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Abstract

Background: Improvements in sequencing technology now allow easy acquisition of large datasets; however,
analyzing these data for phylogenetics can be challenging. We have developed a novel method to rapidly obtain
homologous genomic data for phylogenetics directly from next-generation sequencing reads without the use of a
reference genome. This software, called SISRS, avoids the time consuming steps of de novo whole genome assembly,
multiple genome alignment, and annotation.

Results: For simulations SISRS is able to identify large numbers of loci containing variable sites with phylogenetic
signal. For genomic data from apes, SISRS identified thousands of variable sites, from which we produced an accurate
phylogeny. Finally, we used SISRS to identify phylogenetic markers that we used to estimate the phylogeny of
placental mammals. We recovered eight phylogenies that resolved the basal relationships among mammals using
datasets with different levels of missing data. The three alternate resolutions of the basal relationships are consistent
with the major hypotheses for the relationships among mammals, all of which have been supported previously by
different molecular datasets.

Conclusions: SISRS has the potential to transform phylogenetic research. This method eliminates the need for
expensive marker development in many studies by using whole genome shotgun sequence data directly. SISRS is
open source and freely available at https://github.com/rachelss/SISRS/releases.
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Background
Until recently, phylogenetic studies relied on tens of loci
(at most) from the genome to determine evolutionary
relationships [1, 2]. However, these datasets often had
insufficient information to provide strong support for all
the relationships of interest [3]. Recent improvements in
sequencing technology have enabled phylogenetic studies
to use larger datasets in an attempt to resolve previously
undetermined or controversial evolutionary relationships,
but this area of research is still in its infancy [4–11].
There are currently several approaches to producing

large datasets for phylogenetics. In the first approach,
whole genomes are sequenced and assembled; genomes
are then compared to identify homologous regions for
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phylogenetics [11]. The drawback of this approach is the
time required to construct quality assemblies and iden-
tify homologous regions, either by annotating the genome
or using genome comparison tools. Furthermore, because
distantly related taxa may not be easily comparable, phy-
logenetic analyses using whole-genome comparisons have
focused on closely related species for which alignments
are possible [11, 12].
In a second approach, shotgun sequence data are

aligned to a reference genome. This method assumes a
reference genome, which is not always available. As with
whole genome comparisons, the de novo assembly of
a high-quality reference genome requires high-coverage
data and significant time. However, even given a refer-
ence genome, homologous loci may not be recoverable for
species distantly related to the reference [13].
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Other approaches involve sequencing a subset of the
genome. One such approach screens existing datasets
for variation in the taxa of interest [14–16]. In another,
regions that are conserved across taxa are identified from
whole-genome alignments; both the conserved elements
and regions adjacent to them may contain phylogenetic
information [6, 8, 9, 17]. In a third, a consistent subsam-
ple of the genome may be sequenced [18]. However, the
drawback of these approaches is that new phylogenetic
markers must be developed for each research study; sig-
nificant time is often required for marker development
and these data have limited potential for reuse. Addition-
ally, a consistent, phylogenetically informative subsample
of the genome may be difficult to obtain at deep taxo-
nomic levels.
Here we describe a novel computational tool, SISRS

(pronounced “scissors”), to identify informative data for
phylogenetic studies directly from shotgun sequencing
of whole genomes. SISRS, which stands for Site Identi-
fication from Short Read Sequences, requires neither a
reference genome nor a priori knowledge of potentially
informative loci. Our software circumvents the difficul-
ties in identifying homologous loci from whole-genome
alignments when rearrangements have occurred because
the conserved regions are not required to share identifi-
able synteny across taxa. SISRS also takes advantage of the
raw data to avoid erroneously called genotypes in previ-
ously assembled genomes due to sequencing error or copy
number variable regions (CNVs).
SISRS identifies phylogenetically informative regions via

a novel protocol (Fig. 1). (1) SISRS assembles a “com-
posite genome” from shotgun sequencing reads for all
taxa. (2) The composite genome is used as a reference
to align the sequencing data for each sample. (3) The
sequence for each sample is identified via a strict consen-
sus (i.e. sites that are variable are called as unknown). (4)
SISRS removes loci that have too few sites with callable
genotypes (as specified by the user). In this way, SISRS
identifies sites across entire genomes that are phylogenet-
ically informative and reduces errors due to biological and
experimental error.

