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ABSTRACT

Phylogeography is the field that investigates geographical processes
influencing genealogical lineage current distribution. Mitochondrial DNA has been
widely used on phylogeographical studies. It has maternal inheritance, faster
evolution rate than nuclear DNA and intraspecific polymorphisms. Nuclear DNA,
nonetheless, could provide significant insights on male gene flow. There are few
studies on phylogeographic patterns of South American crocodilians. Caiman
latirostris is a medium sized crocodilian with a large distribution throughout South
America. Phylogeography data may be used in management programs for C.
latirostris, helping to define Evolutionary Significant Units (ESUs) for instance. Here
we used mitochondrial and nuclear gene sequences to analyze the phylogeography
of Caiman latirostris in four river basins in southeastern South America. COI
mitochondrial DNA and nuclear RAG sequences were obtained from species
sampled at four river basins. A total of six haplotypes were recovered for COI and
one for RAG. Three distinct COI lineages were strongly correlated with river basins
representing three possible ESUs. Isolation by distance was observed for the Séo
Francisco river basin. We also observed evidence of historical demographic
expansion for the populations sampled. Caiman latirostris ESUs harbor long-term
evolutionary history and therefore they should be considered in its management and

conservation programs.
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INTRODUCTION

Phylogeography investigates geographical processes influencing genealogical
lineage current distribution. It takes into consideration DNA data and species natural
history, as well as biogeographic events (Avise et al., 1987, Avise 2000).
Phylogeography has become an important tool in conservation genetics since it
helps to shed light on the definition of Evolutionary Significant Units (ESUs; Avise,
2000).

The term Evolutionary Significant Units was first proposed by Ryder (1986) as
population units that show significant adaptive variation through concordance of data
from different techniques. Later on Waples (1991) suggested that ESUs should be
reproductively separate from other populations as well as having unique or different
adaptations. Finally, Moritz (1994) defined them as populations that are reciprocally
monophyletic for mtDNA and show significant divergence of allele frequencies at
nuclear loci. It is important that both ecological and genetic data are used when
defining ESUs (Crandall et al., 2000). If populations show strong phylogenetic
divergence concordant with evidence of geographic barriers, it can be hypothesized
that genetic exchangeability is prevented. This scenario results in population
distinctiveness, supporting management practices that take ESUs into account
(Crandall et al., 2000).

The main goal of separating populations into different ESUs should be to
ensure that major historical lineages are protected and that their evolutionary
potential is maintained. They are not expected to replace the concept of species in
conservation initiatives, but to complement it adding information on intraspecific
variability (Moritz, 1994). As highlighted by Moritz (2002) the evolutionary processes
operating within the addressed taxon should be considered by conservation
biologists so that adequate strategies and criteria are designed for protecting such
processes and diversity within that taxon.

Since phylogeography was first mentioned by Avise et al. (1987), there has
been an exponential growth in studies. This field of knowledge, however, is not yet
much explored in South American countries. Until 2006 only 6.3% of the papers
published on the subject in the world came from studies on South American
organisms (Beheregaray, 2008). The lack of phylogeographical studies on

crocodilians in South America is especially outstanding, there are only two studies on



Caiman crocodilus (Vasconcelos et al., 2006; Venegas-Anaya et al., 2008), one on
Melanosuchus niger (Vasconcelos et al., 2008) and one on Caiman latirostris (Villela
et al., 2008). The latter takes into consideration only part of the species distribution
(coastal populations and inland populations from S&o Paulo state in Brazil).
Therefore there is a great gap considering phylogeographical knowledge on inland
populations of C. latirostris.

Most phylogeographical studies focus solely on uniparentally inherited
markers, such as mitochondrial DNA (Beheregaray, 2008), and mtDNA does have its
advantages: maternal inheritance, faster evolution rate than nuclear DNA and
intraspecific polymorphisms (Avise et al., 1987). Nuclear DNA, nonetheless, could
provide significant insights of past events and male correlated migratory patterns
(Freeland et al., 2012).

Caiman latirostris (Daudin, 1802) is a medium sized crocodilian that reaches a
maximum size of 3.5 meters but rarely outsizes 2 meters in the wild (Verdade, 1998).
It has a proportionally larger snout than any other crocodilian, with a dark green
coloration throughout the body with darker spots on the neck and head (Verdade &
Pifia, 2006). It is largely distributed throughout southeastern South America, ranging
from northern Uruguay and Argentina, southern Paraguay and southwestern Bolivia
(Pifia et al., 2004; Verdade & Pifia, 2007) to Rio Grande do Norte state in Brazil
(Villela et al., 2008). This species is highly associated with lentic water bodies, such
as lakes and flooded areas (Medem, 1983). More than 70% of its range is within
Brazilian territory (Coutinho et al., 2012).

