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This thesis builds a reference library of DNA barcodes that provides coverage for 44% of
North American species of herpetofauna. It also establishes the utility of the Barcode Index
Number system in flagging cases of deeply diverged lineages or hybridization of taxa. The DNA
barcode region outperforms 16S rRNA as a tool for species identification and for detecting errors
in museum collections. The coupling of information on sequence diversity in the barcode region
with that for other mitochondrial genes revealed a correlation between rates of molecular
evolution and diversification in North American squamates, but not amphibians.

Species

formation in squamates appears to be predominantly affected by mutation rate, whereas species
diversity in amphibians is likely shaped by life history variables and dispersal ability. Overall,
this thesis demonstrates that DNA barcodes are an effective tool for rapid species identification
and a good approach for examining mechanisms underlying current biodiversity.
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General Introduction
Globally, 16% of all known reptiles and amphibian species have high conservation status,
making them the most threatened vertebrates on the planet. Because of high rates of loss and
high rates of species discovery, there is an urgent need for more rapid assessment of species
diversity and distribution in the herpetofauna.
DNA barcoding provides the opportunity to rapidly identify and document species based
on sequence diversity in a segment of the mitochondrial cytochrome c oxidase subunit 1 (COI)
gene (Hebert et al. 2003). Species identification using DNA barcodes has been effective in many
groups of organisms including mammals, birds, lepidopterans, spiders, ants, some amphibians,
and fishes (Hebert et al. 2004, Barrett & Hebert 2005, Smith et al. 2008, Vences et al. 2005a,
Vieites et al. 2005, Borisenko et al. 2008, Steinke et al. 2009, Valdez-Moreno et al. 2009,
deWaard et al. 2011). The Barcode Index Number (BIN) system is an algorithmic tool designed
to improve the accuracy of species identification using sequence data, wherein individual
specimens are assigned preliminary species identifications according to a flexible threshold
model (Ratnasingham & Hebert 2013). Although the BIN system can aid species delimitation
(Zahiri et al. 2014) and has been an effective tool for cryptic species discovery in various taxa
(Blagoev et al. 2013, Hausmann et al. 2013), it has never been thoroughly tested on any
vertebrate group.
Prior DNA barcoding work on reptiles and amphibians has revealed higher biodiversity
counts than previously estimated due to cases of cryptic and undiscovered species in both classes
(Weisrock et al. 2005, Smith et al. 2008, Vargas et al. 2009, Gehring et al. 2010, Crawford et al.
2011, Nagy et al. 2012, Naro-Maciel et al. 2010, Nazarov et al. 2012, Sculte et al. 2012).
Despite past research, only 8% of the global diversity of reptile and amphibian species are
represented on the online repository for DNA barcodes, the Barcode of Life Data system
(BOLD) (Accessed 25 June 2013) (Ratnasingham & Hebert 2007, Frost 2013, Pincheira-Donoso
et al. 2013), indicating that these groups are poorly represented on BOLD and very much in need
of comprehensive species coverage. Furthermore, in studies focused on herpetofauna, DNA
barcodes are often used in isolation to document diversity and patterns of sequence divergence
(Smith et al. 2008, Vargas et al. 2009, Nagy et al. 2012). However, as demonstrated in this
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project, DNA barcodes can be incorporated into large-scale analyses to derive mechanisms that
are driving patterns of current diversity.
There has been limited investigation concerning the mechanisms that promote speciation
and can account for the wide variation in species richness that exists between all groups of life
has been widely explored in evolutionary biology (Barraclough et al. 1998b). In order to answer
questions concerning speciation, diversification rates – the addition of species through speciation
and the removal of species through extinction – must be considered. Several correlates of
diversification rates have been reported in amphibians, birds, and mammals, including latitudinal
gradient (Weir & Schluter 2004, Weir & Schluter 2007, Wiens 2007), ecological limits
(Kennedy et al. 2012), and life history characteristics (Gonzalez-Voyer et al. 2011). However,
the extent to which rates of molecular evolution play a role in diversification has been
understudied. A positive association between rates of molecular evolution and diversification
has been previously observed in plants (Barraclough & Savolainen 2001, Jobson & Albert 2002,
Lancaster 2010), birds (Eo & DeWoody 2010, Lanfear et al. 2010a), and squamates (Eo &
DeWoody 2010), although no such link has been observed in mammals (Goldie et al. 2011), with
little research performed on amphibians (Gonzalez-Voyer et al. 2011).
The North American herpetofauna have been subject to intense study in terms of their
taxonomy, morphology, phylogeography, and genetics. As a result, these taxa have a wellestablished taxonomic framework which provides a good working example to test the efficacy of
species identification using DNA barcodes, and a baseline to build a library of DNA barcodes
that can be used as a reference for future studies.

Furthermore, since rates of molecular

evolution have been studied quite thoroughly in families of herpetofauna not endemic to North
America (Hughes & Mouchiroud 2001, Dong & Kumazawa 2005, Jiang et al. 2007, Yan et al.
2008, Eo & DeWoody 2010, Shaffer et al. 2013), a comparative examination of rates of
molecular evolution in North American families is justified.
This thesis expands on previous DNA barcoding work by constructing a comprehensive
reference library of sequences to maximize coverage for the 640 species of North American
reptiles and amphibians (Uetz et al. 2013). It also demonstrates the applicability of DNA
barcodes for large-scale comparative work examining rates of mitochondrial molecular evolution
and diversification in these taxa. Chapter 1 accounts for the lack of barcode records in the
herpetofauna by establishing a reference library for the North American reptiles and amphibians
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and quantifies patterns of sequence divergence in these taxa, as well as examining the
correspondence between currently recognized species boundaries and those obtained using the
Barcode Index Number (BIN) system. These patterns of sequence divergence are then compared
with the 16S rRNA gene to determine which gene region provides the best estimate for species
delimitation using sequence data. Since this chapter involves the use of museum specimens, it
takes advantage of vast tissue repositories to detect errors in museum collections, as well as to
obtain genetic material from ancient and formalin-fixed specimens. Chapter 2 incorporates DNA
barcodes with other protein-coding genes in the mitochondrial genome and uses substitution
rates to estimate rates of molecular evolution. This chapter examines the correlation between
rates of molecular evolution and both species richness and diversification rates in order to
establish the mechanistic processes driving the current biodiversity of North American
herpetofauna.
This thesis provides an important baseline documentation of DNA barcodes from the
North American herpetofauna, and successfully demonstrates that efforts need to be made to
implement this system in order to prioritize species for conservation efforts. After all, species
designations for conservation are based on species boundaries, and as such, the comprehensive,
repeatable, and standardized approach offered by DNA barcoding to document the planet’s
diversity is urgently needed.
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Chapter 1
Assessing DNA barcodes as a diagnostic tool for North American reptiles and
amphibians in nature and natural history collections
Abstract
DNA barcoding allows the rapid identification of species based on sequence divergence
in a segment of the mitochondrial cytochrome c oxidase subunit 1 (COI) gene. This study
constructs a reference library of DNA barcodes for North American reptiles and amphibians and
assesses their applicability as a technique for species delimitation. This study also examines the
correspondence of current species boundaries with the BIN system, and compares the
performance of DNA barcodes with that for the 16S rRNA gene in terms of both sequencing
success and identification.

Barcodes were obtained from 732 specimens, representing 282

species (46%) of the North American herpetofauna. Mean intraspecific divergences were 1%
and 3%, while average congeneric sequence divergences were 16% and 14% in amphibians and
reptiles, respectively. BIN assignments corresponded perfectly with current species boundaries
in 58% of these species. Barcode sharing was observed in four genera of reptiles, while deep
divergences (>2%) were noted in 21% of the species. By using multiple primers and a refined
PCR regime, barcode fragments were recovered from 5 of 208 formalin-fixed specimens,
demonstrating that formalin collections can expand genetic databases. Both sequencing success
and BLAST maximum identification values were higher for the COI gene than for 16S. Barcode
recovery was not affected by specimen age, but variation was noted among collections. This
study demonstrates that cases of BIN splits and merges can highlight taxa belonging to deeply
diverged or hybridizing lineages, and DNA barcodes can effectively flag errors in museum
collections. This study is the first effort to compile a reference library of DNA barcodes that
provides species-level identifications for reptiles and amphibians across a broad geographic area.
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Introduction
Reptiles and amphibians are collectively the most threatened groups of vertebrates on the
planet. Moreover, their species richness is currently underestimated as the rate of new and
cryptic species discovery remains high (Vieites et al. 2005, Fouquet et al. 2007, Hoffman et al.
2010, Nagy et al. 2012). Traditional methods for species delimitation and description are timeconsuming and results often unclear, provoking the inappropriate prioritization of species for
conservation or the disappearance of a species before its description (Daugherty et al. 1990,
Murphy et al. 2011, Spinks et al. 2012). If the diversity of herpetofauna can be documented
quickly and objectively, this will facilitate species discovery and ensure that conservation
programs are properly targeted. There is therefore an urgent need for a standardized protocol
enabling rapid and effective species identification, especially given that conservation goals are
based on species designations (Crawford et al. 2010). DNA barcoding, the identification of
species using sequence diversity in a segment of the mitochondrial cytochrome c oxidase subunit
1 (COI) gene (Hebert et al. 2003), has facilitated species delimitation and discovery in many
organisms, including the herpetofauna (Vargas et al. 2009, Gehring et al. 2010, Crawford et al.
2011 & 2012, Nazarov et al. 2012). However, no prior DNA barcoding study has aimed to
develop comprehensive coverage for the reptile and amphibian fauna of any continent.
Canada and the United States (hereafter North America) host 292 amphibian and 348
reptile species, approximately 8% of the global fauna (Uetz et al. 2013). North American taxa
present an ideal opportunity to test the effectiveness of DNA barcoding because they have been
the subject of intensive phylogenetic and morphological studies. Additionally, large collections
of specimens are available, allowing for broad taxonomic sampling of rare or endangered species
(Wandeler et al. 2007, Collins & Cruickshank 2012, Puillandre et al. 2012). Because most type
specimens of amphibians and reptiles are more than a century old and many have been stored in
formalin, the recovery of DNA from them is problematic (Zimmermann et al. 2008). However,
little effort has been made to recover DNA from the barcode region of formalin-fixed tissue
through the recovery of partial fragments (Arif et al. 2011, Dubey et al. 2011). By coupling the
analysis of tissue samples from museum specimens with the high-throughput workflows of DNA
barcoding, it is feasible to perform a continent-wide project that integrates museum collections,
morphological identifications, and DNA barcoding.
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Reptiles and amphibians present an interesting challenge for species identification using
DNA barcoding because introgressive hybridization and incomplete lineage sorting have resulted
in barcode sharing by some closely related taxa (Vences et al. 2005a,b, Rubinoff et al. 2006).
Amphibians present a secondary challenge as recovery of DNA from the COI gene by PCR is
complicated by the presence of variable primer sites, making it difficult to develop universal
primers for this group (Vences et al. 2005a, Smith et al. 2008). Although one recent study (Che
et al. 2012) reported a primer set effective for three orders of Chinese amphibians, no subsequent
study has confirmed their general efficacy. Past attempts to test primers for the barcode region
in amphibians have usually been limited to one genus or family, and have often examined taxa at
a small geographic scale (e.g. Mable & Roberts 1997, Goebel et al. 1999, Smith et al. 2008, Che
et al. 2012). Because of its conserved nature, the mitochondrial 16S ribosomal RNA gene has
been proposed as an alternate gene region for species identification and it has proven effective in
several groups of reptiles and amphibians (Harris et al. 2004, Pook and McEwing 2005, Fritz et
al. 2006, Fouquet et al. 2007, Vieites et al. 2005, Nagy et al. 2012, Hawlitschek et al. 2013). The
comparative efficacy of identification with DNA barcodes versus 16S remains debated, with
cases of overlap between intra- and interspecific sequence divergence occurring in both the 16S
and COI genes (Vences et al. 2005b, Xia et al. 2012). However, because COI has been adopted
by the global research community as the barcode standard for the animal kingdom, a serious
effort needs to be directed towards overcoming technical obstacles associated with barcoding
herpetofauna. This project addresses this issue by examining the efficacy of species delimitation
and sequence recovery with DNA barcodes in North American herpetofauna.
This study has the primary goal of compiling a reference library of DNA barcodes for the
North American herpetofauna, as well as examining the correspondence between sequence
clusters delineated by the Barcode Index Number (BIN) algorithm (Ratnasingham & Hebert
2013) and currently recognized species boundaries. Secondarily, this project compares patterns
of sequence variation in COI with those for the 16S rRNA gene for the purposes of species
identification.