We demonstrate that SISRS provides high quality phylo-
genetic datasets across a range of simulated and empirical
data. First, the data output by SISRS for simulated shot-
gun reads was congruent with the starting phylogeny at
all depths in the tree. Second, using previously sequenced
shotgun data for seven primate taxa, we were able to
rapidly identify homologous data using SISRS and esti-
mate the known phylogeny accurately. Third, we used
available data to estimate the phylogeny of mammals,
the root of which has remained controversial. Using
SISRS, phylogenies can be produced from next-generation
sequencing reads in a matter of days. For example, identi-
fying hundreds of thousands of variable sites for phyloge-
netics from over 100 Gb of rawmammalian transcriptome
reads took less than four days.

Results
Recovery of phylogenetically informative sites
To determine how well our approach identified phyloge-
netically informative data, we simulated genomes on 36
phylogenies. These phylogenies included two topologies
(ladder shaped and balanced) with three variants each:
equal-length branches, longer deep branches, and shorter
deep branches (Fig. 2). Each tree was rescaled by mul-
tiplying the branch length by a scaler of one to six. We
then simulated NGS data on these genomes and exam-
ined how well we were able to recover variable sites. For
all simulation trees, the number of potentially informative
sites identified using SISRS increased with increased cov-
erage (Fig. 3). As the distance between taxa (i.e. branch
length) increased for a given tree, the number of output
sites decreased (Fig. 3). Of these sites, a plurality allowed
the accurate identification of the shallowest nodes within
a tree, with a decreasing number allowing the identifica-
tion of deeper nodes (Fig. 4; Additional file 1: Figure S1).
Insufficient coverage in the simulations, lack of coverage
by the composite genome, and insufficient coverage fol-
lowing mapping of the reads to the composite genome
reference contributed to a failure to recover all variable
sites (Fig. 5). Potential false positives due to read simu-
lation error were removed by SISRS as part of calling by

Fig. 1 SISRS framework to identify phylogenetically informative data
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Fig. 2 Simulation trees used to test the SISRS pipeline. All branches
for the leftmost trees were initially set to 0.01 substitutions per site.
Branch lengths for the center trees (long-deep) were obtained by
scaling the leftmost (equal-branch-length) tree to a height of 1, then
raising each node height to a power of two, and multiplying by the
original tree height [31]. The rightmost (short-deep) tree was obtained
similarly, but using a power of one-half. For each of the trees, branch
lengths were scaled by multiplying by values from one to six

strict consensus; however, some new false positives were
introduced, likely due to erroneous mapping of reads to
the composite genome. These false positives represented
less than 1 % of the sites found for any tree; thus, they have
little effect on phylogenetic inference.

Ape tree is recovered
We also tested the utility of SISRS using NGS data from
apes, for which the phylogeny is well established. This
analysis was conducted using 14 cores on a FreeBSD 10.0
server; the total time to produce an alignment from raw
reads was 36 hours. The maximum amount of mem-
ory required during the composite genome assembly was
1.5 Gb. We identified 148,639 variable sites that contained
observations in at least five samples. The ML estimate
of the phylogeny with 1000 bootstraps was fully concor-
dant with the known phylogeny of apes with all nodes
supported at 100 % (Fig. 6).

Mammal phylogeny
We further tested the utility of SISRS usingNGS data from
placental mammals, for which the phylogeny is contro-
versial. This analysis was conducted using 40 cores; the
total time to produce the composite genome was less than

an hour; the remaining alignment, base calling, and site
identification steps required an additional 87 hours. 10 Gb
of memory was required during the composite genome
assembly. The maximum amount of memory required to
process the data mapped to the composite genome was
45 Gb; however, because data processing was conducted
across multiple cores to increase the speed of the analysis,
the total amount of memory used at one time by SISRS
was over 300 Gb. Thus, this analysis could be conducted
using fewer resources over more time.
We produced 15 alignments, each allowing a set num-

