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Abstract

Recently, as genome-scale data have become available for more organisms, the development of phylogenetic markers from nuclear
protein-coding loci (NPCL) has become more tractable. However, new methods are needed to efficiently sort the large number of genes
from genomic databases into more limited sets appropriate for particular phylogenetic questions, while avoiding introns and paralogs.
Here we describe a general methodology for identifying candidate single-copy NPCL from genomic databases. Our method uses infor-
mation from reference genomes to identify genes with relatively large continuous protein-coding regions (i.e., =700 bp). BLAST com-
parisons are used to help avoid genes with paralogous copies or close relatives (i.e., gene families) that might confound phylogenetic
analyses. Exon boundary information is used to identify appropriately spaced potential priming sites. Using this method, we have
developed over 25 novel NPCL, which span a variety of desirable evolutionary rates for phylogenetic analyses. Although targeted for
higher-level phylogenetics of squamate reptiles, many of these loci appear to be useful across and within other vertebrate clades (e.g.,
amphibians), and some are relatively rapidly evolving and may be useful for closely-related species (e.g., within genera). This general
method can be used whenever large-scale genomic data are available for an appropriate reference species (not necessarily within the focal
clade). The method is also well suited for the development of intron regions for lower-level phylogenetic and phylogeographic studies. We
provide an online database of alignments and suggested primers for approximately 85 NPCL that should be useful across vertebrates.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Traditionally, most molecular phylogenetic studies in
animals used only mitochondrial genes (e.g., Burns, 1997;
Heise et al., 1995; Honeycutt and Adkins, 1993; Ritchie
et al., 1997) and numerous phylogenetic studies continue
to be published that are based on mitochondrial data alone
(e.g., Hyman et al., 2007; Klicka et al., 2007; Lemmon
et al., 2007). The ease of amplification and relatively fast
evolutionary rate of mitochondrial sequences have made
them extremely useful to systematists and population biol-

* Corresponding author. Fax: +1 619 594 5676.
E-mail address: ttownsend@projects.sdsu.edu (T.M. Townsend).
! Present address: Computational Biosciences Program, Arizona State
University, Tempe, AZ 85287, USA.

1055-7903/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.ympev.2008.01.008

ogists (Avise, 1986; Ballard and Rand, 2005; Brown, 1985;
Funk and Omland, 2003; Harrison, 1989; Simon et al.,
2006).

However, because the mitochondrial genome is inherited
as a unit, the individual genes within it cannot be regarded
as independent sources of phylogenetic information
(Brown, 1985; Harrison, 1989). The use of mitochondrial
data alone is therefore potentially problematic at lower tax-
onomic levels because of issues such as introgression and
incomplete lineage sorting (Funk and Omland, 2003 and
references therein). At the same time, many empirical stud-
ies suggest that mitochondrial genes may often evolve too
rapidly and heterogeneously to be effective for many
higher-level phylogenetic analyses. For example, phyloge-
netic analyses based on mitochondrial DNA that examined
deep relationships within salamanders (Weisrock et al.,
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2005), mammals (Arnason et al., 2002), and reptiles (Doug-
las et al., 2006; Zhou et al., 2006) have all recovered contro-
versial relationships at odds with strongly supported
nuclear phylogenies (Murphy et al., 2001b; Townsend
et al., 2004; Vidal and Hedges, 2005; Wiens et al., 2005).
These problems of high and heterogeneous rates of change
in mitochondrial genes may even create problems of long-
branch attraction at lower taxonomic levels (e.g., among
genera within vertebrate families; Wiens and Hollings-
worth, 2000).

The nuclear genome contains protein-coding, RNA-
coding, and non-coding regions, and offers a wealth of
independent and unlinked markers evolving at a variety
of rates. However, development of nuclear genes for phylo-
genetic analysis has historically been more difficult than for
mitochondrial genes. Non-coding regions (e.g., introns)
and loop regions of rRNA genes generally evolve more
rapidly, thus making them potentially useful among clo-
sely-related species (e.g., Dolman and Phillips, 2004;
Gaines et al., 2005; Sequeira et al., 2006; Weibel and
Moore, 2002; Willows-Munro et al., 2005). Unfortunately,
such regions are also prone to marked length variation that
makes alignment generally more difficult, especially at
higher taxonomic levels (Matthee et al., 2001; Sequeira
et al., 2006; Sotoadames et al., 1994). In contrast, nuclear
protein-coding loci (NPCL) can be far easier to align
because they are less prone to excessive length variation
(Boekhorst and Snel, 2007), any length variation present
must occur in multiples of three, and nucleotide sequences
can be translated to (more conserved) amino acid
sequences to help constrain and guide alignment. These
advantages make NPCL an attractive alternative to data
from mitochondrial genes or nuclear RNA or non-coding
regions, especially for analyses of higher-level phylogeny.

There are nonetheless several obstacles to developing
NPCL as phylogenetic markers. Perhaps the greatest prob-
lem is the widespread presence of introns within these
genes. Messenger RNA (mRNA) sequence data have long
been available for many nuclear proteins from a diversity
of taxa, making possible the design of primers complemen-
tary to conserved exon-coding regions. However, without
the corresponding genomic sequence (within which the
coding regions of a gene are interspersed), determining
the exon boundaries of a particular gene can be difficult.
Without knowledge of these exon boundaries, primer
design is a very hit-or-miss process (i.e., primers designed
to amplify a few hundred bases of exon sequence may actu-
ally span several thousand bases of non-coding intron
sequence).

Another obstacle is the difficulty of detecting paralogous
gene copies or members of closely-related gene families. If
these paralogs are inadvertently amplified in some taxa, the
resulting gene trees may not reflect the true species histo-
ries, and there may be strong statistical support for a mis-
leading species phylogeny (Downie and Gullan, 2004;
Maddison, 1997; Mitchell and Wen, 2004; Sword et al.,
2007).

A final obstacle is the sheer size of the nuclear genome. In
recent years, the amount of genomic sequence data for ani-
mals has risen dramatically, and many whole genomes are
now completed in at least draft form (http://www.ncbi.nlm.
nih.gov/entrez/query.fcgi?db=genomeprj). But given that
tens of thousands of potential loci are available, identifying
particular loci with desirable properties using non-auto-
mated methods is somewhat impractical (or at least
daunting).