Finally, this study tests the recovery of DNA sequence information from

formalin-fixed specimens with primer sets that target short segments of the barcode region. The
DNA barcode results also provided an opportunity to detect databasing errors and
misidentifications in museum collections.
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Materials and Methods
Specimen acquisition
Work began with the compilation of a species list for all reptiles and amphibians of North
America using the resources provided by the Center for North American Herpetology
(www.cnah.org). A total of 887 specimens (631 reptiles, 256 amphibians) were subsequently
obtained from frozen or ethanol-preserved tissue collections at seven museums, while 208
formalin-fixed specimens were analyzed from the Smithsonian’s National Museum of Natural
History and the Harvard Museum of Comparative Zoology (Table A.1). In order to examine the
universality of the primer sets designed in this study, 55 specimens (32 species) of reptiles from
outside North America were also included.

The dataset with specimen details, including

sequences and trace files, can be retrieved on the Barcode of Life Data system (BOLD) using a
DOI

for

North

American

herpetofauna

(http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-NAHERPS) and nonNorth

American

specimens

(dx.doi.org/10.5883/DS-EANAO)

(www.boldsystems.org)

(Ratnasingham & Hebert 2007).
DNA extraction, amplification, and sequencing
Tissue lysis, DNA extraction, PCR, and sequencing protocols for all specimens followed
those used by the Canadian Centre for DNA Barcoding (Ivanova et al. 2008, CCDB). Dilution
factors and PCR regimes were altered depending on the primer sets used (Table 1.1 & Table
1.2).

Because the AmphF2_t1+AmphR3_t1 primer set had the highest initial sequencing

success, it was adopted for the initial round of PCR (Table 1.1). If it failed to generate an
amplicon, two additional PCR reactions were performed which aimed to generate 307bp and
407bp amplicons (AmphF2_t1+MLepR2 and MLepF1+AmphR3_t1, respectively).

Finally,

when only one of these reactions generated a product, primer sets amplifying a 295bp or 189bp
amplicon were used with the goal of recovering a sequence that was long enough (>487bp) to
meet barcode compliance (Table 1.1).

In addition, a segment of the 16S rRNA gene,

approximately

was

550bp

in

length,

amplified

in

285

specimens

http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-HERP16S)

(DOI:

using

the

16Sar+16Sbr primers (Bossuyt & Milinkovitch 2000) and the PCR regime described by Salducci
et al. (2005).
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CodonCode Aligner version 3.7.1.2 (CodonCode Corporation) was used for manual and
Clustal W sequence alignment. Sequences were translated to amino acids (with the exception of
16S) and examined for stop codons as a check for pseudogene amplification. Prior to uploading
sequences acquired through the concatenation of several amplicons, the individual sequences
were validated using the BOLD identification engine (Ratnasingham & Hebert 2007), as well as
the Basic Local Alignment Search Tool (BLAST) at NCBI (Altschul et al. 1990).
Data analysis
Pairwise distances, inter- and intraspecific distance comparisons, sequence composition,
and BINs were obtained using tools on BOLD (Ratnasingham & Hebert 2007), and further
group-specific examinations were made using the SpeciesIdentifier package in the TaxonDNA
program (Meier et al. 2006). A neighbour-joining tree (Saitou & Nei 1987) was constructed
using pairwise sequence divergence estimated using the Kimura-2 parameter (K2P) distance
(Kimura 1980) and sequences were visually inspected for insertions and deletions using MEGA5
(Tamura et al. 2011). The relationship between maximum intraspecific sequence divergence and
nearest neighbour divergence was examined to detect potential errors in the tissue collection at
the Royal Ontario Museum.
The collection dates for specimens (when available) were compared with sequence
recovery to determine if sequencing success decreased with age (Dean & Ballard 2001,
Zimmermann et al. 2008). The performance of primer sets was compared with sequencing
success, taxonomic group, and specimen age.

Linear regressions and chi-squared tests of

homogeneity were performed for these comparisons using R (R Development Core Team 2008).
16S sequences were aligned using the online program Gblocks version 0.91b which
allowed for smaller final blocks, gap positions within the final blocks, and less strict flanking
positions to eliminate highly variable regions that would be uninformative for comparative
analysis (Castresana 2000).

DAMBE5 (Xia 2013) was employed to compare the relative

frequencies of transitions and transversions against K2P sequence divergence considering all
three codon positions.
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Results
Sequence recovery
A total of 732 barcode sequences were recovered from 282 species, providing coverage
for 44% of the North American herpetofauna. Although most (614) sequences were barcode
compliant (>487bp, <1%N), sequence lengths ranged from 123-658bp, which reflects the length
of the target region for the different primer sets (Table 1.3). Five sequences were recovered from
208 formalin-fixed specimens using primers designed for the recovery of DNA from ancient and
degraded tissue (Hebert et al. 2013) (Table 1.4). Barcode compliant sequences were obtained
from 34 species (76%) of non-North American reptiles using the AmphF2_t1+AmphR3_t1
primer

set.

Considering

all

specimens,

the

newly

developed

primer

set

(AmphF2_t1+AmphR3_t1) was the most successful in reptiles (Table 1.3). However, the primer
sets designed by Che et al. (2012) performed best for amphibians and recovered barcodes from
three specimens that were over 100 years old.
Factors influencing sequence recovery
There was significantly lower success in overall sequence recovery (χ2=140.9, p<0.0001)
as well as recovery of barcode compliant sequences (χ2=108.5, p<0.0001) from amphibians than
reptiles. No significant decrease was observed in recovery with increasing specimen age (Figure
1.1; Table 1.5). However, a significant relationship was observed between specimen age and
sequence length for three of the seven institutions from which tissue samples were obtained: two
for reptiles (Field Museum of Natural History: R2=0.25, p<0.001; Museum of Vertebrate
Zoology: R2=0.22, p=0.001), and one for amphibians, although this was an increase (University
of Kansas Biodiversity Institute: R2=0.12, p=0.03), indicating that sample age did not lower
success in amphibians (Figure 1.2a,b; Table 1.5). Chi-squared tests of homogeneity revealed
that although overall sequencing success was uniform across different institutions in both classes
(Amphibia: χ2=5.35, p=0.37; Reptilia: χ2=7.02, p=0.32), barcode compliant sequence recovery
was significantly different among six institutions for amphibians (χ2=40.69, p<0.0001) and
among all seven for reptiles (χ2=45.49, p<0.0001) (Figure 1.3a,b).
COI sequence variation
Intra- and interspecific distances varied widely in both reptiles and amphibians, with
interspecific sequence divergence as low as 0% in both groups and intraspecific divergence as
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high as 21% in reptiles (Table 1.6). Barcode sharing between two species was noted in four
genera of reptiles: Aspidoscelis, Sceloporus, Plestiodon, and Thamnophis.

Cases of low

interspecific divergence (<2%) occurred in eight pairs of comparisons between two species of
reptile (7.3%) and eight pairs of comparisons in amphibians (12%), with seven of the latter cases
belonging to the family Plethodontidae. Deep intraspecific divergence (>2%) was observed in
46 of 178 reptile species (25.8%), but in only 6 of 66 species of amphibian (5.6%).
Using the barcode gap comparison in conjunction with the neighbour-joining tree, 10
specimens from the Royal Ontario Museum were flagged due to either very low interspecific
distances or high intraspecific distances (museum errors in Figure 1.4). Re-sequencing these
specimens revealed that all ten original sequences were incorrect (Figure 1.4), with the initial
results due to labeling errors of the first tissue samples.
The nucleotide composition in both reptiles and amphibians was characterized by a high
GC content (Table 1.7). No significant relationship was observed between family-level nearest
neighbour distance and mean GC content in amphibians (R2=0.01, p=0.40) or reptiles (R2=0.13,
p=0.10). Similarly, there was no significant relationship between nearest neighbour distance and
mean GC content in the third codon position (R2=0.0009, p=0.47 in amphibians; R2=0.12, p=0.11
in reptiles). No insertions or deletions were observed in the aligned sequences of amphibians or
reptiles. Substitution saturation occurred at approximately 10-11% sequence divergence for
amphibians and at 9-10% for reptiles when considering all three codon positions (Figure 1.5a,b).
Amplification and comparison of 16S
Amplification of the 16S rRNA gene region recovered sequences ranging in length from
244-486bp from 188 of the 285 specimens, with a sequencing success of 86% for reptiles and
59% for amphibians. By comparison, sequence recovery for the barcode region from the same
tissue samples was 89% for reptiles and 87% for amphibians. After submitting 16S rRNA
sequences to the Basic Alignment Search Tool (BLAST), the maximum identification values and
provided by the topmost hit were not informative with respect to species identification (Figures
1.6a and c). For 16S sequences, the mean identification value for both reptiles and amphibians
was 91% for correct species matches. Comparatively, COI sequences from the same specimens
yielded higher correct species identification percentages for both reptiles (!=98%) and
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amphibians (!=97%) (Figure 1.6b and d).

In fact, for the barcode region in amphibian

specimens, all species were assigned to the correct genus (Figure 1.6b).
Correspondence between BINs and species
There was perfect correspondence between recognized species boundaries and BIN
assignments for 141 of the 244 species (57.8%). Because the number of splits (one species
assigned to two or more BINs) was higher than the number of merges (a single BIN assigned to
more than one species), there were 18 more BINs than the corresponding species count for both
classes (Ratnasingham & Hebert 2013) (Figure 1.7; Table 1.6). Squamates had the highest
number of splits (51), which represented 40% of the total number of BINs assigned to this order
(Table 1.6).

In the reptile species with BIN splits, sequence divergence was significantly

correlated with geographic distance (R2=0.18, p<0.0001) (Figure 1.8). Despite not having a
barcode compliant length, 57 specimens (15 species) were assigned to the correct BIN.
Additionally, due to the flexible threshold employed by the BIN algorithm, two species of
plethodontid salamander with a pairwise distance lower than 2% were assigned separate BINs
(Desmognathus ocoee and D. marmoratus), while five species of reptiles that exhibited greater
than 2% intraspecific sequence divergence were given single BINs (Agkistrodon contortrix,
Lampropeltis getula, Nerodia erythrogaster, Storeria dekayi, and Thamnophis cyrtopsis).

Discussion
Barcode recovery and composition in North American herpetofauna
The “universal” amphibian primer sets (Che et al. 2012) were effective for North
American amphibians. Contrary to prior conclusions that single primer pairs have high failure
rates for amphibians (Vences et al. 2012), these primers consistently recovered sequences across
the entire class.