ber of unknown genotypes at each site (i.e. alignment 1
has no more than one species with an unknown geno-
type). The number of sites in the alignments ranged from
21 to over 1.5 million. Analyzed in a ML framework, the
first four alignments produced phylogenies with multi-
ple polytomies due to limited data; they are not described
further. The remaining alignments produced phylogenies
that reflect previous conflicting estimates of the rela-
tionships among mammals. For example, in regards to
the basal relationships alignments 5, 10, 11, and 12 sup-
ported Xenarthra+Afrotheria (Atlantogenata) as a clade
sister to all other mammals [19–21], alignment 6 sup-
ported Xenarthra as a separate clade [22], alignments 13,
14, and 15 supported Afrotheria as a separate clade [9, 23],
and the remaining alignments did not resolve these rela-
tionships. Similarly, the relationship of the treeshrew to
other mammals was difficult to resolve: for some align-
ments this species formed a clade with rodents, while for
others it formed a clade with primates. The majority rule
consensus phylogeny generated from alignment 10 (i.e. no
more than 10 species had an unknown genotype at each
site) is shown in Fig. 7; additional phylogenies are shown
in Additional file 2: Figure S2.

Discussion
Data produced by SISRS
For simulations, SISRS was able to recover large numbers
of variable sites, unless branch lengths were unreasonably
long or coverage was low. Based on these results, coverage
should average 5–10x for optimal marker identification;
however, low coverage sequencing will also identify useful
data. Most genomes are much larger than the one million
bases in our simulations; far more sites will be identified
for larger genomes, making the use of low coverage data
feasible.
Identifying homologous variable sites was more chal-

lenging for trees with long branches (i.e. large evolution-
ary distances as measured by number of substitutions per
site between pairs of taxa). Large numbers of substitutions
at a region in the genome will result in difficulties assem-
bling this region as a single locus to which data from all
species can be aligned. Instead, we expect that data from
the most similar species (e.g. A–B in the pectinate trees)
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Fig. 3 SISRS produced substantial amounts of informative data for phylogenies of different shapes and evolutionary distances. The number of true
variable sites identified from simulated data is shown for each of the six simulation trees (symbols; Fig. 2) for increasing numbers of substitutions
between species (panels; increasing values of t), and increasing levels of coverage (x axis). Symbols are ◦ for balanced trees; � for balanced trees
with long deep branches;� for balanced trees with short deep branches;� for ladder trees; ∗ for ladder trees with long deep branches; • for ladder
trees with short deep branches. These sites were identified from 1 million base pair genomes; thus, larger genomes are expected to produce more
sites, particularly as long as a fraction of those genomes are reasonably conserved

will be assembled into a consensus contig; the distance
between these species for the longest equal-branch-length
pectinate tree is 0.12 substitutions per site. However, the
distance from C to any other species is at least 0.24 substi-
tutions per site (on average), and distances are longer for
the remaining species. Thus, the contigs are expected to
be assembled jointly from A/B, and independently from
data for each of the remaining species (if assembly is pos-
sible given low-coverage subsampling of reads). Conse-
quently, data from each species for a region of the genome
will either align to different contigs (assembled indepen-
dently from different species) or fail to align entirely. This
process results in difficulty identifying homologous data
using SISRS when branch lengths are long.
However, this result is less problematic for empirical

data. In real genomes, unlike our simulations, loci evolve
at different rates; thus, there will likely always be some
loci for which the branch length (in substitutions per site)
between taxa is very small. These sites will be identified
by SISRS.
As expected, deeper nodes were more difficult to

recover, likely because the synapomorphies between the

two cladesmay be overwritten by new substitutions.How-
ever, the sites that were identified are informative about
these relationships. Overall, the concordance of the data
with the simulation trees demonstrates that the SISRS
approach produces extensive phylogenetically informative
data for deep and shallow evolutionary time scales.

Empirical results
Using available NGS data we were able to recover the
phylogeny of apes quickly and accurately. Similarly, using
available NGS data we recovered a mammal phylogeny
reflecting previous conflicting estimates of the relation-
ships among mammals [12, 21, 23, 24]. These conflicting
estimates, particularly in regards to the basal relationships
and the position of the treeshrew, were all found using
“traditional” phylogenetic methods.