Perhaps because of these obstacles, most phylogenetic
studies of animals incorporating NPCL have been based
on a few “‘stock” genes (e.g., CMOS, RAGI), with only a
few exceptions (e.g., Bardeleben et al., 2005; Li et al.,
2007; Murphy et al., 2001a; Roelants et al., 2007; Vidal
and Hedges, 2005). Many of these “stock” loci are single
exon genes that, due to their lack of introns, can be
developed without genomic information. However, meth-
ods are clearly needed that can extract large numbers of
useful phylogenetic loci from nuclear genomic databases.

Li et al. (2007) recently described a method of identify-
ing NPCL for phylogenetic analyses using ray-finned fishes
(Actinopterygii) as their study system. Their method
involved automated BLAST comparisons of whole genome
sequences of two fish, Danio rerio and Fugu (Takifugu)
rubripes. Homologous exon regions were identified and
aligned, and consensus primers were designed from these
two species. The authors succeeded in developing primers
for 10 relatively conserved NPCL that appear to be useful
for higher-level fish systematics.

We have developed a similar approach for generating
new nuclear loci for phylogenetic analysis using genomic
databases. Although we illustrate this approach with a par-
ticular group of vertebrates (squamate reptiles = lizards
and snakes), our general approach should be applicable
to almost any group of organisms for which one or more
complete nuclear genomes are available. Furthermore,
many of the loci and associated primers that we have devel-
oped specifically for squamates seem to be broadly applica-
ble across vertebrates.

The squamate Tree of Life project (Deep Scaly) is a mul-
tidisciplinary effort funded by the US National Science
Foundation to resolve the phylogenetic relationships among
the major groups of squamate reptiles. A major component
of this project is the development of 50 NPCL not previ-
ously used for phylogenetic analyses in Squamata. At the
time this study was initiated, the chicken (Gallus gallus)
was the closest relative to squamate reptiles for which the
nuclear genome had been sequenced and made available
(Hillier et al., 2004). We have used information from the
Gallus genome (along with that from the pufferfish [Fugu
rubripes] and several mammalian species) in conjunction
with search tools on the NCBI website to develop a number
of nuclear loci for phylogenetic analysis over the past three
years. Here we describe the relatively simple and straightfor-
ward method that we used to identify and develop these loci.
This general method can be used to develop novel loci for a
variety of taxonomic groups and hierarchical levels.
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2. Materials and methods
2.1. Overview of method

The general strategy of our method was to first identify
NPCL likely to be present across vertebrates, based on
their presence in the genomes of both Homo sapiens and
Fugu rubripes (pufferfish). These NPCL were then filtered
to retain only those of appropriate size and evolutionary
rate for our phylogenetic analyses, and that seemed to be
single-copy. Finally, these candidate genes were compared
to their homologs in other amniotes to develop primers for
loci useful for squamate phylogenetic studies. Importantly,
although squamates were the focal group, the primers were
used to amplify outgroup taxa from all other major amni-
ote groups. These outgroup taxa included mouse (Mus
musculus), echidna (Tachyglossus aculeatus), snapping tur-
tle (Chelydra serpentina), giant Amazon river turtle
(Podocnemis expansa), crocodile (Crocodylus sp.), Ameri-
can alligator (Alligator mississippiensis), emu (Dromaius
novaehollandiae), and tuatara (Sphenodon punctatus).

The procedure can be divided into three general phases:
Phase 1 was the identification of candidate vertebrate pro-
tein-coding genes by BLASTing the pufferfish genome
against the human genome. Note that in this paper all
genes are referred to by the official abbreviations of their
respective human homologs (as approved by the HUGO
Gene Nomenclature Committee, http://www.gene.ucl.a-
c.uk/nomenclature/). Phase 2 was the identification of the
homologs of these Phase 1 candidate genes in the chicken
genome, examination of exon boundaries, and identifica-
tion of potential primer sites flanking variable areas within
individual exons. Phase 3 was the alignment of all available
amniote sequences to allow primer design. Fig. 1 gives a
schematic overview of the entire NPCL discovery
procedure.

2.2. Identification of potential vertebrate loci

The vertebrate genes (represented by their human
homologs) found in Phase 1 had to meet several criteria.
To maximize efficiency, an effort was made to develop
the longest gene fragments possible that could be
sequenced completely in both directions with only two
sequencing reactions (i.e., approximately 500-800 bp).
Because each amplified fragment had to be contained
within a single exon, candidate genes were limited to those
containing at least one exon > 250 amino acids (aa) long
(Fig. 1, Phase 1.2). The genes also needed sufficient vari-
ability to be potentially useful for phylogenetic analyses
in squamates. Because it was not clear initially what level
of Homo—Fugu divergence would correspond to the desired
level of variability in squamates, results were sorted into
multiple bins based on three different levels of aa diver-
gence (Fig. 1, Phase 1). Finally, to lessen the chances of
developing genes with paralogs or other close relatives, a
gene was excluded if the Fugu protein sequence signifi-

cantly matched more than one distinct Homo protein
(Fig. 1, Phase 1.3).

Phase 1 included three steps that were largely auto-
mated using Python scripts written by REA with help
from STK (see Fig. 1). All of these programs are publicly
available on our website (http://www.fieldmuseum.org/
deepscaly/data.html). Step 1 in Phase 1 involved identify-
ing appropriately sized human proteins and sorting them
based on evolutionary rate (inferred from levels of aa
divergence between Fugu and Homo). To accomplish this,
Fugu and Homo genome protein databases (db) were
downloaded. The Fugu protein db (ftp://ftp.jgi-psf.org/
pub/JGI_data/Fugu/fugu_v3_prot.fasta.Z) was generated
from expressed sequence tags (EST). This db contained
both complete and incomplete protein sequences, and
different portions of the same protein were sometimes
present under several sequence identification numbers.
The Homo genome protein db (ftp://ftp.ncbi.nih.gov/
genomes/H_sapiens/ ARCHIVE/BUILD.34.3/protein/pro-
tein.fa.gz) contained complete sequence for all known
human proteins. This Homo db was reformatted (instruc-
tions at http://www.ncbi.nlm.nih.gov/Class/BLAST/blas-
t_course.short.htmI#STAND), and the Fugu EST db was
BLASTed against it (BLAST files downloaded from
ftp://ftp.ncbi.nih.gov/blast/). The Fugu db was then fil-
tered to retain only those protein sequence fragments that
were significant matches to human proteins > 250 aa
long, and the fragments were parsed to three files based
on the degree of Fugu—Homo aa similarity (40-60%, 61—
80%, and 81-90%,; Fig. 1, Phase 1.1). These levels of aa
similarity were chosen somewhat arbitrarily. Previous
experience with BLAST searches suggested that accepting
similarity scores <40% often leads to non-homologous
pairings. Furthermore, we considered levels of aa similar-
ity of >90% between the distantly-related Homo and Fugu
to be unlikely to yield a large number of informative char-
acters within squamates, especially for a sequence frag-
ment only a few hundred base pairs long. In summary,
this step substantially reduced the size of the Fugu db file
for the subsequent steps.