However, in reptiles, the primers designed in this study were the most

successful, suggesting different primer sets should be used for each class to maximize sequence
recovery.
Saturation of both transitions and transversions considering all three codon positions
occurred at a divergence of 9-11% in Reptilia and Amphibia, consistent with previous findings
that sequences become saturated in these organisms at approximately 10-13% genetic divergence
(Smith et al. 2008, Che et al. 2012, Nagy et al. 2012, Xia et al. 2012, Hawlitschek et al. 2013).
!
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The lack of insertions and deletions reinforces earlier evidence for their absence in salamanders
from the family Hynobiidae (Che et al. 2012), in Korean herpetofauna (Jeong et al. 2013), in
birds (Hebert et al. 2004), and in Neotropical fishes (Valdez-Moreno et al. 2009).
The utility of DNA barcoding in museum collections
The length of sequence recovered only decreased with increasing specimen age in
material from three of seven collections. Success rates were consistently high for 30 years after
collection, particularly in reptiles (Figure 1.2). Differences in sequence recovery were observed
among institutions in the success of recovery of barcode compliant sequences, which likely
reflects differential storage conditions (many in ethanol, others frozen), and in the case of
cryocollections, poor records of the timing of tissue transfer from ethanol into the frozen
collection (Table A.1).
The impacts of tissue fixation with formalin on DNA sequence recovery have been much
discussed (e.g. Skage & Schander 2007, Wandeler et al. 2007, Zimmermann et al. 2008). The
negative impacts of formalin fixation on sequence recovery were reinforced by this study, as
sequences were only recovered from 5 of 208 specimens preserved in this way. Further work to
improve recovery of sequences from formalin-fixed specimens is justified since mini-barcodes
are still informative (Meusnier et al. 2008, Dubey et al. 2011). In particular, the potential
recovery of DNA from holotype and paratype specimens would be invaluable (Wandeler et al.
2007, Kirchman et al. 2010).
Museum collections have proven a very useful resource for building DNA barcoding
reference libraries of invertebrates in earlier studies on the Lepidoptera (Puillandre et al. 2012,
Hebert et al. 2013), and in the case of the herpetofauna, it could aid the identification of
specimens whose morphological diagnosis is difficult or when defining morphological characters
have deteriorated with age, such as in the North American plethodontid salamanders (Jockusch
& Wake 2002, Xia et al. 2012). In fact, this approach could detect databasing errors in 10
specimens (3.4%) from the Royal Ontario Museum – an incidence close to the 5% average for
museum collections (Murphy et al. 2013).
Cases of low interspecific divergence and deep intraspecific divergence
The wide variation in sequence divergence for both congeneric and intraspecific
comparisons was consistent with results from prior barcoding studies on reptiles and amphibians

!

12!

that exhibit large degrees of overlap between intra- and interspecific distances (Vences et al.
2005a,b, Smith et al. 2008, Che et al. 2012, Nagy et al. 2012, Xia et al. 2012, Hawlitschek et al.
2013 ) (Table 1.6). Despite the presence of this overlap, most intraspecific divergence estimates
in this study were less than 3%: 72.9% in reptiles and 86.4% in amphibians.

The mean

intraspecific sequence divergences for both amphibians and reptiles were higher than mean
values in birds (Kerr et al. 2007, 2009), mammals (Borisenko et al. 2008, Francis et al. 2010),
and fishes (Steinke et al. 2009, Valdez-Moreno et al. 2009), largely due to high maximum
distances perhaps reflecting overlooked species as indicated by extreme population subdivision
and deeply divergent lineages in some taxa (Savage et al. 2010).
Although BIN clusters did not always correspond to currently recognized species
boundaries, exceptions involved previously reported cases of either hybridization or deep
divergence. When BIN splits occurred, specimens belonged to a species that showed deep
intraspecific divergence, which often reflected population subdivision linked to geographic
isolation. The highest incidence of splits was observed in reptiles, whose members belong to old
lineages with broad distributions, such as the desert iguana (Dipsosaurus dorsalis) and the
common chuckwalla (Sauromalus ater) (Lamb et al. 1992). This result is corroborated by the
strong correlation between geographic distance and COI divergence, a pattern observed in other
vertebrates (e.g. bats, Francis et al. 2010) (Figure 1.8). In fact, the species with the highest
intraspecific divergence (21.22%) and three BIN splits – the lesser earless lizard (Holbrookia
maculata) – may include multiple species, since cases of deep mitochondrial divergence was
detected in specimens collected in close geographic proximity (Wilgenbusch & de Queiroz
2000). Moreover, reproductive isolation in this ‘species’ has been suggested from differential
mate preference (Rosenblum 2008). Similarly, splits in amphibians, mostly in salamanders such
as Plethodon caddoensis, occurred in species with high genetic variability and population
subdivision over small geographic ranges (Savage et al. 2010, Shepard & Burbrink 2011).
By contrast, BIN mergers were observed in species that are known to hybridize,
highlighting the recent divergence and subsequent introgression of Desmognathus fuscus and D.
ochrophaeus, as well as the recent speciation of Pseudacris triseriata and P. maculata (Karlin &
Guttman 1981, Sharbel et al. 1995, Rissler & Taylor 2003, Lemmon et al. 2007) (Figure 1.9).
Additionally, barcode sharing and a single BIN assignment was observed in four closely allied
species pairs of reptiles that are known to have undergone introgression and hybridization:
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Aspidoscelis tesselata and A. neotesselata, Sceloporus undulatus and S. graciosus, Plestiodon
gilberti and P. fasciatus, and Thamnophis radix and T. butleri (Taylor et al. 2006, Leaché & Cole
2007, Fitzpatrick et al. 2008, Cole et al. 2010, Brandley et al. 2012, Placyk et al. 2012) (Figure
1.10). These cases of barcode sharing represented 4.5% of the reptile species examined, versus
6.4% barcode sharing detected in North American birds (Kerr et al. 2007), 2% in ornamental
fishes (Steinke et al. 2009), 3% in geometrid moths (Hausmann et al. 2013) and 1% in
Neotropical bats (Clare et al. 2011).
Based on the results provided by the BIN analysis, the BIN system effectively identified
species that are known to exhibit introgressive hybridization or extensive population subdivision
through BIN merges and splits, respectively. Consequently, the main implications of these
findings are for taxa that are not as well-studied as the North American herpetofauna, in which
such genetic patterns have not yet been recorded. In these cases, the BIN algorithm could
provide an effective diagnostic tool to highlight species suspected to be undergoing hybridization
and deeply diverged lineages.
Comparative performance of 16S
As expected, due to variation in primer binding sites, sequence recovery in amphibians
was variable. However, recovery success for 16S was considerably lower than for the COI
barcode region, contrasting with one of the original justifications for the adoption of this gene
region as a tool for species identification (Vences et al. 2005b, Xia et al. 2012). Moreover,
despite the higher number of records on GenBank for 16S rRNA, higher identification success
was obtained for COI using BLAST. In fact, even in cases where sequences were not barcode
compliant, correct species-level matches were often made with COI. Comparable identification
values obtained from BLAST for both genes, higher sequencing success in COI, and the greater
alignment difficulty for 16S make COI the preferable gene region for preliminary assessment of
mitochondrial sequence variation in reptiles and amphibians (Xia et al. 2012).
Conclusions
This study has developed a primer set that yielded high success in the recovery of the
barcode region from North American reptiles, while primers developed by Che et al. (2012)
performed well for amphibians. In cases where the primer set did not amplify full-length
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barcodes because of DNA degradation, shorter segments (>300bp) of the barcode region were
sufficient for BIN assignment.
More studies are needed to evaluate the prevalence of error rates in museum collections,
and such work is now feasible because of the high-throughput sequencing workflows provided
by DNA barcoding. Particularly in the herpetofauna, where collection permits are often hard to
obtain, a method to quickly validate specimen identifications, tissue improperly sampled, or
incorrect database entries is essential to improve the quality of future research.
Although more research is required to fully assess the comparative performance of COI
and 16S, this study indicates that the barcode region has significant advantages over the 16S
gene (Vences et al. 2005b, Xia et al. 2012). Especially given its taxonomic breadth, this study
provides additional support that 16S is less effective than the COI barcode region for DNA-based
identifications of amphibians and reptiles (Vences et al. 2005b).
The results of this study revealed the many applications of DNA barcoding to increase
rates of species discovery and identification in North American herpetofauna.

Particularly

because of the global declines of these taxa, the implications for rapid and effective species
identification are significant both to accurately and quickly assess diversity, and to prioritize
species for conservation.
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Table 1.1. Primer set details, PCR regime names, and dilution factors. *use of M13 primers for
sequencing reaction.
Primer name
(Forward+
Reverse)
AmphF2_t1*+
AmphR3_t1*

AmphF2_t1*+
MLepR2
MLepF1+Amp
hR3_t1*
MLepF2_t1*+
MicroLepR2,
“307 rescue”
AncientLepF2
+MLepR2,
“407 rescue”

!

Sequence (5’ to 3’)

PCR
regime

Dilution
factor

Reference

TGTAAAACGACGGCCAGTTTCAACWAAY
CAYAAAGAYATYGG +
CAGGAAACAGCTATGACTADACTTCWGG
RTGDCCRAARAATCA
TGTAAAACGACGGCCAGTTTCAACWAAY
CAYAAAGAYATYGG +
GAAAATGGRGCWGGWACWGGWTGAAC
GCTTTCCCACGAATAAATAATA +
CAGGAAACAGCTATGACTADACTTCWGG
RTGDCCRAARAATCA
GCWTTCCCMCGWATAAATAATATAAG +
CCWGTWYTAGCWGGWGCWATTAC

COIFast

None

Chambers et al.
unpublished

mini51

100x

Hebert et al.
2013

mini51

10x

Hajibabaei et al.
2006

micro60

None

Hebert et al.
2013

ATTGGWGATGATCAAATTTATAAT +
GAAAATGGRGCWGGWACWGGWTGAAC

micro60

None

Hebert et al.
2013
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Table 1.2. PCR regime details for primers used in this project.
Regime name
COIFast

mini51

micro60

!

Regime
94°C for 1min; 5x: 94°C for 40s,
45°C for 40s, 72°C for 1min;
35x: 94°C for 40s, 51°C for 40s,
72°C for 1min; 72°C for 5min
94°C for 1min; 40x: 94°C for
40s, 51°C for 40s, 72°C for 1min;
72°C for 5min
94°C for 1min; 40x: 94°C for
40s, 60°C for 40s, 72°C for 1min;
72°C for 5min

Primer sets
AmphF2_t1+AmphR3_t1

AmphF2_t1+MLepR2;
MLepF1+AmphR3_t1
MLepF2_t1+MicroLepR2;
AncientLepF2+MLepR2
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Table 1.3. Length of amplicon, success rates, and sample sizes for all specimens (except
formalin-fixed).
Primer set
AmphF2_t1 + AmphR3_t1
Chmrf4 (Anura, Che et al. 2012)
COI-C02/04 (Caudata, Che et al. 2012)
MLepF1 + AmphR3_t1
AmphF2_t1 + MLepR2
MLepF2_t1 + microLepR2
AncientLepF2 + MLepR2

!

Amplicon
(bp)
658
658
658
407
307
295
189

Success rate (sample size)
Amphibia
Reptilia
31% (95)
84% (520)
44% (190)
N/A
73% (95)
N/A
70% (184)
45% (120)
44% (184)
37% (120)
16% (148)
23% (104)
32% (148)
26% (104)

Overall success rate
(sample size)
76% (530)
44% (190)
73% (95)
60% (304)
41% (304)
19% (252)
29% (252)
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Table 1.4. Length of COI sequences recovered from formalin-fixed specimens.
Species

Collection date

Institution code and catalog number

Hyla wrightorum
Plethodon larselli
Rana heckscheri
Rhyacotriton variegatus
Uma notata

July 1975
March 1972
January 1962
March 1970
November 1955

USNM 245994
USNM 470806
MCZ Herpetology A-37209
USNM 193232
MCZ Herpetology R-62415

!