According to the International Union for Conservation of Nature (IUCN, 1996)
C. latirostris has a “Least Concern” status of conservation, however the IUCN points
to the need of revision and status updating. It is not included in the Brazilian list of
endangered species (MMA, 2003). However, Brazilian populations are listed in
CITES’ (Convention on International Trade in Endangered Species of Wild Fauna
and Flora) appendix | that includes species threatened with extinction which may or
may not be affected by trade (CITES, 2013). Thus, discrepant classifications among
threatened species lists reflect controversy regarding the proper conservation status
classification of C. latirostris.

Studies that consider DNA data are nowadays taken as high priority for the
creation of C. latirostris management programs (Verdade et al., 2012). This is of

extreme importance having in mind that once existing lineages are lost, they may not



be recovered unless long-term isolation occurs again, a time-scale way beyond the
reaches of practical management (Moritz, 2002).

Our main objective in this study was to understand the phylogeographical
history of inland populations of Caiman latirostris in Southeastern Brazil. First, we
tested for the existence of different Evolutionary Significant Units and inferred on
geographical barriers that may have influenced C. latirostris recent distribution;
second we investigated the possibility of correlation between genetic and geographic
distance (i.e. isolation by distance) and third, we investigated demographic patterns

for each river basin.



MATERIALS AND METHODS

Sampling and data collection

We captured caimans at night. Young individuals were captured manually and
adults, with the aid of a wire slip noose attached to a PVC pipe according to
Chabreck (1963). To obtain genetic material we cut one or more scutes from the tail
and stored them in 95% ethanol. We obtained tail scutes from 38 C. latirostris
between September 2012 and June 2013 (Figure 1). We sampled four river basins:
Doce, Jequitinhonha, Parana, Sao Francisco. We also used sequences previously
deposited in GenBank (GQ144477; GQ144478; GQ144479; GQ144480; GQ144481;
GQ144482), all of them corresponding to the Parana River Basin in Paraguay,

Bolivia, and Brazil (Mato Grosso do Sul state).

60°0'0"W 48°0'0"W 36°0'0"W
1 1 il

10°0'0"S
1
T
10°0'0"S

Parana

20°0'0"S
L
T
20°0'0"s

Coordinate System: GCS WGS 1984
Datum: WGS 1984
Units: Degree

T T T
60°0'0"'W 48°0'0"W 36°0'0"W

; Eogaiiies 7. Januaria @ Sampling points
o < 1- Aimorés 8- Capitdo Enéias Altitude
y - 0 125 250 500 750 1 2- Marliéria 9- Trés Marias
W= E s Kilometers 3- Leme do Prado 10- Jaboticatubas High : 2703
' ' 4- Botumirim 11- Moema
S 5- Chapada Gaucha 12- Foz do Iguagu
' 6- Matias Cardoso 13- Augusto de Lima Low : -15

Figure 1: Localities where Caiman latirostris tissue samples were obtained along four hydrographic
basins in southeastern South America. Black lines separate hydrographic basins.

We extracted total DNA from samples using saline extraction following a
modified protocol from Aljanabi and Martinez (1997). The mitochondrial gene
Cytochrome Oxidase subunit 1 (COIl) was amplified with the following primers
ANF1/ANR1 (M. Lyra, unpublished data) and RepCOI-F/RepCOI-R (Nagy et al.,



2012) (Table 1). PCR was carried out in a 10ul final volume following Kit Taq
Phoneutria’s instructions. Cycling conditions were as follows: for ANF1/ANR1, 95°C
for 3min; 5 cycles of 95°C for 30s, 48°C for 30s and 60°C for 90s; 30 cycles of 95°C
for 30s, 50°C for 30s and 60°C for 90s; 60°C for 3min, and subsequent storage at
10°C. And for RepCOI-F/RepCOI-R, 94°C for 3min; 40 cycles of 94°C for 40s, 48.5°C
for 30s and 72°C for 60s; 72°C for 7min, and subsequent storage at 10°C. The
nuclear gene RAG1 was amplified using a nested PCR with the following primers
RaglCrf.1/Rag1Crr.1 and RaglCrf.2/RaglCrr.2 (Hrbek et al., 2008) (Table 1). PCR
was carried out in a 10ul final volume following Kit Taq Phoneutria’s instructions.
Cycling conditions were as following: 68°C for 60s; 35 cycles of 92°C for 15s,
52°C/55°C (RaglCrf.1/RaglCrr.1 and RaglCrf.2/RaglCrr.2 respectively) for 35s,
68°C for 90s; 68°C for 7min, and subsequent storage at 10°C.