The second step in Phase 1 was to further filter the list of
matching Homo—Fugu aa sequences by incorporating exon
boundary information for Homo. To accomplish this, we
downloaded a db of human proteins that contained infor-
mation on the number and size of all exons (Human ExInt
file, http://sege.ntu.edu.sg/wester/exint138/). The three
Fugu dbs from the previous step were each BLASTed
against this human db, and only those Homo—Fugu
matches containing a human protein with at least one
exon > 250 aa long were retained (Fig. 1, Phase 1.2).

The third step in Phase 1 was to filter out genes with
potential paralogous copies or very close gene family rela-
tives. This was accomplished by simply discarding any
Homo—Fugu pairs containing a Fugu sequence that signifi-
cantly matched more than one Homo accession number
in a BLAST search (Fig. 1, Phase 1.3). This step undoubt-
edly eliminated some potentially useful genes, because the
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Phase 3: Download homologous amniote nt sequences, align, design primers

Fig. 1. Schematic overview of the method described here for development of novel nuclear loci for phylogenetics studies in squamates and other

vertebrates. Asterisks indicate steps that were automated via Python scripts.

same human protein is often represented in GenBank by
more than one separate submission (and therefore acces-

sion number). However, we felt it was important to be con-
servative in this step to reduce potential paralogy problems
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in future phylogenetic analyses. Ideally, one would elimi-
nate matches to multiple protein names or symbols instead
of multiple accession numbers. Unfortunately, this is
impractical because neither protein names nor symbols
are standardized across taxa. Each entry in the final files
thus consisted of the Fugu sequence fragment number,
the GenBank accession number of the Homo gene, and
the name of the Homo gene as given to GenBank by the
submitting researcher.

2.3. Evaluation of variation and exon boundaries in Gallus

Phase 2 was the identification of candidate proteins
from Phase 1 that in Gallus (our proxy for a reference squa-
mate genome): (1) contained at least one exon > 250 aa
long, (2) contained potential primer sites within these exons
to amplify-coding fragments > 500 bp across amniotes,
and (3) had no evidence of paralogous copies or close rel-
atives elsewhere in the chicken genome. The first step in
this process was to bring up the nucleotide-level record
associated with a Homo accession number from one of
the three resultant files from Phase 1. Next, a link from this
record was followed to the corresponding Homo protein
sequence, which was then BLASTed against other proteins
in GenBank using the BLink function accessible from
within each protein record. The resulting list of protein
matches (ranked by level of similarity) was examined for
certain favorable patterns. Specifically, the list would ide-
ally begin with several mammalian matches, then a chicken
match, a match to one or more other amniotes (e.g., a tur-
tle, crocodilian, squamate, or other bird sequence,
although these were rarely encountered), and then to one
or more non-amniote vertebrates (e.g., frog, salamander,
and/or fish). Also, we required that the above matches all
referenced the same named protein. If there were intermin-
gled matches to two obviously distinct proteins, for exam-
ple, this could signal undesirable paralogs or closely-related
genes. This last point often required a little further explora-
tion, because as mentioned above, the gene names associ-
ated with GenBank records are not standardized, and not
all researchers use the same name for a given gene or
protein.

If the above criteria were satisfied, a link was followed to
the Homo—Gallus alignment for that protein (Fig. 1, Phase
2.1). This alignment was examined for level of aa diver-
gence and distribution of aa variation along the length of
the protein in relation to potential primer regions (i.e., con-
served sequence blocks of >10 identical aa). Because the
goal was to sequence fragments ~500-800 bp long, if suit-
able regions > 250 aa long were not found, the protein was
discarded.

Note that the BLink protein alignments contain no
information about exon numbers and boundary posi-
tions. Even an “ideal” candidate fragment identified at
this step could still have one or more introns, each
potentially thousands of bp long, dividing the fragment
into multiple exons (and making the gene impractical

for our purposes). To determine exon boundaries in the
chicken genes, under the assumption that these bound-
aries are similar in squamates, an online BLAST search
was conducted using the Gallus protein sequence against
the Gallus genomic sequence using the TBLASTN
program (http://www.ncbi.nlm.nih.gov/genome/seq/Gga-
Blast.html). As in Phase 2.1, the result was a ranked list
of matches. However, because the BLAST search was
against genomic sequence, this time any continuous run
of protein sequence that scored a significant match had
to represent an individual exon or portion thereof
(Fig. 1, Phase 2.2, illustrating NCBI’'s MapViewer
function).

In addition to providing exon boundaries, this step also
served as a final check for paralogous genes. The presence
of paralogs was inferred if the Gallus protein sequence
scored a significant match to more than one Gallus chro-
mosome or genomic region. If no paralogs were detected
by this step, the start and stop positions of any suitably
sized exon(s) were compared to the start and stop positions
of the candidate fragment identified in the human—chicken
BLAST search (Fig. 1, Phase 2.3). If the candidate frag-
ment was fully contained within a single exon, it was
selected for primer development.

It should be noted that any gene duplications occurring
within squamates after their split from archosaurs (i.c., the
clade composed of the bird and crocodilian lineages) would
not be detected by our protocol. However, the recent com-
pletion of the genome of Anolis carolinensis (an iguanian
lizard) should partially mitigate this concern for future
work by allowing BLAST searches for paralogs against
that genome.