Base pairs
recovered
209
166
556
220
215
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Table 1.5. Regression analysis for specimens with collection dates. *Statistically significant.
Sequence recovery
Primer bias (sequence recovery)
658bp barcode
307bp barcode
407bp barcode
189bp barcode
COI-C02/C04
Institutional bias (sequence length)
FMNH (reptiles)
FMNH (amphibians)
MVZ (reptiles)
MVZ (amphibians)
KU (reptiles)
KU (amphibians)
ROM (reptiles)
ROM (amphibians)

!

R2 value

p-value

0.0003
0.20
0.03
0.21
0.18

0.48
0.11
0.32
0.18
0.20

0.25
0.04
0.006
0.006
0.0004
0.12
0.002
0.02

<0.001*
0.24
0.001*
0.29
0.45
0.03*
0.25
0.14
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Table 1.6. Distance, barcode index number (BIN), and sequence composition summary for
barcode-compliant sequences.
Class

Order

Seqs

Species

BINs

Amphibia

Anura
Caudata
Squamata
Testudines

27
102
410
75

23
43
166
12

25
53
172
12

Reptilia

!

Mean intra
(% K2P) (SE)
2.83 (0.75)
1.31 (0.04)
2.64 (0.01)
0.19 (0.01)

Mean inter
(% K2P) (SE)
18.37 (0.11)
16.15 (0.01)
13.75 (0.002)
3.49 (1.57)

Mean GC (%)
(SE)
44.23 (0.25)
41.32 (0.26)
44.24 (0.14)
42.79 (0.20)
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Table 1.7. Comparison of nucleotide composition for the barcode region in this study with those
from prior studies.
Nucleotide
This study
Literature
G
17.0%
17.9%
C
25.2%
26.7%
A
25.6%
24.8%
T
31.9%
30.6%
Reptilia
G
16.9%
16.8%
C
27.8%
26.8%
A
26.7%
28.1%
T
28.6%
28.2%
1
Only members from the order Testudines examined.
Amphibia

!

Citation
Che et al. 2012

Reid et al. 20111
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Table 1.8. Comparison of intraspecific and interspecific distances (K2P) for COI in this and
other DNA barcoding studies.
This study
Amphibia
Mean intra (min-max) 1.39 (0-18.39)
Mean inter
16.29 (0.16-33.41)

Literature

Citation

(0-1.01)
(3.1-28.2)
(4-20)

Che et al. 20121
Che et al. 20121
Smith et al. 2008

Anura
Mean intra
Mean inter

2.83 (0-18.38)
18.37 (1.99-33.41)

5.4
20.7

Vences et al. 2005a
Vences et al. 2005a

Caudata
Mean intra

1.31 (0-16.63)

Mean inter

16.15 (0.16-27.96)

4.3
1.4 (0-6.1)
13.5
11.9 (0.7-16.5)

Vences et al. 2005a
Xia et al. 20122
Vences et al. 2005a
Xia et al. 20122

20.9 (10.4-35.7)
20.7

Hawlitschek et al. 2013
Nagy et al. 2012

1.3
0.34
(0-0.9)
6.4
8.2
(1.7-13)

Reid et al. 2011
Vargas et al. 2009
Naro-Maciel et al. 2010
Reid et al. 2011
Vargas et al. 2009
Naro-Maciel et al. 2010

Reptilia
Squamata
Mean intra (min-max) 2.6 (0-29.8)
Mean inter
13.8 (0-35.6)
Testudines
Mean intra

0.2 (0-1)

Mean inter

3.5 (0.2-10.1)

1
2

!

Only members from the family Mantellidae examined.
Only members from the family Hynobiidae examined.
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Figure 1.1. Variation in sequence recovery for five primer sets with specimen age for reptiles and
amphibians. The COI-C02/04 (Che et al. 2012) primer set was only used for caudates, while the
189 base pair primer set was only used in reptiles.
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Figure 1.2. Variation in sequence recovery with specimen age in (a) amphibians and (b) reptiles
from four collections. Institutions are represented by their collection codes (FMNH: Field
Museum of Natural History; KU: University of Kansas Biodiversity Institute; MVZ: Museum of
Vertebrate Zoology; ROM: Royal Ontario Museum). *Statistically significant increase or
decrease.
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Figure 1.3. Variation in sequence recovery and length in (a) amphibians and (b) reptiles from six
collections. Qualifying barcodes are sequences greater than 487 base pairs. Institutions are
represented by their collection codes (AMNH: American Museum of Natural History; FMNH:
Field Museum of Natural History; KU: University of Kansas Biodiversity Institute; MVZ:
Museum of Vertebrate Zoology; ROM: Royal Ontario Museum; SDNHM: San Diego Natural
History Museum; UAHC: University of Alabama, Alabama Museum of Natural History
Herpetological Collection). *Statistically significant.
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Figure 1.4. Comparison of maximum intraspecific sequence divergence with minimum
interspecific sequence divergence for amphibians and reptiles. Points above the 1:1 line indicate
that a barcode gap is present; points falling below the line indicate its absence. Points in red are
specimens representing suspected museum errors; points in green are the corresponding resequenced individuals.
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(a)!

(b)!

Figure 1.5. The frequency of transitions and transversions with varying levels of sequence
divergence (%K2P) considering all three codon positions in (a) amphibians and (b) reptiles.
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Figure 1.6. Maximum identification values provided by the topmost hit and how well this top hit
provided matches at the correct species level (S), correct genus (incorrect species) level (G), and
incorrect overall identification level (I) obtained from BLAST searching (a) 16S in amphibians
(!! =91%; !! =91%; !! =86%), (b) COI in amphibians (!! =97%; !! =91%; !! =N/A), (c) 16S in
reptiles (!! =91%; !! =90%; !! =88%), and (d) COI in reptiles (!! =98%; !! =91%; !! =86%).
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Figure 1.7. The correspondence between Barcode Index Number (BIN) and species assignment.
The bar charts show the number of BIN matches, splits, and merges for the four orders in this
study.
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Figure 1.8. Relationship between geographic distance and K2P genetic divergence for individual
squamates with a BIN split.
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Figure 1.9. Neighbour-joining tree (K2P) for all amphibian specimens with barcode-compliant
length sequences (minimum of 487 base pairs) with family-level designations.
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Figure 1.10. Neighbour-joining tree (K2P) for all reptile specimens with barcode-compliant
length sequences (minimum of 487 base pairs) with family-level designations.
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Chapter 2
The link between rates of molecular evolution and diversification in North
American reptile and amphibian families
Abstract
Considerable variation exists in rates of molecular evolution and in species richness
among reptile and amphibian lineages. However, the factors that explain this variation and the
potential linkages between these factors are poorly understood. This study investigates whether
rates of molecular evolution are primary drivers for variation in diversification rates and species
richness in families of North American reptiles and amphibians. A random-walk speciationextinction process was used to estimate family-level diversification rates.

Molecular

evolutionary rates were estimated using synonymous substitution rates (dS), non-synonymous
substitution rates (dN), and the ratio of the two (dN/dS) using sequences from the Barcode of
Life Data System and GenBank. Phylogenetically independent contrasts incorporating multigene phylogenies were conducted to compare substitution rates against both diversification rates
and confamilial species richness for families. Correlations were observed between dN, dS, and
family-level diversification rates in North American squamates, but no correlation was detected
for species richness values. An association between dS and both diversification and species
richness was observed in North American amphibians. This difference suggests that mutation
rates are driving speciation in North American squamates, but not in amphibians. The lack of a
relationship in amphibians may reflect life history variables that indirectly correlate with both
diversification and molecular evolutionary rates.

High rates of sequence divergence were

observed among squamates in the COI gene, likely due to the duplicated control region which is
known to accelerate rates of mitochondrial genome replication in snakes. In summary, this study
assessed rates of molecular evolution in a broad range of North American reptiles and
amphibians, and provided insights into the mechanistic link between genomic change and
speciation in these taxa.
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Introduction
Species formation results from interactions among natural selection, genetic drift, and
mutation, but the extent to which each of these components contributes to speciation is poorly
understood, and remains a question at the heart of evolutionary biology. Although genetic
change inevitably plays a role in speciation, cause and effect relationships remain unclear. Does
rapid speciation elevate rates of molecular evolution or do high rates of molecular evolution
promote speciation? Certainly, once speciation has occurred, sister taxa are subject to differing
selective forces which can accelerate molecular change. Additionally, because the formation of
new species often leads to a smaller effective population size (Ne) and exposure to founder
effects (Barraclough & Savolainen 2001), slightly deleterious mutations are more prone to
fixation, raising the rate of molecular evolution (Lanfear et al. 2010a, Venditti & Pagel 2010,
Goldie et al. 2011). Alternatively, high mutation rates can lead to rapid reproductive isolation
and divergence resulting in speciation (Lanfear et al. 2010a, Goldie et al. 2011), while also
decreasing extinction risk by maintaining genetic variation within populations (Franklin &
Frankham 1998, Willi et al. 2006).
Discrimination between these two opposing explanations for the link between rates of
molecular evolution and speciation can be accomplished by examining patterns of nucleotide
substitution. In particular, the rates of non-synonymous (missense, or dN) and synonymous
(silent, or dS) mutations and the ratio of the two (dN/dS ratio) are informative because they are
differentially affected by natural selection. Since synonymous substitutions do not change the
gene product (due to the degeneracy of the genetic code), these substitutions have little exposure
to selection and no obvious mechanistic effect on adaptive change. This means that the selective
constraints on synonymous substitutions are nearly negligible, and dS can be assumed to reflect
neutral evolution (Ohta 1973, Kimura 1983, Ohta 1992, Lanfear et al. 2010a, Lanfear et al.
2014). This is the case because the likelihood of fixation by genetic drift increases as Ne
decreases, but this is almost exactly balanced by the decreased production of neutral mutations
(Kimura 1983). Therefore, since synonymous substitutions change at a rate irrespective of Ne
and genetic drift, they are a fairly robust indicator of overall mutation rate (Lanfear et al. 2010a,
Goldie et al. 2011). By contrast, rates of non-synonymous substitutions can be affected by both
selection and Ne. As Ne decreases, the rate of non-synonymous substitutions (and particularly
dN/dS ratios) should rise since slightly deleterious mutations have a higher likelihood of reaching
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fixation in small populations (Ohta 1973). Therefore, these different measures of rates of
molecular evolution – dS, dN, and their ratio (dN/dS) – can be used as indicators of the extent to
which mutation and effective population size have contributed to speciation (Lanfear et al.
2010a).
Among vertebrates, rates of mitochondrial molecular evolution have been studied quite
thoroughly in snakes and some other reptiles (e.g. Hughes & Mouchiroud 2001, Yan et al. 2008),
but amphibians have gained little attention (Gonzalez-Voyer et al. 2011). Prior investigations of
substitution rates in the mitochondrial genomes of squamates, birds, and mammals have revealed
that snakes have among the fastest rates of evolution of any vertebrate (Dong & Kumazawa
2005, Jiang et al. 2007, Eo & DeWoody 2010). By contrast, the mitochondrial genomes of
turtles evolve slowly, while substitution rates of squamates and birds are intermediate (Avise et
al. 1992, Hughes & Mouchiroud 2001, Kumazawa 2004, Olmo 2005, Yan et al. 2008, Lanfear et
al. 2010b, Shaffer et al. 2013). This wide variation in substitution rates between reptile and
amphibian lineages makes them interesting organisms for studies on the relationship between
rates of molecular evolution and speciation.
Surprisingly few studies have examined molecular evolutionary rates in North American
herpetofauna. In fact, nine of the 20 families included in this study are endemic to the continent
(Table 2.1), and their molecular evolutionary rates have not been examined. Moreover, these
families have widely varying species richness values.