Table 1: Primers used to amplify Caiman latirostris COl and RAG1 genes

Primer Sequence Reference

ANF1 ACHAAYCAYAAAGAYATYGG Lyra (unpublished)

ANR1 CCRAARAATCARAADARRTGTTG Lyra (unpublished)
RepCOI-F TNTTMTCAACNAACCACAAAGA Nagy et al. 2012
RepCOI-R ACTTCTGGRTGKCCAAARAATCA Nagy et al. 2012
RaglCrf.1 GAGGAACTTTGCCGCATCTGTGGA Hrbek et al., 2008
RaglCrr.1 AGTCCTGTACATRTTRTGGTAYTG Hrbek et al., 2008
RaglCrf.2 tgtaaaacgacggccagtGATCTTTAAGATTGATGTGCGAGG Hrbek et al., 2008
Ragl1Crr.2 caggaaacagctatgacAAATGTATTGACTCGAATT Hrbek et al., 2008

The lower case letters are the M13 tails of the forward and reverse primers, used for sequencing

We sequenced the genes in both directions with the Big Dye Terminator 3.1
(Applied Biosystem). Sequencing was carried out in a final volume of 10 pl, according
to manufactures’ instructions and read on the automatic sequencer ABI 3130 DNA
Analyzer (Applied Biosystem).

We visually checked the obtained electropherograms and assembled the
contig sequences on DNABaser 3.5 software. Sequences were aligned using the the
ClustalW algorithm (Thompson et al., 1994) on Mega 5.2 software (Tamura et al.,
2011).

We also used Mega 5.2 to calculate pairwise distances with the Kimura two
parameters model (K2P) (Kimura, 1980) with 1000 bootstrap replications. A neighbor
joining tree (Saitou and Nei, 1987) was constructed for graphical representation. A
Maximum Likelihood (ML) (Felsenstein, 1981) tree was constructed using K2P



parameters and 1000 bootstrap replications. We used Bayesian inference on BEAST
1.8 (Drummond et al., 2012), the best nucleotide evolution model was estimated on
Mega 5.2 using Akaike Information Criteria (AIC). Bayesian analysis consisted on a
50,000,000 generations run, sampling every 5,000 generations. We used a relaxed
molecular clock and a constant size coalescent model starting with a randomly
generated tree. Burn in was determined on Tracer 1.5 (Rambaut et al., 2013). We
discarded 5,000 trees from burn in and consensus tree was taken from FigTree 1.4
(Rambaut, 2012).

To test for relationships between geographic and haplotype distributions we
built a haplotype network through the Median-Joining method (Bandelt et al., 1999)
on Network v. 4.6. Pairwise and geographical distances were compared with a
Mantel test to search for a significant correlation among them, meaning isolation by
distance (Wright, 1943), in the software R v. 3.0.2 (R Core Team, 2012) statistical
package. Isolation by distance was only tested in the S&o Francisco river basin, since
it was the only area with more than two sampling locations.

For further analysis we grouped our samples geographically according to river
basins, therefore we had four major areas: S&o Francisco, Doce, Jequitinhonha and
Parana River Basins.

We used neutrality tests Tajima’s D (Tajima, 1989) and Fu’'s F (Fu, 1997) on
DNAsp v.5 (Librado and Rozas, 2009) to test for historical demographic expansion,
negative values would indicate population expansion. We used Arlequin (Excoffier et
al., 1992) to test for demographic stability in the basins using mismatch distribution of
haplotypes; stable population should present multi-modal distribution whereas
populations with demographic expansion should show unimodal distribution (Rogers
and Harpending, 1992). The comparison of the sum of square deviations (SSD)
between the observed and expected data allows to estimate significance. A
significant P value rejects the fit of the data to the expansion model.

To check for genetic structuring we used Fst statistics (Cockerham and Weir,
1993) and an analysis of molecular variance (AMOVA) on Arlequin 3.5 (Excoffier et
al., 1992). A higher variation among basins than within basins or sampling localities

as result in AMOVA would suggest genetic structuring.