2.4. Primer development

Phase 3 (primer development) began with an align-
ment of all available amniote homologs for each gene
retained up to this point, which were identified from
the BLink output described above and downloaded as
full GenBank nucleotide (nt) sequence files. These files
were loaded into the VectorNTI program (Invitrogen)
and aligned using the Clustal W algorithm (Thompson
et al., 1994) with gap-opening and gap-extension param-
eters set at their respective defaults for both pairwise
(10.0 and 0.1) and multiple (10.0 and 0.2) alignments.
Vector NTI was further used to design preliminary pri-
mer sets using its PCR Analysis Protocol. Because the
alignments from which these primers were designed usu-
ally consisted of several mammals and the chicken, the
resulting primers tended to be biased toward mammals.
These preliminary primer sets were therefore used mainly
as a means of easily locating the most conserved
regions, and the final hand-tuned primers were (in many
cases) deliberately biased toward the Gallus sequence.
Whenever possible, multiple sets of nested primers were
designed to maximize the chances of successful
amplification.
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Next, our primers were used to amplify a set of 10 squa-
mate “‘test taxa” chosen to represent several well-estab-
lished clades and encompass a range of divergence levels
within squamates, thus allowing an evaluation of each
gene’s potential for resolving higher-level phylogeny. Spe-
cifically, we chose two geckos (Coleonyx variegatus, Gekko
gecko) representing a putative basal clade of squamates
(Townsend et al., 2004; Vidal and Hedges, 2005), two acro-
dont, agamid iguanians (Agama agama, Physignathus coc-
incinus) and two pleurodont, phrynosomatid iguanians
(Phrynosoma platyrhinos, Uta stansburiana) representing
highly nested and well-established squamate clades (Igua-
nia, Acrodonta, and Pleurodonta: Estes et al., 1988; Town-
send et al., 2004; Vidal and Hedges, 2005; Agamidae: Frost
and Etheridge, 1989; Macey et al., 2000; Phrynosomatidae:
Frost and Etheridge, 1989; Schulte et al., 2003), two snakes
(Boa constrictor, Lampropeltis getula) (Estes et al., 1988;
Vidal and Hedges, 2004), and two varanid anguimorphs
(Varanus acanthurus, Varanus exanthematicus) (Ast, 2001;
Estes et al., 1988). Loci that could be readily amplified
and sequenced and showed variation across these taxa were
considered good candidates for our study. Those loci that
did not were either discarded or, in some cases, refinements
were made to the primer sequences and they were tried
again. Detailed amplification protocols for the loci from
this study are available on our website (http://www.field-
museum.org/deepscaly/data.html).

As a final check for phylogenetic usefulness and poten-
tial paralogy problems, we also conducted preliminary
maximum-likelihood (ML) analyses of each gene to iden-
tify whether representatives of six well-established groups
were placed together (i.e., geckos, snakes, varanids, igua-
nians, phrynosomatid iguanians, agamid iguanians). ML
analyses were performed using GARLI v0.95 (Zwickl,
2006), which conducts heuristic searches using a genetic
algorithm approach. Each gene was analyzed under the
General Time Reversible (GTR, Tavaré, 1986) model or
one of its submodels, as determined under the AIC crite-
rion using ModelTest (Posada and Crandall, 1998), with
starting trees built by stepwise random addition. Boot-
strap analyses were performed under these same condi-
tions in GARLI using 100 pseudoreplicates. Maximum-
likelihood topologies and bootstrap results for each gene
were compared to results from similar analyses of the
entire, 26-gene concatenated data set. We assumed that
if there were problems of paralogy or inappropriate evo-
lutionary rates with particular genes, then analyses of
these genes would fail to support many of these well-
established groups, or might contradict other strongly
supported results from the combined analyses.

2.5. Potential predictors of variation within squamates

The ability to easily screen genomic databases for
genes that might be best suited for phylogenetic studies
at particular hierarchical levels would be very helpful
to researchers seeking to develop loci for specific projects

(i.e., “slow” genes for higher-level studies and “fast”
genes for analyses of closely-related species). Therefore,
several parameters were evaluated for their usefulness
in predicting general levels of divergence within squamate
reptiles, focusing on those parameters that could be esti-
mated before any laboratory work was performed. In
other words, given that we obtained sequence data from
10 test taxa, we evaluated what parameters accurately
predicted the levels of divergence among them (but only
considering parameters estimated without having squa-
mate sequences). As a standard for intra-squamate vari-
ability, we used average genetic distances between our 10
test taxa. The evolutionary model and parameter values
for each full data set were determined by the AIC crite-
rion using the program Modeltest, version 3.7 (Posada
and Crandall, 1998). Average intra-squamate distances
were calculated using PAUP* (Swofford, 2002), using
the % maximum-likelihood (ML) distance. These average
distances were then compared to various aa- and nt-level
divergences between non-squamate taxa in our original
alignments of GenBank amniote sequences to test the
predictive value of these measures.

3. Results and discussion
3.1. New loci

Approximately 2500 Homo—Fugu homology matches
resulted from the BLAST and filter procedures of Phases
1.1-1.3 (Fig. 1). From this list, over 270 Homo protein
records were retrieved and BLASTed against GenBank
records (Fig. 1, Phase 2.1; Table 1). About 190 of these
BLAST searches either returned no close Gallus matches
(suggesting the gene might be absent in squamates),
returned close matches to multiple distinct proteins (sug-
gesting the gene was not single-copy), or yielded Gallus
proteins lacking conserved potential priming sites, These
genes were discarded (Table 1). Approximately 85 NPCL
fit our selection criteria (Fig. 1, Phases 2.1-2.3; Table 1).
For these loci, additional vertebrate sequences were down-
loaded and primers were designed (Fig. 1, Phase 3; Table
1). As of October 2007, 42 loci were amplified and
sequenced in at least some squamate taxa (26 loci for the
test taxa) and 21 of these were amplified and sequenced
for most of the project’s 143 ingroup taxa. Tables 1 and
2 summarize these results.

Table 1
Summary of NPCL development results to date

40-60% file  61-80% file ~ 81-90% file  Totals
Genes examined® 210 60 9 279
Primers designed® 65 16 4 85
Successes® 26 8 2 42

& Homo—Gallus alignment made, Gallus exon boundaries determined.

® Potential priming sites found on Homo—Gallus alignment, other
amniote sequences downloaded, primers designed.