For example, the amphibian family

Plethodontidae includes 433 taxa, while the Amphiumidae has only three (Frost 2013).
Similarly, in the squamate reptiles, the snake family Colubridae includes 1952 species, while the
beaded lizards (family Helodermatidae) have just two (Uetz et al. 2013). The present study
extends past work by examining patterns in rates of molecular evolution in selected
mitochondrial genes in North American squamates and amphibians, and analyzes the correlation
between these rates and species diversity in these families.
Because researchers are not able to directly observe speciation events, they use
diversification rates as its proxy; it represents the net result of the appearance of new species by
speciation and the loss of species by extinction. Diversification rates are estimated from two
parameters: clade size (number of species in a given lineage) and the divergence time of the
lineage from its sister taxon (Ricklefs 2006). These metrics, combined with a comprehensive
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phylogeny for the group under study, provide the best estimate for the diversification rate in a
given taxon (Ricklefs 2006, Lanfear et al. 2010b).

Objectives
This project has the primary goal of evaluating variation in rates of molecular evolution
in mitochondrial genes and their linkage to diversification rates among families of North
American herpetofauna. By coupling three multi-gene phylogenies for these taxa (Pyron et al.
2011, Pyron & Wiens 2011, Pyron et al. 2013) with sequence information from the Barcode of
Life Data System (BOLD; Ratnasingham & Hebert 2007) and GenBank (Benson et al. 2013),
this study tests for an association between rates of mitochondrial evolution and variation in both
diversification rates and species richness among these families.
Materials and Methods
Sequence collection
A total of 319 sequences (178 amphibians and 157 reptiles) were obtained from up to
eight protein-coding mitochondrial genes deriving from 84 species (45 amphibians, 39 reptiles)
(Table 2.2, Table B.1, Table B.2). These data included two to five species from 11 amphibian
and 9 reptile families (Table 2.2). Families were selected for analysis so long as sequence data
were available for at least two species in the Barcode of Life Data system (BOLD; Ratnasingham
& Hebert 2007). Each species was represented by a single sequence per gene, and the same
representative species from each family was used for all genes. Sequences from the barcode
dataset were selected for high quality COI trace files (0Ns) and barcode compliant lengths
(>480bp), as well as the availability of sequences for that species on GenBank for the additional
genes (ideally seven, but usually fewer). Species were also selected to maximize coverage
across the three phylogenetic trees (Garland et al. 1999, Pyron et al. 2011, Pyron & Wiens 2011,
Pyron et al. 2013), although in 10 families, at least two species from a single genus were used to
represent a family (Table 2.2). Specimen details, including sequences and trace files, can be
retrieved

from

BOLD

at

the

following

(http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-DIVAMPH)
amphibians

and

DOIs
for

(http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-

DIVREPT) for reptiles (Ratnasingham & Hebert 2007).
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Sequences for the other seven mitochondrial genes were obtained from GenBank. If a
genome was available for a given species, it was used as the source for all sequence data, but
where unavailable, the longest sequence for each gene with the fewest Ns was selected. All
mitochondrial gene sequences from GenBank were partitioned by class, visually aligned using
MEGA5 (Tamura et al. 2011), and trimmed to the same length as the remaining sequences for
that gene. Prior to conducting data analysis, MEGA5 was used to determine the best model for
nucleotide substitution for each gene alignment.
Estimating diversification and rates of molecular evolution
Three multi-gene phylogenies were used as a basis for the analysis: for amphibians,
Pyron and Wiens (2011) (Figure 2.1), for Serpentes, Pyron et al. (2011), and for other squamates,
Pyron et al. (2013) (Figure 2.2).

These trees were downloaded using TreeBASE

(http://treebase.org/treebase-web/home.html) (Morell 1996), and branch lengths were retained to
ensure the most reliable estimates of phylogenetic relationships. Branches of each tree were
pruned using Mesquite v2.75 (Maddison & Maddison 2011), and subsequently species were
coded

to

the

family

level

and

visualized

using

FigTree

v1.4.0

(http://tree.bio.ed.ac.uk/software/figtree/) (Rambaut 2007).
Assuming a homogeneous speciation-extinction process, the speciation rate for each
family lineage can be approximated using contemporary species richness values and the
estimated divergence time for each family from its sister using the equation derived by Ricklefs
(2006) (Figure B.1). κ (ratio of speciation to extinction) was set to 0.99 based on estimates
obtained by Ricklefs (2006) for 90 clades of passerine birds (Bokma 2003, Eo & Dewoody
2010), as well as results from Ricklefs et al. (2007) who found that speciation and extinction
rates in birds were similar to those in reptiles. Divergence times for each family were obtained
using TimeTree, which averages divergence times using both molecular and fossil data
(www.timetree.org, Table B.3) (Hedges et al. 2006). Species richness values were obtained from
Amphibian Species of the World (http://research.amnh.org/herpetology/amphibia/index.html)
(Frost 2013), and The Reptile Database (http://www.reptile-database.org/) (Uetz et al. 2013).
Family-level species richness values in squamate reptiles ranged from 1952 species in the
Colubridae to two in Helodermatidae and Anniellidae, and in amphibians from 926 species in
Hylidae to two in Ascaphidae (Table 2.1).
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Sequences for each gene were assembled separately for amphibians and reptiles, and the
codeml package in PAML (Phylogenetic Analysis by Maximum Likelihood, Yang 2007) (Table
B.4) was used to estimate synonymous and non-synonymous substitutions. Substitution rates
from each gene were then averaged and divided by confamilial divergence times to obtain
overall dN, dS, and dN/dS values for each family (Figure B.2).
Data analysis
Linear regressions between rates of molecular evolution and diversification were run in
the R environment (R Development Core Team 2008) to examine trends and to determine if
relationships were significant regardless of phylogenetic non-independence (Blackburn &
Gaston 1998, Garland et al. 1999). Evolutionary affinity can result in the non-independence of
data points, creating pseudoreplication, which can lead to spurious significance. This problem
can be circumvented by incorporating phylogenetic relationships (e.g. Bromham et al. 1996,
Bromham 2002).

Therefore, the data were examined using phylogenetically independent

contrasts (Felsenstein 1985) with the APE package (Analyses of Phylogenetics and Evolution)
(Paradis et al. 2004) in R (R Development Core Team 2008). Six separate comparisons were
conducted for each class using contrasts of three measures of molecular evolution (dN, dS, and
dN/dS) compared to both species richness and diversification rates. The six resulting regressions
were forced through the origin (Garland et al. 1992).

Results
Diversification and rates of molecular evolution
The generalized time-reversible model provided the best estimate for sequence evolution
for both reptiles and amphibians (Tavaré 1986). In these groups, confamilial speciation rates
(measured in number of species per million years) varied nearly a thousand-fold: in squamates,
speciation rates ranged from a low of 0.0095 in Helodermatidae to a high of 8.3 in Colubridae.
The lowest amphibian speciation rate was found in the family Ascaphidae (0.0049), while the
highest was in the Hylidae (4.4). Diversification rates mirrored patterns of species richness,
being highest in Colubridae (8.25 x 10-2) and Hylidae (4.37 x10-2) and lowest in Helodermatidae
(9.48 x 10-5) and Ascaphidae (4.90 x 10-5) (Table 2.1). Squamate dN/dS ratios were highest in
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the Viperidae (2.47) and lowest in the Scincidae (0.40), while amphibian dN/dS ratios were
highest in the Rhyacotritonidae (0.38) and lowest in the Ascaphidae (0.0095) (Table 2.1).
Regression analysis
Both dN and dS were significantly correlated with diversification rates in squamates (dN:
R2= 0.60, p<0.01; dS: R2= 0.48, p=0.02), while the association with dN/dS ratios was nonsignificant (Table 2.3). In amphibians, a significant relationship between substitution rates and
diversification rates was observed only for dS (R2= 0.82, p<0.0001) (Table 2.3).
Linear regressions run with phylogenetically independent contrasts revealed the same
trends as the analyses without phylogenetic information. Significant relationships were detected
between diversification rates and both dN (adj. R2= 0.63, p<0.01) and dS (adj. R2= 0.54,
p=0.015) in squamates (Figures 2.3, 2.5, 2.6), but just dS (adj. R2= 0.77, p<0.001) in amphibians
(Table 2.4 & Figures 2.4-2.5). Comparisons of molecular evolutionary rate contrasts to species
richness only demonstrated a significant relationship between dS in amphibians (adj. R2=0.71,
p<0.001) (Table 2.4 & Figure B.3). No significant relationships were observed between either of
the substitution rates or dN/dS ratios with species richness in reptiles (Table 2.4 & Figure B.4).

Discussion
Patterns in Squamata
The results from this study indicate that rates of molecular evolution are positively
correlated with rates of diversification in North American squamates, supporting prior studies
which have revealed a positive association in families of plants, reptiles, and birds in both
nuclear (Barraclough & Savolainen 2001, Jobson & Albert 2002, Lancaster 2010, Lanfear et al.
2010a) and mitochondrial genes (Eo & DeWoody 2010). Furthermore, these results also provide
insight into possible mechanisms driving speciation in these taxa. Since dS is a reliable estimate
for neutral mutation rate (Ohta 1973, Lanfear et al. 2014), the correlation between dS and
diversification suggests that differences in mutation rates among lineages may have played an
important role in determining speciation rates in North American squamates (Lanfear et al.
2010a). There are varied ways in which mutation rate could impact speciation, but the most
likely is through the accelerated accumulation of changes in diverging sister lineages, facilitating
the acquisition of reproductive incompatibility and species formation (Lanfear et al. 2010a).
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Furthermore, even though synonymous substitutions are selectively neutral, they have still been
observed to result in hybrid incompatibility between populations, which could promote
speciation (Orr 1995, Barraclough & Savolainen 2001). For example, although two alleles at
separate loci may be neutral, when each has fixed in allopatric populations, they are
complementary and confer hybrid incompatibility when interbreeding occurs (Dobzhansky 1936,
Muller 1939, Orr 1995). Mutation rates as a driving force for speciation have been previously
observed in other reptiles and birds, as well as some plants (Eo & DeWoody 2010, Lancaster
2010, Lanfear et al. 2010a). The additional association of dN with diversification strengthens
these conclusions, since dN is also increased by high mutation rates (Lanfear et al. 2010a). Since
non-synonymous changes are more likely to be fixed by genetic drift in smaller populations
(Ohta 1973), the association between dN and diversification suggests that Ne also affects
speciation. However, the effects of non-synonymous changes on diversification were discounted
in this study because of the absence of a relationship between dN/dS ratios and diversification in
this study. This is because dN/dS ratios are more strongly affected by Ne than non-synonymous
substitutions alone, and would therefore be more indicative of non-synonymous substitutions as
primary drivers for speciation (Lanfear et al. 2014).
The results from this study indicate that there is no association between molecular
evolutionary rates and contemporary species richness in squamates. Earlier studies reported a
similar result, revealing that species richness was independent of phylogenetic relationships in
squamates and birds (Ricklefs 2003, Ricklefs et al. 2007). Although there may be an indirect
link between substitution rates and species richness, several potentially confounding traits such
as body temperature and dispersal have not been linked with diversification in either squamates
or birds (Belliure et al. 2000, Ricklefs et al. 2007), suggesting that these life history
characteristics do not play a predominant role in shaping species diversity in these taxa.
Patterns in Amphibia
The lack of a significant correlation between dN, dN/dS, diversification rate, and species
richness in amphibians can have two explanations. Firstly, although there was no significant
linkage between dN and dN/dS ratios and diversification, this relationship may have been too
weak to be detected with the present data (Lanfear et al. 2010a). Secondly, the indirect effects of
life history variables could separately impact diversification, species richness, and molecular
evolution, overriding any linkage with mutation rates (Barraclough et al. 1998b, Lanfear et al.
!
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2010a, Gonzalez-Voyer et al. 2011). Species richness, for example, is influenced not only by
speciation and extinction rates, but also by dispersal ability (Pyron & Wiens 2013). In fact, the
influence of dispersal on species richness and the appearance of novel niches have both been
correlated with diversification in amphibians (Wiens et al. 2006b, Jockusch et al. 2012, ParraOlea et al. 2012, Pyron & Wiens 2013). Furthermore, amphibians, birds, and mammals have
demonstrated high dispersal from temperate to tropical regions and low extinction rates in the
tropics, which have resulted in high species richness at lower latitudes (Wiens 2007, Weir &
Schluter 2011, Pyron & Wiens 2013).