RESULTS

We obtained DNA sequences of the mitochondrial gene COI from 38 Caiman
latirostris individuals with an average length of 626bp. Six sequences from GenBank
were also included, resulting in a total of 44 sequences analyzed.

RAG DNA sequences were obtained for 10 individuals from each river basin
and sequences had an average length of 785bp. RAG sequences showed no
polymorphism in Caiman latirostris (only one haplotype) and high similarity (100%)
with congeneric species such as Caiman crocodilus (Genbank EU161708.1).
Therefore, they were not included in further analyses.

The tree topologies from NJ, ML and Bayesian analyses were the same, here
we show the NJ tree with three major clades with high bootstrap support and
posterior probabilities. Clades were strongly correlated with river basin, supporting
the presence of three separated lineages corresponding to Sao Francisco and
Jequitinhonha, Doce and Parana river basins respectively. K2P distances ranged
from 0.2% to 2.9% and the clades were separated by distances ranging from 1.4-
1.8% to 2.5-2.9% (Figure 2; Table 2).

98/98 o . "
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97/99 |
7o 1 Doce
100/100 | .
1o | Parana

Figure 2: Neighbor joining tree based on the COI gene for C. latirostris showing three major clades.
Numbers above the branches represent NJ and ML bootstrap values respectively and numbers under
the branches indicate posterior probabilities from the Bayesian analysis.

We recovered six COI haplotypes (Figure 3). Corroborating the NJ, ML and
Bayesian tree, we observed a correlation between haplotypes geographic distribution

and the three clades (Figure 3; Table 2).



Table 2: Table showing Caiman latirostris sampling locations according to their respective Haplotype,
river Basin and clades obtained from NJ, ML and Bayesian trees.

Clades Riverbasin Haplotype Localities
Aimorés
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Figure 3: Haplotype network showing Caiman latirostris haplotypes (as described in Table 2)
associated with the three observed clades in the tree topology.
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The Mantel test showed that in the Sado Francisco River Basin there is a

relationship between genetic and geographic distances, corroborating the occurrence
of isolation by distance (r=0.4202, p=0.004).

Neutrality tests Tajima’s D and Fu’s Fs presented negative values for the

Parana basin, suggesting demographic expansion, however none of them were

significant (p > 0.10) (Table 3). Plots of mismatch haplotype distribution indicated

populations in all basins show signs of historical demographic expansion (Figure 4),

except for Doce basin that had small mismatch distribution variance and could not

have demographic parameters estimated.
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Figure 4: Mismatch graphics indicating demographic expansion for Caiman latirostris, based on
unimodal distribution of haplotypes. A: Sao Francisco basin; B: Jequitinhonha basin; C: Parana basin.

Table 3: Results of Tajima’s D and Fu’s Fs tests for Caiman latirostris. Negative values indicate
population expansion, and P values indicates statistics significance (P<0.05).

Population Tajima'sD FusFs p value
Doce - - >0.10
Jequitinhonha  1.34164 1.10146 >0.10
Séo Francisco 1.34164  0.90565 >0.10
Parana -1.40085 -1.71902 >0.10

Our results showed strong genetic structuring among basins since all Fst

values were close to 1, except for Jequitinhonha and S&o Francisco (Table 4). All Fst
values were significant.

Table 4: Fst values among basins demonstrating strong genetic structure for Caiman latirostris
Significance level = 0.05.

Doce Jequitinhonha S&o Francisco Parana
Doce 0.00000 p<0.05 p<0.05 p<0.05
Jequitinhonha 0.97057 0.00000 p<0.05 p<0.05
Séao Francisco 0.96182 0.44332 0.00000 p<0.05
Parani 0.98291 0.97331 0.97326 0.00000

The AMOVA also showed strong evidence for genetic structuring within river
basins, since the percentage of variation among basins (94.91%) was higher than
among populations within basins (4.54%) and within populations (0.55%) (Table 5).
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Table 5: AMOVA results for C. latirostris genetic structuring, including variation percentage, fixation

indices and significance level.