¢ Sequence obtained for at least some squamate taxa.
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Table 2

PCR primer sequences for 26 NPCL developed for this study and performance of individual genes relative to the combined data®

Gene® Primers Sequences Gallus fragment length (bp) Percentage of seven squamate
clades recovered (supported)®

ADNP ADNP _f5 5 ATTGAAGACCATGARCGYATAGG 3% 811 71.4 (71.4)
ADNP r2 5" GCCATCTTYTCHACRTCATTGA 3%

AHR AHR_f4 5 CARGATGAGTCTRTKTATCTCT 3% 571 100 (85.7)
AHR 13 5" GYRAACATSCCATTRACTTGCAT 3’

AKAPY AKAP9_f6 5 AGCARATWGTRCAAATGAARCARGA 3 1481 100 (100)
AKAP9 r2 5" TCHAGYTTYTCCATRAGTTCTGTTG 3’

BACHI BACHI_f1 5 GATTTGAHCCYTTRCTTCAGTTTGC 3’ 1330 100 (100)
BACHI 12 5" ACCTCACATTCYTGTTCYCTRGC 3%

BACH2 BACH2 fl1 5" GGKCCRYTGYTACAGTTYGCCTA 3 562 100 (87.5)
BACH2 19 5" TCTCCDGACAGGCARAGCGTGAT 3¥

BDNF BDNF _f 5 GACCATCCTTTTCCTKACTATGGTTATTTCATACTT 3’ 670 100 (85.7)
BDNF _r 5" CTATCTTCCCCTTTTAATGGTCAGTGTACAAAC %

BMP2 BMP2_f6 5 CAKCACCGWATTAATATTTATGAAA ¥ 590 100 (100)
BMP2_r2 5" CGRCACCCRCARCCCTCCACAACCA 3

DNAH3 DNAH3_f1 5" GGTAAAATGATAGAAGAYTACTG ¥ 721 100 (100)
DNAH3_r6 5" CTKGAGTTRGAHACAATKATGCCAT 3%

ECELI ECELIL {1 5 TGACVGCVCACTAYGAYGAGTTCCARGA 3 677 57.1 (42.8)
ECELI _r8 5" CGGATGACRTAGCGSGAGGWGTTCCTGT ¥

FSHR FSHR_f1 5" CCDGATGCCTTCAACCCVTGTGA 3 753 87.5(71.4)
FSHR_r2 5 RCCRAAYTTRCTYAGYARRATGA %

FSTLS5 FSTL5_f1 5 TTGGRTTTATTCTTCAYAAAGA ¥ 622 100 (85.7)
FSTL5 r2 5 YTCTSAACYTCAGTGATYTCACA 3’

GPR37 GPR37_{7 5" GCCACCAACGTGCAGATGTACTA 3% 706 85.7(71.4)
GPR37 12 5" CAATGAGTCCCVACAGARGCAAA 3

MKLI MKL1_fl1 5" GTGGCAGAGCTGAAGCARGARCTGAA ¥ 978 85.7 (85.7)
MKL1_r2 5" GCRCTCTKRTTGGTCACRGTGAGG 3%

NGFB NGFB_f2 5" GATTATAGCGTTTCTGATYGGC % 573 100 (85.7)
NGFB r2 5" CAAAGGTGTGTGTWGTGGTGC %

NT3 NTF3_f1 5" ATGTCCATCTTGTTTTATGTGATATTT 3’ 576 85.7(71.4)
NTF3 rl 5" ACRAGTTTRTTGTTYTCTGAAGTC 3’

PNN PNN_fl1 5 TTTGCAGARCARATAAAYAAAATGGA ¥ 945 100 (100)
PNN_rl 5" AACGCCTTTTGTCTTTCCTGTCTGATT 3’

PRLR PRLR f1 5" GACARYGARGACCAGCAACTRATGCC 3 532 100 (100)
PRLR 13 5 GACYTTGTGRACTTCYACRTAATCCAT ¥

PTGER4 PTGER4 f1 5" GACCATCCCGGCCGTMATGTTCATCTT ¥ 471 85.7(71.4)
PTGER4 5 5" AGGAAGGARCTGAAGCCCGCATACA %

PTPNI2 PTPNI2 fl1 5" AGTTGCCTTGTWGAAGGRGATGC ¥ 758 100 (100)
PTPNI12_r6 5 CTRGCAATKGACATYGGYAATAC ¥

REV3L REV3L f1 5" AATGCTGAARCYGAAGAYTGTGA 3 1554 85.7(71.4)
REV3L 13 5 AGARTAMAARCTRCAAAATCCMG 3’

SLC30A41 SLC30A1_f1 5" AAYATGCGWGGAGTKTTTCTGC 3¥ 543 100 (71.4)
SLC30A1_r2 5 AAAGATGATTCRGRYTGYAYGTTT ¥

SNCAIP SNCAIP_f10 5" CGCCAGYTGYTGGGRAARGAWAT 3’ 481 71.4 (71.4)
SNCAIP_r13 5 GGWGAYTTGAGDGCACTCTTRGGRCT 3’

TRAF6 TRAF6_fl1 5" ATGCAGAGGAATGARYTGGCACG ¥ 639 100 (85.7)
TRAF6_r2 5 AGGTGGCTGTCRTAYTCYCCTTGC 3

(continued on next page)
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Percentage of seven squamate
clades recovered (supported)®

100 (85.7)
100 (85.7)
71.4 (71.4)

Gallus fragment length (bp)

707
882
605

5" CCYCTMAATTTYCTGGCWGARCAGGC %
5" AGTACAGACATGTGGTCCTTGTATGGGT 3%
5 GCTGTGCCGYCCCTTYGARGARAACG 3

5 TCKGAGATGGARAGTCTGCTGAA 3

5 GGTCAGYAAYTTKGCCACHCCYT 3
5 TAYGARTGYCCAAACTGCAAGAAACG ¥

Sequences

ZFHXIB_r2

ZFP36L1_f1

ZFP36L1_r2

UBNI_f1
UBNI1_r2
ZFHXI1B_fl1

Primers
# Primers shown were used to amplify at least some squamate taxa. In some cases, these same primers amplified all ingroup and outgroup taxa, and in other cases internal primers were designed to

amplify the remaining taxa. See downloadable amniote alignments at http://www.fieldmuseum.org/deepscaly/data.html for exact locations and sequences of all primers designed for this study.
¢ All genes identified by the official symbol of their respective human homologs in NCBI’s Entrez Gene. ADNP, activity-dependent neuroprotector; AHR, aryl hydrocarbon receptor; AKAP9, A