Since speciation, extinction, and dispersal are not

mutually exclusive, the ability to incorporate life history factors, dispersal ability, and molecular
evolutionary rates into diversification rate comparisons would aid studies aiming to explain
current patterns of species richness in amphibians.
Rate variation within the mitochondrial genome
There was considerable rate variation among lineages in the eight protein-coding
mitochondrial genes examined in this study, reinforcing previous work on mitochondrial genes
in reptiles (Ricklefs et al. 2007, Eo & DeWoody 2010). In particular, very high rates for both dS
and dN were detected in the snake families Colubridae and Viperidae (Figure 2.5), while overall
rates were higher in squamates than amphibians (Figure 2.6). This trend was strongest in the
COI gene, likely reflecting the rate acceleration previously reported in snakes (Jiang et al. 2007,
Douglas & Gower 2010). Two other features that may also contribute to mitochondrial rate
acceleration in these taxa are duplication of the control region paired with the translocation of the
tRNALeu gene (Dong & Kumazawa 2005, Yan et al. 2008, Douglas & Gower 2010). These
genome features could accelerate rates of molecular evolution in snakes by increasing
mitochondrial genome replication (Jiang et al. 2007).

The patterns of rate heterogeneity

observed in this study are consistent with previous results and reinforce the conclusion that
differing rates among lineages may have contributed to increased diversification.
Implications and future directions
This study suggests that rates of molecular evolution could be influencing speciation, and
expresses a need for a more comprehensive approach to examining mechanisms influencing
speciation. Therefore, studies that employ a phylogenetic multiple regression model which allow
for multiple variables to be combined in a single analysis should provide more comprehensive
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explanations for current biodiversity patterns (Barraclough et al. 1998b, Orme et al. 2013, Pyron
& Wiens 2013).
Most prior work on diversification rates has been performed using relative rate
comparisons between two sister taxa – known as the sister pairs approach (Barraclough et al.
1998a,b). Using this method, broad divergence time estimates can be eliminated entirely from
the analysis since sister taxa have diverged from their common ancestor at the same time
(Barraclough et al. 1998a). Although this approach circumvents the obstacle of unreliable
divergence time estimates, its application is limited because it relies on the presence of multiple
sister pairs within a given family. Additionally, a sample size bias can result if few sister pairs
exist within some families and many in others, confounding the results of phylogenetically
independent contrasts (Garland et al. 1999, Hillis et al. 2003, Lanfear et al. 2010a).
Implementation of the sister pairs approach is difficult for the North American
herpetofauna because many families have low species richness and limited sequence availability.
By using a comparative phylogenetic method, this study provided the first analysis of
diversification rates in families of North American squamates, as well as for any group of
amphibian. Importantly, the congruence of results in this study with those of full genome studies
(Rosenberg & Kumar 2001, Ricklefs et al. 2007, Eo & DeWoody 2010) implies that a small
number of genes will be a powerful and rapid way to examine patterns in diversification across
many taxonomic groups.
Conclusions
This study provides evidence that mutation rates may have influenced species formation
in North American squamates, but not amphibians.

Although a relationship was apparent

between synonymous substitution rates and both diversification rates and species richness in
amphibians, it seems probable that these are indirect links reflecting differences in dispersal
ability and life history characters that are associated with both molecular evolutionary rates and
diversification. Finally, confamilial rate heterogeneity and rapid substitution rates were observed
in the squamates, likely due to gene features that are unique to snakes. This study, through the
incorporation of large-scale phylogenies with online repositories for sequence information, was
able to provide insight into continental species formation and increase the understanding of the
primary mechanisms that are driving current global biodiversity.
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Table 2.1. Species richness values (Frost 2013, Uetz et al. 2013), divergence times of each family
from its sister (obtained using TimeTree) (Hedges et al. 2006), distributions, dN/dS ratio results
(assuming 0.99 ratio for speciation to extinction, κ), and diversification rates for families
included in this study calculated following Ricklefs (2006).
Family

Divergence time Species
dN/dS ratio
Diversification
of family (MYA) richness
rate (species/MY)
_____________________________________________________________________________________________
Anura
Ascaphidae
USA
203
2
0.0095
0.00005
Hylidae
Global
53
926
0.1506
0.04375
Ranidae
Global
72
355
0.0697
0.02110
Scaphiopodidae
USA
167
7
0.0473
0.00035
_____________________________________________________________________________________________
Caudata
Ambystomatidae
N. America
116
37
0.2747
0.00266
Amphiumidae
USA
124
3
0.2807
0.00016
Dicamptodontidae
Canada & USA 116
4
0.0836
0.00026
Plethodontidae
Global
124
433
0.1783
0.01344
Proteidae
Global
166
6
0.1345
0.00029
Rhyacotritonidae
USA
138
4
0.3806
0.00021
Sirenidae
USA & Mexico 200
4
0.1448
0.00015
_____________________________________________________________________________________________
Squamata
Anniellidae
USA
69
2
0.5822
0.00015
Colubridae
Global
37
1952
1.4200
0.08254
Crotaphytidae
USA & Mexico 75
12
1.0270
0.00140
Helodermatidae
N. & C. America 105
2
0.8541
0.00009
Phrynosomatidae
N. & C. America 75
141
1.1090
0.01175
Scincidae
Global
171
1564
0.4018
0.01649
Teiidae
All Americas
86
140
0.7318
0.01019
Viperidae
Global
54
285
2.4720
0.02478
Xantusiidae
N. & C. America 161
31
0.6318
0.00167
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Table 2.2. North American species and mitochondrial genes included in family-level whole tree
analysis. *Families represented only by one genus (diversification rates are genus-specific).
Family
Anura
Ascaphidae*
Hylidae

Ranidae*

Scaphiopodidae

Caudata
Ambystomatidae*

Amphiumidae*
Dicamptodontidae*

Plethodontidae

Proteidae

Rhyacotritonidae*

Sirenidae

Squamata
Anniellidae*

!

Species sampled

Mitochondrial genes included
[no. of species]

Ascaphus montanus
Ascaphus truei
Acris crepitans
Hyla avivoca
Hyla cinerea
Pseudacris ocularis
Pseudacris triseriata
Rana blairi
Rana cascadae
Rana luteiventris
Rana sphenocephala
Rana sylvatica
Scaphiopus couchii
Spea hammondii
Spea intermontana
Spea multiplicata

ATP6 [1], COI [1], cytb [2], ND1 [2], ND2 [2], ND4 [1]

Ambystoma cingulatum
Ambystoma opacum
Ambystoma talpoideum
Ambystoma texanum
Ambystoma tigrinum
Amphiuma means
Amphiuma pholeter
Amphiuma tridactylum
Dicamptodon aterrimus
Dicamptodon copei
Dicamptodon ensatus
Dicamptodon tenebrosus
Aneides flavipunctatus
Batrachoseps simatus
Hydromantes platycephalus
Plethodon teyahalee
Pseudotriton ruber
Necturus alabamensis
Necturus beyeri
Necturus lewisi
Necturus maculosus
Proteus anguinus
Rhyacotriton cascadae
Rhyacotriton kezeri
Rhyacotriton olympicus
Rhyacotriton variegatus
Siren intermedia
Siren lacertina
Pseudobranchus axanthus
Pseudobranchus striatus

ATP6 [1], COI [5], cytb [5], ND1 [1], ND2 [5], ND4 [2]

Anniella geronimensis

ND1 [2], ND2 [2], ND4 [1], cytb [2], COI [2]

COI [5], cytb [5], ND1 [2], ND4 [1]

ATP6 [1], COI [5], cytb [3], ND1 [5], ND2 [4], ND4 [1]

COI [4], cytb [4], ND1 [1]

ATP6 [1], COI [3], cytb [3], ND1 [3], ND2 [3], ND4 [3]
ATP6 [1], COI [2], cytb [4], ND1 [2], ND2 [2], ND4 [3]

COI [5], cytb [5]

ATP6 [2], COI [5], cytb [4], ND1 [4], ND2 [4], ND4 [4]

ATP6 [1], COI [2], cytb [4], ND1 [1], ND2 [1], ND4 [3]

ATP6 [2], COI [3], cytb [4], ND1 [3], ND2 [2], ND4 [2]
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Colubridae

Crotaphytidae

Helodermatidae*
Phrynosomatidae

Scincidae

Teiidae*

Viperidae

Xantusiidae*

!

Anniella pulchra
Heterodon platirhinos
Lampropeltis zonata
Opheodrys aestivus
Storeria dekayi
Thamnophis couchii
Crotaphytus bicinctores
Crotaphytus nebrius
Crotaphytus vestigium
Gambelia copei
Gambelia wislizenii
Heloderma horridum
Heloderma suspectum
Callisaurus draconoides
Phrynosoma mcallii
Sceloporus jarrovii
Uma notata
Urosaurus graciosus
Plestiodon anthracinus
Plestiodon fasciatus
Plestiodon gilberti
Plestiodon skiltonianus
Scincella lateralis
Aspidoscelis deppeii
Aspidoscelis gularis
Aspidoscelis marmoratus
Aspidoscelis sexlineatus
Aspidoscelis tigris
Agkistrodon contortrix
Agkistrodon piscivorus
Crotalus adamanteus
Crotalus molossus
Sistrurus miliarius
Xantusia arizonae
Xantusia bezyi
Xantusia henshawi
Xantusia wigginsi
Xantusia vigilis

ND1 [2], ND2 [3], ND4 [3], cytb [5], COI [5]

CO3 [2], ND1 [1], ND2 [5], cytb [5], COI [5]

ATP6 [2], CO3 [1], ND1 [2], ND2 [2], ND4 [1], ND5 [1],
cytb [1], COI [2]
ATP6 [3], ND1 [4], ND2 [4], ND4 [4], cytb [4], COI [5]

ND1 [5], ND2 [5], ND4 [3], cytb [2], COI [5]

ND1 [1], ND2 [2], ND4 [3], cytb [2], COI [3]

ATP6 [4], CO3 [1], ND1 [1], ND2 [3], ND4 [5], ND5 [5],
cytb [4], COI [5]

ND1 [4], ND2 [5], ND4 [5], cytb [5], COI [5]

47!

Table 2.3. Results of linear regression between substitution rates and both diversification rates
and species richness with no phylogenetic information included. *Statistically significant.
Substitution

Amphibia

Diversification rate comparisons
Non-synonymous (dN) only
0.0337
0.10
Synonymous (dS) only
0.0020
0.82
dN/dS ratio
0.0183
0.06

0.17
<0.0001*
0.22

Species richness comparisons
Non-synonymous (dN) only
-0.10
Synonymous (dS) only
0.71
dN/dS ratio
-0.10

0.76
<0.001*
0.75

Diversification rate comparisons
Non-synonymous (dN) only
0.0574
0.60
Synonymous (dS) only
0.0022
0.48
dN/dS ratio
0.0178
0.18

<0.01*
0.02*
0.13

Species richness comparisons
Non-synonymous (dN) only
0.27
Synonymous (dS) only
0.28
dN/dS ratio
-0.04

0.09
0.08
0.43

Squamata

!