Source of variation % of variation Fixation indices p value
Among basins 9491 Fc=0.94911 <0.0005
Among populations 454 Fs=0.89284 <0.0005
within basins

Within populations 0.55 Fs1=0.99455 <0.0005
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DISCUSSION

Our results showed strong genetic structuring for Caiman latirostris. Neighbor
joining tree and haplotype network results evidenced the occurrence of three major
lineages along our sampled distribution of Caiman latirostris. One of them
encompasses the Sao Francisco and Jequitinhonha River Basins and the other two
occur within the Doce and Paranad River Basins. In Argentinian C. latirostris’
populations, using RAPD markers, Amavet et al. (2007) found that most variations
occur within populations and not among groups of populations. Our results, however,
show otherwise and most variations were observed among basins, this difference
could be due to the use of different molecular markers as well as a different study
site

The strong genetic structuring suggests that our studied populations have
been isolated from each other for an amount of time sufficient for genetic drift to
occur. One single event of dispersal around 70 million years ago can account for
current Alligatorinae distribution (Sill, 1968). After reaching South America in the
early Tertiary, they went through a secondary radiation (Figure 5) and their
occupation has in effect lasted to the present (Sill, 1968; Brochu, 2010).

The origin of mountain ranges can be a cause of lineage separation,
nevertheless mountain ranges are older than the appearance of crocodilians in South
America (Abreu, 1995) and therefore their geological origin could not have been
responsible for the separation of lineages. They do however act as effective barriers,

since C. latirostris do not occur in altitudes higher than 800m (Yanosky, 1992).
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Figure 5: Alligatorinae radiation pattern showing dispersal in South America (Sill, 1968).

Villela et al. (2008) studied coastal populations of C. latirostris and found
higher similarity between populations separated by great distances in the coast than
between those geographically close to inland groups. They suggest that a large
drainage area in the Brazilian coast during the Pleistocene allowed free dispersal
without any major barriers. This also seems to apply to our results. Until 18 thousand
years ago there was a phase of low sea levels and the formation of Pleistocene
terraces (Suguio et al., 1982), therefore populations from Jequitinhonha and S&o
Francisco should have free flow by the coast in a large drainage area. The same
cannot be said for Doce populations. During this period the Doce river basin was
isolated from the terraces by a saltwater lagoon (Suguio et al., 1982), this would
prevent individuals from reaching others aside from those in the same basin.

Jequitinhonha and S&o Francisco’s genetic proximity could also be explained
by the capture of drainages by the Jequitinhonha basin from S&o Francisco (Saadi,
2002), this event however is too old to be accountable for such results.

The same theory of Pleistocene dispersal through coastal drainages can also
be used to explain genetic patterns among Atlantic coastal drainage populations and
Amazon basin populations of Caiman crocodilus and Melanocushus niger
(Vasconcelos et al., 2006; Vasconcelos et al., 2008). Saltwater also seems to have
acted as an effective barrier for C. crocodilus during the Pleistocene (Venegas-Anaya
et al., 2008).
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Although our results showed a higher percentage of differentiation among
groups of populations than within them, the same was not observed for C. crocodilus
and M. niger. These species presented higher differentiation within populations and
within sampling localities (Vasconcelos et al., 2006; Vasconcelos et al., 2008).

Even though Tajima’s D and Fu’'s Fs neutrality tests did not have any
significant results, our mismatch analyses showed evidence for historical
demographic expansion in all the river basins considered. Vasconcelos et al. (2006)
and Vasconcelos et al. (2008) also reported demographic expansion for C. crocodilus
and M. niger.

We found significant evidence of isolation by distance in the S&o Francisco
River Basin. Isolation by distance had already been suspected for C. latirostris by
Verdade et al. (2002) and later on confirmed by Villela et al. (2008), however both
these studies used microsatellite markers. Isolation by distance is not common in
crocodilians, as it has been stated by Ray et al. (2004) and Vasconcelos et al. (2008)
for Crocodylus moreletii and M. niger respectively, since they have a great capacity
of dispersal along bodies of water (Campos et al., 2003).

In this study we were able to clearly define three major lineages for C.
latirostris throughout its distribution in our sampling localities. Although they do not
initially present significant divergence of allele frequencies at nuclear loci, these
lineages seem to have been isolated for a long period of time, do not have genetic
exchangeability, have mtDNA reciprocal monophyly and therefore present compelling
evidence to be considered as Evolutionary Significant Units highly associated to river
basins (AMOVA, p<0.0005). As defined by Moritz (1994) ESUs harbor long-term
evolutionary history and therefore they should be preserved due to their evolutionary
potential. Future studies should focus on sampling more eastern basins and possibly

cover most of the species distribution.
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