® Test taxa alignments for individual genes and combined data were analyzed in an ML framework under the GTR model or its variants. Seven nodes within squamates received 100% bootstrap
support using the combined data (see Fig. 4 and text). The percentage of these nodes recovered and those receiving >70% bootstrap support (parentheses) with each individual gene is given.
kinase (PRKA) anchor protein (yotiao) 9; BACHI, basic leucine zipper transcription factor 1; BACH2, basic leucine zipper transcription factor 2; BDNF, brain-derived neurotrophic factor; BMP2,
bone morphogenetic protein 2; DNAH3, dynein, axonemal, heavy chain 3; ECELI1, endothelin converting enzyme-like 1; FSHR, follicle stimulating hormone receptor; FSTLS5, follistatin-like 5; GPR37,

G protein-coupled receptor 37 (endothelin receptor type B-like); MKL1, megakaryoblastic leukemia (translocation) 1; NGFB, nerve growth factor, beta polypeptide; NT3, 3'-nucleotidase; PNN, pinin,
desmosome associated protein; PRLR, prolactin receptor; PTGER4, prostaglandin E receptor 4 (subtype EP4); PTPN12, protein tyrosine phosphatase, non-receptor type 12; REV3L, REV3-like,

catalytic subunit of DNA polymerase zeta (yeast); SLC30A1, solute carrier family 30 (zinc transporter), member 1; SNCAIP, synuclein, alpha interacting protein (synphilin); TRAF6, TNF receptor-

associated factor 6; UBNI, ubinuclein 1; ZEB2, zinc finger E-box binding homeobox 2; ZFP36L1, zinc finger protein 36, C3H type-like 1.

Gene®
UBNI

Table 2 (continued)
ZEB2
ZFP36L1

3.2. Phylogenetic informativeness and range of evolutionary
rates

As Fig. 2 illustrates, NPCL with a broad range of evo-
lutionary rates were developed using our protocol. Average
ML-corrected divergences among the squamate test taxa
ranged from 9.6% to 61.6%. Two of these loci (PRLR
and UBNI) are considerably more variable than the others,
but even without these loci, the range of distances is nearly
4-fold.

Seven nodes received 100% ML bootstrap support in the
analysis of the concatenated (26-gene) data (Fig. 4). These
nodes represent all six well-established clades discussed
above (nodes 2-7 in Fig. 4), as well as a seventh clade rep-
resented by all ingroup test taxa except geckos (node 1 in
Fig. 4). This node is not supported by morphological data
(Estes et al., 1988), but is consistent with a node strongly
supported by recent molecular studies that sampled all
major squamate lineages (Townsend et al., 2004; Vidal
and Hedges, 2005).

All 27 of the genes from Fig. 2 appear to contain consid-
erable phylogenetic information for higher-level squamate
relationships (Fig. 4, Table 2, and unpublished data).
Because an effort was made to target particularly variable
regions, many of the loci developed appear to have evolu-
tionary rates substantially higher than other loci commonly
used for squamate phylogenetics. This is important,
because one of the main potential drawbacks of NPCL is
their greatly reduced variability relative to mitochondrial
genes (Hillis et al., 1996). The slower rate of NPCL evolu-
tion is certainly advantageous at moderate to deeper levels
where saturation of mitochondrial genes is problematic
(e.g., Birks and Edwards, 2002; Blouin et al., 1998; Roe-
lants and Bossuyt, 2005; Townsend et al., 2004). However,
it can sometimes limit the usefulness of NPCL for resolving
species- or intraspecific-level relationships (e.g., Jesus et al.,
2002; Leache and McGuire, 2006).

Recombination-activating gene 1 (RAGI) is a long
(~3 kb), single-copy NPCL that has been successfully used
in all major vertebrate groups (e.g., Brinkmann et al., 2004;
Groth and Barrowclough, 1999; Hugall et al., 2007; San
Mauro et al., 2005; Townsend et al., 2004; Waddell and
Shelley, 2003), and its evolutionary rate is comparable to
most other NPCL used in published studies of squamate
relationships (Table 3). Among the 26 new genes from this
study compared in Fig. 2, only eight show divergence levels
lower than those of RAGI, and the average intra-squamate
divergence of the “fastest” locus is almost three times that
of RAGI (Table 3).

Admittedly, none of our loci approach the evolutionary
rate of the mitochondrial protein-coding genes (for com-
parison, using data downloaded from GenBank, average
intra-squamate uncorrected divergence for the mitochon-
drial ND2 gene was about 1.5 times the uncorrected diver-
gence of the “fastest” gene in this study). Nevertheless, we
have developed several gene regions with relatively rapid
rates, and these should prove more useful for resolving
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Fig. 2. Variability of 27 NPCL in squamate reptiles. Twenty-six loci from Table 2 in order of increasing variability, plus the commonly used locus RAGI

for comparison.

11 =SLC301A4, 12=SNCAIP, 13=TRAF6, 14=BMP2,

1 =ZEB2, 2= BDNF, 3=FSTL5, 4=ZFP36LIl, 5= ADNP, 6=BACH2, 7=PNN, 8=NGFB, 9= RAGI,
15 = GPR37,

10 = FSHR,

16 =ECELI, 17=PTGER4, 18=AHR, 19= MKLI, 20=DNAH3,

21 = AKAPY, 22 = REV3L, 23 = NT3, 24 = BACHI, 25 = PTPNI2, 26 = UBNI, 27 = PRLR.

recent divergences than many currently used NPCL. Fur-
thermore, the limited length variation in these NPCL, cou-
pled with codon constraints, should make these genes
easier to consistently amplify and align across an array of
taxa than nuclear introns.

3.3. Predictors of variation within squamates

Parsing Homo—Fugu BLAST matches by aa divergence
levels (Fig. 1, Phase 1) is one way of sorting genes into
groupings potentially predictive of their level of variation
in squamates. However, as Table 1 shows, most of the
NPCL examined were from the file containing genes with
Homo—Fugu aa-similarities of 40-60%. There are two rea-
sons for this. First, nuclear genes with relatively rapid rates
of evolution were specifically targeted for this project, and
therefore genes in this file were the first to be examined.
Second, and more importantly, it became apparent that
the original divisions based on Homo—Fugu aa similarity
were not especially useful; a great number of the loci found

100
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70
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50
40
30
20
10

Gallus-Anolis % ML divergence

in the 40-60% file were also present in the 61-80% and 81—
90% files. This apparently occurred because the Fugu db
consists of fragmentary protein sequences, often multiple
fragments per gene, and each of these fragments was
BLASTed against the Homo db of complete proteins
(Fig. 1, Phase 1). Rate heterogeneity along the length of
these proteins led to multiple Homo—Fugu matches at dif-
ferent similarity levels.