Slope
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Taxon

p-value
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Table 2.4. Results of comparative analysis between dN, dS, dN/dS rates and diversification rates
and contemporary species richnesses using independent contrasts. *Statistically significant.
Taxon

Adjusted R2

Substitution
type

Pyron & Wiens 2011

dN only
dS only
dN/dS ratio

Diversification rate contrasts
0.04646
-0.0595
0.79050
0.7672
0.00003
-0.1111

0.52
<0.001 *
0.99

dN only
dS only
dN/dS ratio

Species richness
0.01070
0.73980
0.01201

0.76
<0.001*
0.75

dN only
dS only
dN/dS ratio

Diversification rate contrasts
0.67860
0.6327
0.59670
0.5391
0.00389
-0.1384

<0.01*
0.0147*
0.87

dN only
dS only
dN/dS ratio

Species richness contrasts
0.36290
0.2719
0.36980
0.2798
0.08931
-0.0408

0.09
0.08
0.43

Amphibia

Squamata
Pyron et al. 2011,
Pyron et al. 2013

!

Multiple R2

Tree topology
and branch lengths

contrasts
-0.0992
0.7109
-0.0978

p-value
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Figure 2.1. Phylogeny used for comparative analysis of representative species in each amphibian family (from Pyron & Wiens 2011).
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Figure 2.2. Phylogeny used for comparative analysis of representative species in each squamate family (from Pyron et al. 2011, 2013).
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(a)

(b)
2

Adj. R = 0.54
p = 0.015*

2

Adj. R = 0.63
p<0.01*

!
!
!

(c)
!
!
2

Adj. R = -0.14
p = 0.87

!
!
!
!
!
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Figure 2.3. Phylogenetically independent contrasts with linear regressions plotted through the
origin of (a) non-synonymous (dN) substitution rates; (b) synonymous (dS) substitution rates;
and (c) dN/dS ratios against diversification rates for nine squamate families. *Statistically
significant.
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(a)

(b)
2

Adj. R = -0.06
2
p
= 0.52
Adj.
R = -0.06
p = 0.52

2

Adj. R = 0.77
p<0.001*

(c)
2

Adj. R = -0.11
p = 0.99

Figure 2.4. Phylogenetically independent contrasts with linear regressions plotted through the
origin of (a) non-synonymous (dN) substitution rates; (b) synonymous (dS) substitution rates;
and (c) dN/dS ratios against diversification rates for 11 amphibian families. *Statistically
significant.

!

53!

79

!
mtDNA!substitution!rate!(in!substitutions!per!site!per!year)!(x10
)

Figure 2.5. Family-level phylogenetic relationships and family-specific substitution rates of mtDNA genes in squamates and
amphibians. Mean evolutionary rates of each family were estimated by dividing the divergence times of each family into (a) nonsynonymous (dN) substitution rates; (b) synonymous (dS) substitution rates; and (c) dN/dS ratios.
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Figure 2.6. Comparison of non-synonymous substitution rates across eight mitochondrial
protein-coding genes for squamates and amphibians included in this study.
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General Conclusions
Summary of results
The overall goal of this thesis was to explore patterns of sequence variation in the COI
gene across broad geographic and taxonomic scales. This project examined the implementation
of DNA barcodes in museum collections, and also investigated the BIN system as a tool to
highlight candidate species that may belong to deeply divergent lineages or may be undergoing
hybridization. Furthermore, through the combination of DNA barcodes with other mitochondrial
genes, this thesis supplemented current knowledge on mechanisms promoting speciation and
diversification in North American herpetofauna. Chapter 1 successfully established a reference
library with coverage for 44% of the North American reptiles and amphibians. Chapter 2
demonstrated that the disparity in rates of molecular change among lineages of North American
squamate might be contributing to higher rates of speciation, but that this does not appear to be
the case in North American amphibian families.
Building a DNA barcode library and the applicability of the BIN system
DNA barcodes were recovered from 282 species of North American reptile and
amphibian – the largest effort thus far to obtain comprehensive continental coverage for these
classes.

Though sequencing success rates in amphibians were lower than reptiles when using

primer sets that recovered full-length barcodes, sequencing success in amphibians for the
barcode region was higher than any previous reports. Partial fragments of the barcode region
were recovered in five formalin-fixed specimens, and errors were detected using barcodes in
3.4% of specimens at a single institution, demonstrating the use of barcoding in museum
collections. In most institutions from which this study obtained samples, there was no specimen
age bias for sequence recovery, with barcodes recovered from three amphibian specimens that
were over 100 years old.

However, an institutional bias did exist for barcode compliant

sequence recovery in both reptiles and amphibians. The BIN system (Ratnasingham & Hebert
2013) was in correspondence with current species boundaries for 57.8% of species, although the
occurrence of splits was particularly high in reptiles (40%).

All BIN splits and mergers,

however, coincided with previously reported accounts of either deeply diverged lineages or
hybridization, respectively. This provides evidence to support the utility of the BIN system to
highlight candidates for these occurrences in other, lesser-known taxa.
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Comparative utility of the barcode region for identification in herpetofauna
Although 16S has been a popular gene region for identification analysis in the literature
for amphibians (Vences et al. 2005b), this thesis demonstrated that DNA barcodes are a better
gene region for species identification in herpetofauna. Not only was sequencing success higher
for the DNA barcode region in comparison with 16S, but DNA barcodes also yielded higher
maximum identification values from the BLAST database (Altschul et al. 1990), demonstrating
that comparatively, DNA barcodes outperformed 16S (Xia et al. 2012).
Rates of molecular evolution in North American herpetofauna
Rates of mitochondrial molecular evolution were significantly correlated with
diversification rates in families of North American squamates, but not amphibians.

The

correlation observed between diversification rates and both dN and dS in squamates is consistent
with patterns previously reported in birds and other squamate families (Eo & DeWoody 2010,
Lancaster 2010, Lanfear et al. 2010a), leading to the conclusion that mutation rates are
predominantly driving speciation in these taxa. However, the absence of such a link in North
American amphibians indicates that more analyses are required to determine whether this is due
to the indirect effects of dispersal ability or life history variables which may be confounding the
observed correlation (Lanfear et al. 2010a, Gonzalez-Voyer et al. 2011).
Conclusions and implications for future research
Because of the rapid and widespread decline of biodiversity, it has become increasingly
apparent that urgent efforts must be directed towards the documentation of life on the planet. As
our knowledge expands, the further we are able to understand underlying processes driving
current biodiversity.

The high-throughput nature of DNA barcoding allows for a rapid

assessment of biodiversity, as this project revealed in nearly half of the North American
continent’s species of reptiles and amphibians. DNA barcodes can also be used in combination
with other genes to discover factors promoting speciation, indicating that several genes can
effectively examine patterns of diversification across many taxonomic groups. Therefore, the
two chapters of this thesis aided not only to quantify and establish patterns of sequence variation
and divergence within the barcode region, but also demonstrated the applicability of these
barcodes in explaining the patterns of diversity on a large scale.
!
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Appendix A
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Table A.1. Institutions that provided tissue samples with sample sizes and methods for the
preservation of acquired tissue.
Institution

Institution code

No. samples
Amphibia

Reptilia

Preservation
method

American Museum of
Natural History

AMNH

10

23

Ambrose Monell
Cryo Collection

Field Museum of
Natural History

FMNH

14

76

Ethanol

University of Kansas,
Biodiversity Research
Center

KU

31

44

Ethanol
(maintained at
65°F)

Harvard Museum of
Comparative Zoology

MCZ

21

33

Formalin-fixed,
moved into
ethanol

University of California
at Berkeley, Museum of
Vertebrate Zoology

MVZ

54

40

Cryocollection

Royal Ontario Museum

ROM

75

298

Cryocollection

San Diego Natural
History Museum

SDNHM

0

11

Ethanol

University of Alabama, UAHC
Herpetological Collection

58

15

Ethanol

National Museum of
Natural History,
Smithsonian Institution

110

44

Formalin-fixed,
moved into
ethanol
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Appendix B
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Table B.1. Amphibian sequences used for family-level substitution rate analysis. *Families
represented only by genera (diversification rates are genus-specific). †Sequences that were
extracted from the Barcode of Life Data system.
Family (no. species)
Anura
Ascaphidae* (2)

Hylidae (5)

Species

Gene

Accession no./Sample ID

Ascaphus montanus

Cytb
ND1
ND2
Genome
COI†
Cytb
ND1
COI†
Cytb
COI†
Cytb
ND4
COI†
Cytb
ND1
COI†
Cytb
COI†
ND1
COI†
Cytb
ND1
ND2
COI†
Cytb
ND1
ND2
COI†
ND1
ND2
COI†
Cytb
ND1
ND2
ND4
ATP6
COI†
Cytb
COI†
Cytb
COI†
Cytb

DQ087517
AY523779
AY916018
AJ871087
UAHC Main 15941
EF988132
FJ882759
KU KUH 207348
AY831024
KU KUH 207359
FJ226874
HM152328
AMNH Herpetology 168474
AY843982
DQ055834
FMNH Herps 279400
AY843984
MVZ Herp 240136
AY157644
MVZ Herp 148969
AY680312
AF314022
AF314022
MVZ Herp 137417
AY016689
GU056800
AY206467
UAHC Main 14827
JN185218
JN227426
BIOUG-EAC012
AY083271
AB639751
AY206466
AF175981
AF175976
MVZ Herp 145186
AY236791
KU KUH 209986
AY236788
KU KUH 209988
AY236785

Ascaphus truei
Acris crepitans
Hyla avivoca
Hyla cinerea
Pseudacris ocularis
Pseudacris triseriata

Ranidae* (5)

Rana blairi
Rana cascadae

Rana luteiventris

Rana sphenocephalus
Rana sylvaticus

Scaphiopodidae (4)

Scaphiopus couchii
Spea hammondi
Spea intermontana
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Caudata
Ambystomatidae* (5)

Spea multiplicata

COI†
Cytb
ND1

MVZ Herp 234197
AY236790
AY523786

Ambystoma cingulatum

COI†
Cytb
ND2
COI†
Cytb
ND2
ND4
COI†
Cytb
ND2
COI†
Cytb
ND2
Genome
Genome
COI
Cytb
ND1
ND2
ND4
COI
Cytb
ND1
ND2
ND4
Genome
Cytb
ND4
Cytb
COI
Cytb
ND1
ND2
ND4
COI†
Cytb
COI†
Cytb
COI†
Cytb
COI†
Cytb
COI†
Cytb
COI
Cytb
ND1
ND2
ND4
Genome
COI
ND1

ROM Herps 20314
EF036621
KC870856
ROM Herps 18785
EF036638
KC870871
AY186599
ROM Herps 21432
EF033640
KC870875
ROM Herps 18327
GU078506
KC870877
NC_006887
GQ368656
AY916018
AY691723
AY916018
AY916035
AY691767
AY916035
FJ951360
AY916035
AY916036
AY691767
GQ368657
AY734628
AY691779
AY734624
AY916036
DQ387957
AY916036
AY916041
AY691778
ROM Herps 18770
JX544703
MVZ Herp 156460
U89620
MVZ Herp 249937
U89612
MVZ Herp 206570
DQ994990
UAHC Main 15976
JQ920615
AY916041
AY691725
AY916041
AY916042
AY691769
GQ368658
AY916042
AY916042

Ambystoma opacum

Ambystoma talpoideum
Ambystoma texanum

Amphiumidae* (3)

Ambystoma tigrinum
Amphiuma means
Amphiuma pholeter

Amphiuma tridactylum

Dicamptodontidae* (4)

Dicamptodon aterrimus
Dicamptodon copei
Dicamptodon ensatus
Dicamptodon tenebrosus

Plethodontidae (5)

Aneides flavipunctatus
Batrachoseps simatus
Hydromantes platycephalus
Plethodon teyahalee
Pseudotriton ruber

Proteidae (5)

Necturus alabamensis

Necturus beyeri
Necturus lewisi
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Necturus maculosus

Rhyacotritonidae* (4)

Proteus anguinus
Rhyacotriton cascadae
Rhyacotriton kezeri
Rhyacotriton olympicus

Sirenidae (4)

Rhyacotriton variegatus
Siren intermedia
Siren lacertina
Pseudobranchus axanthus
Pseudobranchus striatus

!

