered to be related but are indigenous to major continents that have not
been connected since the mid-Cretaceous and Jurassic. This would undoubtedly be sufficient
to produce reproductive-isolating mechanisms. For this reason, many researchers have
proposed a transoceanic hypothesis, which implies that a Crocodylus ancestor arrived in South
America approximately 5 million years ago (Brochu et al., 2007). This could explain why
Crocodylus forms unresolved clades and has low percent divergence values (0.23%). Even
though this seems at first glance to be a highly improbable event, this is not the first time
transoceanic events have been proposed to explain evolutionary relationships. Indeed,
mammals and other reptiles have also had their share of transoceanic events to explain the
evolutionary relationships among the various groups (Carranza and Arnold, 2003; Schrago and
Russo, 2003).

The false gharial (Tomistoma schlegelii) has been the most perplexing crocodylian for
systematicists. Morphological comparisons of extant and fossil samples consistently place it
within the lineage Crocodylidae (Brochu, 1997; Norell, 1989; Vélez-Juarbe et al., 2007), while
virtually every molecular analysis classifies it as a gavialid (Gatesy and Amato 2008; Gatesy
et al., 2003; Willis et al., 2007). This ambiguity may be a consequence of an incomplete
transitional fossil record of this group. Morphological analyses of all known fossils have been
robust and have strong support. Again TTR intron 1 corroborates other molecular data by
placing Tomistoma schlegelii as the sister taxon to Gavialis gangeticus. The division between
these two views seems to suggest that there are still fossils that have yet to be discovered that
will coalesce these two hypotheses.

Intron 1 of TTR is best suited for sequencing analysis because it is relatively short across most
taxa when compared to the other two introns found in TTR. Additionally, TTR exons 1 and 2
are relatively long and have regions that are highly conserved, which facilitates primer design
across diverse species. Although, TTR intron 1 has not been used extensively for molecular
analysis, there have been some studies that have shown phylogenetic relationships in a few
mammal lineages. Walton et al. (2000) compared the utility of TTR intron 1 to 12S rRNA
mitochondrial gene sequences while trying to elucidate the phylogeny of the African mole-
rats. This group had previously been examined using 12S rRNA sequences and was found to
have several nodes with low bootstrap values. They found that TTR intron 1 increased the
resolution of these problematic nodes and produced a more congruent topology. Steiner et al.
(2005) used TTR intron 1, interphotoreceptor retinoid binding protein (IRBP), and two
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mitochondrial genes to elucidate 19 species of didelphid marsupials. Again, TTR intron 1
provided high resolution in several problematic nodes. Additionally, the authors discovered
several diagnostic indels among the sequences, which ranged from 5-366 base-pairs that
provided unambiguous resolution among several genera. In both papers, the authors compared
specimens that were highly divergent between some of the clades. The relatively robust support
values in my comparison of crocodylians show that this marker has the potential to be used for
other vertebrates that are in need of revision. TTR intron 1 should also be useful for elucidating
intergeneric relationships that have minimal divergence. The propensity for this marker to have
intergeneric indels would seem ideal for elucidating higher level relationships. As shown
previously, these indels appear to be useful as synapomorphic markers for contentious groups
(Willis et al., 2007).

Among the vertebrate classes, TTR varies in its tissue-specific expression. TTR is synthesized
in the liver and choroid plexus of mammals, marsupials and birds, but it is restricted to the
choroid plexus of reptiles. In amphibians and teleosts, on the other hand, TTR is synthesized
only inthe liver (Achenetal., 1993; Hennebry et al., 2006; Power et al., 2000). These variations
in tissue-specific expression imply that there have been different evolutionary pathways for
this gene. It certainly appears that stem amniotes mark the first expression of transthyretin in
the choroid plexus (Achen et al., 1993).

Comparing the amino acid sequence of TTR in mammals with those of chicken, lizard, frog,
and fish reveals the presence of three additional amino acids at the N-terminus in the
nonmammalian species: Val-Ser-His in chicken, Crocodylus, and lizards; Gly-Thr-His in frog;
and Asp-Lys-His in fish (Power et al., 2000). These changes may be related to functional
differences within the protein. Thyroid hormone binding studies have shown that TTR
preferentially binds with T3 (triiodothyronine) in birds and T4 (thyroxine) in mammals (Power
etal., 2000). This is thought to be due to the changes in the 3’ splice site of intron 1, which has
led to the shorter N-terminal amino acid sequence (Aldred et al., 1997). Nevertheless, overall
sequence identity among diverse species is relatively high due to the conservative structures
of hormone binding sites across almost all taxa.

To date, the TTR gene has been sequenced and submitted to NCBI from only three reptilian
species (skink, crocodile, and gecko). There appears to be sufficient sequence conservation
between the these samples to design primers for the intron one segment for most other reptilian
lineages. However, it is necessary to compare the target product with the conserved TTR
flanking exons. The lack of intronic TTR sequences submitted to GenBank (marsupials and
mole rats) prevents a direct match in most instances. The sequences available are too divergent
to show sufficient similarity to the sequence of interest. This should cease to be a problem as
more intron sequences are submitted.

The elucidation of TTR intron one as an effective marker for phylogenetic analysis does not
imply that it is to be used as the sole standard in evolutionary relationships. However, the
analysis of crocodylian phylogeny with TTR presented here suggests that it offers distinct
advantages as a marker. When used in conjunction with other nuclear and mitochondrial
markers, as well as fossil and morphological data sets, intron 1 should prove to be useful in
the investigation of other closely-related groups.
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Figure 1.

Consensus Bayesian tree illustrating the relationships of crocodylians using the evolutionary
model of GTR+I+G (Lanave et al., 1984) and sequences from the nuclear gene TTR intron 1.
Starting tree was chosen at random and 1.0 x 107 generations run with sampling every 100
generations and a burnin of 5000 resulting in 95001 sample points. VValues near nodes are
Bayesian posterior probability values followed by maximume-likelihood and maximum-
parsimony bootstrap values. Nodes with values below 50% were not shown.
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Table 1

Uncorrected pair-wise genetic distance values for the nuclear gene TTR intron 1
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Crocodylians

TTR Intron One (%)

Gavialis to A. mississippiensis

Gavialis to Crocodylus spp.
Gavialis to Tomistoma
Osteolaemus to C. niloticus
Mecistops to C. niloticus
Mecistops to Osteolaemus

A. mississippiensis to C. niloticus

C. mindorensis to Caiman yacare

3.95%
2.90%
1.55%
0.89%
1.00%
0.43%
4.33%
6.85%
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