Several other parameters were also examined as poten-
tial predictors of levels of variation within squamates.
Whole-gene Homo—Gallus% aa divergence is perhaps the
most easily acquired of these parameters (its converse, aa
similarity, is given with each alignment of these two taxa,
Fig. 1, Phase 2.1). However, because only a portion of each
gene was sequenced, and rate heterogeneity along the
length of the genes was obvious from the alignments, glo-
bal divergence seemed likely to be a poor predictor.
Homo—-Gallus% aa and nt divergences for only the targeted
fragment required downloading, aligning, and truncating
these sequences, but was also relatively easily accom-

0
0 10 20 30

40 50 60 70

Intra-test taxa average % ML divergence

Fig. 3. Evaluation of Gallus—Anolis nt-level genetic distances as a predictor of variation within squamates. Intra-squamate nt-level distance values were

calculated using the 10 test taxa described in the text.
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Fig. 4. Maximum-likelihood phylogram from GARLI analysis
(GTR+I+G) of the concatenated 26-gene data set (20,474 bp total,
6456 bp parsimony-informative). Bootstrap values are given above each
branch. Highly supported clades referenced in Table 2 are numbered:
1 =snakes, varanids, and iguanians, 2 =iguanians, 3 = geckos,
4 =snakes, 5= varanids, 6 =acrodont, agamid iguanians, 7 = pleur-
odont, phrynosomatid iguanians.

plished. All three of these measures (whole-gene Homo—
Gallus aa divergence, targeted fragment aa-level diver-
gence, and targeted fragment nt-level divergence) were
compared to average genetic distances among the test taxa
using Excel (Microsoft, Inc.). Each measure was positively
correlated with average intra-squamate divergences across

Table 3
Levels of variation for several genes previously used in phylogenetic
studies of squamate reptiles®

Gene % ML distance® # base pairs
HOX 14.5 444
MAFB 16.3 324
JUN 20.9 330
RAG2 21.6 723
RAGI 21.7 2862
CMOS 23.8 360
o-Enolase 27.3 81
R35 29.1 732
AMEL 354 336

% Data for these calculations from Vidal and Hedges, 2005.

> Average ML-corrected distances among 18 ingroup taxa representing
major squamate lineages, in order of increasing variability. RAGI (bold) is
the only locus also used in our study.

genes, but the correlation coefficients were not high
(R=0.61, 0.67, and 0.53, respectively).

One possible reason for this weak to moderate correla-
tion is the stochasticity inherent in comparing a single
mammal (Homo) to a single bird (Gallus). For any single
species, the rate of molecular evolution for a given gene
might be anomalously high or low compared to the average
rate of a wider sampling of related species (however, Gallus
is the only bird for which genomic data were available).
Another possible reason is that, for some genes, there could
be divergent selection at the level of mammals versus rep-
tiles (including birds), but stabilizing selection within each
of these respective clades. Therefore, nt-level Mus—Rattus%
ML distances were also compared to intra-squamate dis-
tances. Once again, the correlation was positive but not
high (R = 0.54). Thus, no strong predictor was found from
the resources available when our study was begun.

The recent completion of a first draft of the Anolis car-
olinensis allowed us to do a final analysis in which Gallus—
Anolis and intra-squamate ML distances were compared.
In this case, the correlation coefficient R rose substantially
relative to previous analyses (R = 0.83; Fig. 3). This mea-
sure thus appears to be a potentially useful predictor for
researchers interested in developing NPCL for various lev-
els within squamate reptiles. Fossil evidence suggests the
bird and squamate reptile lineages diverged approximately
260-300 million years ago, and the bird and mammal lin-
eages diverged approximately 312-330 million years ago
(Benton and Donoghue, 2007). The ranges of these esti-
mates are not far from overlapping, and differential selec-
tion pressures, as well as generalized lineage-specific
differences in evolutionary rate, likely contribute to the
poorer correlation of Homo—Gallus divergences to intra-
squamate divergences. However, the observation that
genetic distance between clades separated over 250 million
years ago correlate reasonably well with rates within one of
the clades may be useful to researchers working on other
groups.

3.4. Comparison to other recent work

Our approach is similar in many ways to that of Li et al.
(2007) (compare their Fig. 2 with our Fig. 1). Both methods
begin with the identification of putative homologs between
two reference species, and then proceed to the identification
of continuous open reading frames within these genes.
Both methods employ steps to exclude genes with paralogs
that could confound phylogenetic analyses. Finally, both
methods can be modified to search for loci evolving at dif-
ferent evolutionary rates.

However, there are also some important differences. Li
et al. simply aligned two reference species, designed nested
primer sets from conserved regions, and proceeded with
amplifications. They reported a 67% (10/15) success rate
(single bands of appropriate size) on randomly chosen loci
using this method. For our method, we compare the inter-
specific amino acid variation within the specific fragment(s)



T.M. Townsend et al. | Molecular Phylogenetics and Evolution 47 (2008) 129-142 139

targeted for amplification (Fig. 1, Phase 2), not just of the
entire gene or even individual open reading frames (which
might be quite large). Our approach also involves align-
ments of a diverse array of species (all available amniotes
in our case) (Fig. 1, Phase 3). The first of these steps
allowed us to specifically target highly variable regions,
and the second step was a great help in designing ‘“‘uni-
versal” (often highly degenerate) primers for more variable
gene regions.

The method of Li et al. (2007) certainly allows flexibility
in the search criteria, but similarity comparisons are made
between whole exons, which may not be indicative of evo-
lutionary rates in the parts of the exon that will actually be
sequenced and used in phylogenetic analyses (this is why
we compare only the sequences for the targeted regions).
Furthermore, designing primers based on only two taxa
may work well for slowly evolving genes, but may be prob-
lematic for more rapidly evolving loci (this is why we
design primers using a phylogenetically diverse group of
organisms).