ND2
COI†
Cytb
ND4
Genome
Cytb
ND4
Cytb
ND4
COI†
Cytb
Genome
Genome
COI
Cytb
ND1
Genome
Cytb

DQ517763
FMNH Herps 261585
AY691724
AY691768
GQ368659
AY691727
AY691771
AY691728
AY691772
ROM Herps 21582
EF036689
NC_006331
GQ368661
DQ517763
AY713292
DQ517763
GQ368660
AY713285
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Table B.2. Squamate sequences used for family-level substitution rate analysis. * Families
represented only by genera (diversification rates are genus-specific). †Sequences that were
extracted from the Barcode of Life Data system.
Family (no. species)
Anniellidae* (2)

Species
Anniella geronimensis
Anniella pulchra

Colubridae (5)

Heterodon platirhinos

Lampropeltis zonata
Opheodrys aestivus
Storeria dekayi

Thamnophis couchii

Crotaphytidae (5)

Crotaphytus bicinctores

Crotaphytus nebrius
Crotaphytus vestigium
Gambelia copei

Gambelia wislizenii

Helodermatidae* (2)

Heloderma horridum
Heloderma suspectum

!

Gene
Cytb
ND1
COI†
Cytb
ND1
ND2
ND4
COI†
Cytb
ND2
ND4
ND5
COI†
Cytb
ND4
COI†
Cytb
COI†
Cytb
ND1
ND2
COI†
Cytb
ND1
ND2
ND4
COI†
Cytb
ND2
CO3
COI†
Cytb
ND2
COI†
Cytb
ND2
COI†
Cytb
ND1
ND2
COI†
Cytb
ND1
ND2
CO3
COI†
ND1
ND2
ATP6
Genome

Accession no./Sample ID
AF195091
AF085605
MVZ Herp 228860
AF195090
HM160770
HM160770
AY620747
ROM Herps 26217
GU353239
FJ416750
AF402659
GU353260
ROM Herps 23327
AF337136
AF136219
UAHC Main 14598
AF471057
KU KUH 289633
AF402922
EF417436
EF417460
FMNH Herps 268719
U65722
AF420104
AF384855
AF420106
ROM Herps 14579
EU037690
EU038720
AF095611
MVZ Herp 244244
EU037731
EU038771
ROM Herps 13574
EU037758
EU038800
MVZ Herp 161174
EU037382
GQ502765
GQ502765
ROM Herps 13775
AY217790
U82682
EU038453
AF095635
ROM Herps 46492
AF407539
AF407539
GU599961
AB167711
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Phrynosomatidae (5)

Callisaurus draconoides
Phrynosoma mcallii

Sceloporus jarrovii

Uma notata

Urosaurus graciosus

Scincidae (5)

Plestiodon anthracinus

Plestiodon fasciatus

Plestiodon gilberti
Plestiodon skiltonianus
Scincella lateralis

Teiidae* (5)

Aspidoscelis deppei
Aspidoscelis gularis
Aspidoscelis marmoratus
Aspidoscelis sexlineatus
Aspidoscelis tigris

Viperidae (5)

!

Agkistrodon contortrix

COI†
COI†
Cytb
ND1
ND4
ATP6
COI†
Cytb
ND1
ND2
ND4
COI†
Cytb
ND1
ND2
ND4
ATP6
COI†
Cytb
ND1
ND4
ATP6
COI†
ND1
ND2
ND4
COI†
Cytb
ND1
ND2
ND4
COI†
ND1
ND2
COI†
ND1
ND2
COI†
Cytb
ND1
ND2
ND4
Cytb
ND4
COI†
COI†
ND2
ND4
Cytb
ND1
ND2
ND4
COI†
Cytb
ND4
ND5

ROM Herps 13746
ROM Herps 13899
AY141098
DQ385314
DQ177652
JN620855
AMNH Herpetology 137702
AF194219
GQ464485
GQ464485
AF210343
ROM Herps 13949
AF194232
EU543784
EU543784
GQ895839
AF301953
ROM Herps 43494
EF653313
AF049862
GQ895841
EF653352
ROM Herps 43736
HM160787
HQ907424
JF498545
KU KUH 290686
AY217818
HM160813
HQ907423
JF498546
ROM Herps 23241
AY607290
AY607290
ROM Herps 23246
AY662551
AY662551
ROM Herps 43728
KC762545
HM160858
JF498187
AY169673
AF006303
AF026188
MVZ Herp 230592
KU KUH 289564
GQ375256
AF026178
AF006270
U71332
U71332
AF026173
KU KUH 307865
AF039268
U41868
AF259192
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Agkistrodon piscivorus
Crotalus adamanteus

Crotalus molossus

Sistrurus miliarius

Xantusiidae* (5)

Xantusia arizonae

Xantusia bezyi

Xantusia henshawi

Xantusia wigginsi

Xantusia vigilis

!

ATP6
Genome
COI†
Cytb
ND4
ND5
COI†
Cytb
ND2
ND4
ND5
ATP6
COI†
Cytb
ND2
ND4
ND5
ATP6
COI†
Cytb
ND1
ND2
ND4
COI†
Cytb
ND1
ND2
ND4
COI†
Cytb
ND1
ND2
ND4
COI†
Cytb
ND2
ND4
COI†
Cytb
ND1
ND2
ND4

FJ659887
NC_009768
ROM Herps 18131
AF259185
U41880
AF259218
ROM Herps 15287
AF393624
AY704798
AY223645
AF259208
JN620890
ROM Herps 18232
AF259157
GQ359815
U41889
AF259195
HQ257639
MVZ Herp 232602
EU116612
AF404752
AF404752
KC621587
MVZ Herp 232606
AY141002
AF404751
AF404751
KC621588
ROM Herps 14411
AY141001
AF404750
AF404750
KC621592
MVZ Herp 236378
EU116673
EU130293
AY584454
ROM Herps 13774
AY141004
U71328
U71328
KC621623
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Table B.3. References and combined confidence intervals for divergence time of each family
from its sister family. TimeTree (Hedges et al. 2006) was used to determine the average
divergence time of each family, which was inferred using several references for each lineage.
Family

Divergence time Confidence
of family (MYA) interval (MYA)

Citation

Anura
Ascaphidae

203

(177-281)

Hylidae
Ranidae
Scaphiopodidae

53
72
167

(44-66)
(58-88)
(121-208)

San Mauro et al. 2005, Roelants et al. 2007,
Wiens 2007
Roelants et al. 2007
Van Bocxlaer et al. 2006
San Mauro et al. 2005, Roelants et al. 2007,
Wiens 2007

Caudata
Ambystomatidae
Amphiumidae
Dicamptodontidae
Plethodontidae
Proteidae
Rhyacotritonidae
Sirenidae

116
124
116
124
166
138
200

(80-170)
(80-175)
(80-170)
(80-175)
(123-221)
(92-185)
(169-266)

Roelants et al. 2007, Zhang & Wake 2009
Roelants et al. 2007, Zhang & Wake 2009
Roelants et al. 2007, Zhang & Wake 2009
Roelants et al. 2007, Zhang & Wake 2009
Roelants et al. 2007, Zhang & Wake 2009
Roelants et al. 2007, Zhang & Wake 2009
Roelants et al. 2007, Zhang & Wake 2009

Squamata
Anniellidae
Colubridae
Crotaphytidae
Helodermatidae

69
37
75
105

(61-76)
(28-46)
N/A
(87-129)

Phrynosomatidae
Scincidae

75
171

N/A
(149-209)

Teiidae
Viperidae

86
54

(64-99)
(33-67)

Xantusiidae

161

(132-197)

Wiens et al. 2006a
Vidal et al. 2009
Wiens et al. 2006a
Vidal & Hedges 2005, Wiens et al. 2006a,
Hugall et al. 2007
Wiens et al. 2006a
Vidal & Hedges 2005, Wiens et al. 2006a,
Hugall et al. 2007
Wiens et al. 2006a, Hugall et al. 2007
Vidal et al. 2009, Sanders & Lee 2008,
Nagy et al. 2003, Wüster et al. 2007
Vidal & Hedges 2005, Wiens et al. 2007
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Table B.4. Program settings for PAML codeml control file.
Variable
runmode
seqtype
CodonFreq
aaDist
model
NSsites
icode
fix_kappa
fix_omega
fix_alpha
cleandata

!

Variable selected; justification
0; multigene phylogeny inputted
7:REV; obtained using MEGA
0; genes were tested separately
1; a single data set was used at a time
2; allowed for multiple dN/dS ratios based
on coding of tree
0; treat sites as the same
0; universal
no effect because REV used
1; single rate estimated for all sites
0
0; use all sites regardless of ambiguity
characters
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λ=

ln!(! 1 − κ + κ)
1−κ !

Figure B.1. Equation used to determine speciation rate, derived from Ricklefs (2006), wherein
λ=speciation rate, N=species richness of the family, κ=ratio of speciation to extinction rate (λ/µ),
and t=divergence time of the family from its sister family. Therefore, diversification is defined
as the extinction rate subtracted from speciation rate (δ = λ – µ).

!
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!"!"!#$ =

[!"!"#" ×!!"#" ]
!!"!#$

Figure B.2. Equation used to combine dN or dS across genes. Example given for nonsynonymous substitution rates (dN) where N represents the number of non-synonymous sites. !
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(a)

(b)
2

Adj. R = -0.10
p = 0.76

!

2

Adj. R = 0.71
p < 0.001*

2

Adj. R = 0.28
p = 0.08

(c)
2

Adj. R = -0.10
p = 0.75

Figure B.3. Phylogenetically independent contrasts with linear regressions plotted through the
origin of (a) non-synonymous (dN) substitution rates; (b) synonymous (dS) substitution rates;
and (c) dN/dS ratios against contemporary species richness for 11 amphibian families.
*Statistically significant.
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(a)

(b)
2

Adj. R = 0.27
p = 0.09

2

Adj. R = 0.28
p = 0.08

(c)
2

Adj. R = -0.04
p = 0.43

Figure B.4. Phylogenetically independent contrasts with linear regressions plotted through the
origin of (a) non-synonymous (dN) substitution rates; (b) synonymous (dS) substitution rates;
and (c) dN/dS ratios against contemporary species richness for nine squamate families.
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Appendix C
R Code
Chapter 1
Pearson’s chi-squared test for homogeneity in sequencing success between institutions
For all amphibian sequences
d <- read.csv(“AmphAll.csv”)
chisq.test(d)
For barcode compliant amphibian sequences
d <- read.csv(“AmphBarc.csv”)
chisq.test(d)
For all reptile sequences
d <- read.csv(“ReptAll.csv”)
For barcode compliant reptile sequences
d <- read.csv(“ReptBarc.csv”)
rm(list=ls())
Chapter 2
Phylogenetically independent contrasts between non-synonymous substitution rates and
diversification rates in squamate families
library (ape)
EANAHdNdata <- read.table(“EANAHdN.txt”)
EANAHtree <- read.nexus(“EANAHtree.nex”)
EANAHtree <- drop.tip(EANAHtree, “Spheno”)
dN <- EANAHdNdata$dN
diversR <-EANAHdNdata$diversR
names(dN) <- row.names(EANAHdNdata)
names(diversR) <- row.names(EANAHdNdata)
contrastdN <- pic(dN, EANAHtree, scaled=FALSE)
contrastdiversR <- pic(diversR, EANAHtree, scaled=FALSE)
RegressdN <- lm(contrastdiversR~contrastdN +0)
summary.lm(RegressdN)
Plotting the contrasts with the regression line
plot(contrastdN, contrastdiversR)
abline(RegressdN)
rm(list=ls())
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