In general, the loci developed by Li et al. (2007) appear
to be more slowly evolving than those developed using our
method. For comparison, of the 10 genes (out of 15
attempted) reported as successes by Li et al. (their Table
1), we found homologs in humans and chickens for seven,
and the average Homo—Gallus aa similarity was 93%. Our
own success rate was approximately 49% (42/85, see Table
1) across all loci for which we designed primers, and for the
26 loci presented in this paper (Table 2), the average
Homo—Gallus aa similarity was only 72%. It seems likely
that our lower success rate was a function of the higher var-
iability in the genes we chose to develop. However, our
final criterion for success was based on how consistently
the genes could be amplified and sequenced across a variety
of squamate taxa. It may be that some of the loci consid-
ered successes by Li et al. (2007), based only on amplifying
a single band of the correct size, would not meet our more
strict final criteria.

Li et al. (2007) did not report any obvious paralogy
problems for the genes they sequenced, and we likewise
sequenced no obvious gene copies. We did occasionally
get multiple bands (which were not sequenced) for some
genes we tested. These multiple bands may in fact repre-
sent paralogs, but they also may have resulted simply
from the relative non-specificity of our primers. Each of
our primers had on average twice as many degenerate
bases as those of Li et al. (see Table 2 of each paper),
which once again was a function of the more variable
regions we targeted.

Another potential strength of our method is the incor-
poration of the NCBI Map Viewer function (Fig. 1, Phase
2.2). For researchers wishing to develop intron regions, this
step allows easy visualization of the length and relative
position of all introns. Li et al. (2007) did not intend their
method to be used for intron development, and it was not
the main objective of our study either. However, we recog-
nize that our method holds great potential for this purpose,

and we have recently begun to develop intron regions
using it.

Finally, we note that the Li et al. (2007) method for the
original sorting of genes based on relative variability is
more elegant than our own, and appears to avoid the prob-
lem of redundancy among files that we experienced sorting
by Fugu (EST) versus Homo (whole protein) db compari-
sons (see above and Fig. 1). Perhaps a combination of
the two methods (i.e., theirs for initial sorting paired with
ours for more detailed comparisons and primer develop-
ment) would be ideal.

3.5. Amniote alignments

In the course of this study, amniote alignments have
been produced for 85 NPCL containing exons of suitable
length and variability for phylogenetic studies at various
levels. We have made these alignments publicly available
on our website (http://www.fieldmuseum.org/deepscaly/
data.html). Most of these alignments include sequences
from human (Homo), rat (Rattus), mouse (Mus), cow
(Bos), dog (Canis), and chicken (Gallus), and some include
a marsupial, crocodilian, turtle, or squamate reptile. Each
alignment is annotated with the inferred start and stop
positions of its exon(s) of interest, and the positions and
sequences of all primers designed for this project are also
indicated. Many of these exact primers should be useful
to researchers studying phylogenetic relationships within
or among various amniote clades. At the least, researchers
will have a convenient collection of pre-identified primer
locations flanking variable-coding regions for a large num-
ber of variable NPCL. Sequences from other available taxa
can easily be added to the alignments and primers can be
modified to best match the clade of interest.

3.6. Applications to other vertebrate clades

Our results also show the potentially broad utility of the
loci developed, in terms of applicability across major clades
and to different phylogenetic scales. Our primers have
amplified taxa from all major amniote lineages, with only
a few exceptions. Furthermore, these genes are also prov-
ing useful within other vertebrate clades, including non-
amniotes. For example, researchers in Wiens’ lab used
PTPN, PTGER4, and TNS3 to help resolve phylogenetic
relationships among closely-related species of hylid frogs
(Smith et al., 2007; note that TNS3 is included in our online
alignments, but is not currently being used for squamates).
Thus, despite the fact that these genes were developed for
resolving higher-level squamate phylogeny, we find that
they are also informative among species within genera in
a distantly-related clade.

3.7. Ongoing and future work

Thus far, we have only used our method to develop loci
encompassing protein-coding regions. However, it is also
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ideally suited to the development of intron regions for spe-
cies-level or intraspecific (e.g., phylogeographic) studies.
This is a particularly exciting prospect because there has
historically been a paucity of nuclear markers available
with sufficient variation for intraspecific studies (but see
Dolman and Phillips, 2004; Lyons et al., 1997). As men-
tioned above in the Methods, once individual exons have
been identified by BLASTing a protein sequence against
the Gallus genomic sequence, NCBI’s MapViewer function
makes intron identification and size estimation relatively
straightforward. Positions of inferred exons relative to
genomic sequence are shown graphically, and the user
can simply look for adjacent exons (each with conserved
sequence for primer design) separated by an appropriately
sized intron.

The Anolis genome project (http://www.broad.mit.edu/
models/anole/) will soon provide a complete, searchable
squamate genome, and this will be very valuable for future
locus development for squamates and other non-avian rep-
tile groups (i.e., crocodilians, turtles). We have recently
downloaded the first assembly released from this project
and have been able to incorporate the Anolis data into
our gene discovery procedure. The addition of the Anolis
sequence to existing alignments has already helped us suc-
cessfully redesign primers for multiple genes that did not
amplify in squamates using our original primers. However,
it should be noted that all of the genes from this paper were
developed before the Anolis genome became available,
demonstrating that it is not necessary to have a completed
genome available within the ingroup for this approach to
be successful.

3.8. Conclusions

The general method described here is one that can easily
be extended to other taxa, including other animals, plants,
and fungi. As one example, the first coleopteran genomic
draft assembly was recently completed for the red flour
beetle Tribolium castaneum (NCBI Entrez Genome Project
ID 12539). Genomic sequencing is also complete or nearly
complete for species from several-related insect orders
(Diptera, Lepidoptera, Hymenoptera, as well as other more
distantly-related orders). However, molecular phylogenetic
studies of beetles have relied almost exclusively on mito-
chondrial DNA or nuclear ribosomal DNA; only a few
very recent coleopteran studies have included one or two
NPCL (Sasakawa and Kubota, 2007; Sota and Ishikawa,
2004; Sota et al., 2005). An objective, automated compari-
son of published insect genomes similar to the one
described here would likely identify many other NPCL
suitable for phylogenetic analyses within this very large
and economically important clade.

This is an exciting time for molecular systematic studies.
Practical phylogenomic approaches have become a reality,
and the number of accessible independent data sources is
set to rise dramatically across all taxonomic groups in the
near future. This influx of new data, combined with theo-

retical and algorithmic advances, should bring us substan-
tially closer toward the goal of a fully resolved Tree of Life.
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