Advantages of a composite genome
Generating a composite genome has multiple advantages
over aligning data to a reference genome to identify poten-
tial phylogenetically informative sites. First, an assembled
reference genome similar to the taxa of interest is not
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Fig. 4 SISRS identified fewer informative sites for deeper nodes in the tree; however, some sites identified each split in all cases except for extremely
diverged species with low-coverage data. Results are separated by branch length (panels), coverage (x axis), and tree depth (symbols). Only results
for the equal-branch-length ladder tree are shown; results for the other ladder trees were similar (Additional file 1: Figure S1). The number of sites
supporting the node A+B are denoted as ◦; � denotes sites supporting A+B+C;� denotes A+B+C+D;� denotes A+B+C+D+E; ∗ denotes
A+B+C+D+E+F; • denotes A+B+C+D+E+F+G. Note that these symbols refer to different results that the previous figure. Fewer sites were recovered
for the tree with short deep branches, compared to the equal-branch-length tree, while more sites were recovered for the tree with long branches

always available. Second, assembling a reference genome
requires high coverage data from at least one species
and is time consuming; assembling the whole genome is
necessary because it is impossible to determine a priori
regions of the genome that may be phylogenetically infor-
mative. In contrast, SISRS does not require high levels of
coverage or a time consuming assembly. A composite ref-
erence genome containing phylogenetically-informative
homologous regions can be assembled in a few hours. Fur-
thermore, when taxa are highly diverged, data may align
poorly to a single reference genome. In contrast, a com-
posite genome contains data from all taxa, allowing better
alignment of all data across the phylogeny. Because each
species is subsampled for the assembly, unique regions
will be limited in the final assembly, while maintaining an
optimal assembly for conserved regions.Within each con-
served region, the composite genome contains sites with
the most common base, making it more likely that data
from all taxa will align to this region.

Time required
The time to run SISRS is highly variable, depending on
the number of processors available, the number of samples
sequenced, and the amount of data sequenced per sample.
Given large numbers of processors (e.g. a cluster of >30

nodes), SISRS makes phylogenetic analysis from shotgun
data possible within a few days. Even given the limita-
tions of a desktop computer, it is possible to producemany
phylogenies within a couple of weeks. Unlike other phylo-
genetic methods, SISRS entirely avoids the weeks required
for marker development or sample processing; prepara-
tion for sequencing and the sequencing time itself are
required for all phylogenomic approaches. Alternatively,
as with the analyses conducted here, all time required for
sequencing and preparation was avoided entirely by using
data made available from other research projects.

Data analysis
The approaches we have used to analyze our data are
not designed for large datasets of variable sites, although
our results suggest that with the exception of short deep
internodes the recovery of the phylogeny is quite good.
Ideal methods would accommodate differences among
gene trees to correctly estimate the species tree andmodel
the substitution process to accurately infer substitutions.
However, current methods to analyze genome-wide vari-
able sites are limited [25]. It is important to note that these
methods are in development; as we begin to use whole-
genome data it is obvious that subsets of data must be
used and the optimal data are likely not linked regions,
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Fig. 5 SISRS failed to identify some variable sites in simulated data due to low coverage at those sites or lack of coverage by the composite genome.
Top: Results for the balanced tree with equal-length branches. Bottom: Results for the ladder tree with equal-length branches. The results for the
remaining trees are nearly identical

but individual sites [11]. Furthermore, the availability of
tools designed for limited datasets should not prevent us
from developingmethods to identify more comprehensive
datasets.

Future directions
Future versions of SISRS will accommodate larger
genomes and output more variable sites more rapidly as
a result of improved assembly of the composite genome

and improved genotype calling. We will also evaluate the
application of SISRS output to deep-time phylogenetics
and estimation of branch lengths/divergence times among
taxa.

Conclusions
The approach introduced here has the potential to trans-
form phylogenetic research. SISRS eliminates the need for
expensive marker development in many studies by using
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Fig. 6 The phylogeny generated with RAxML 8.0 for apes based on an
alignment of variable sites produced by SISRS with no more than one
unknown genotype per site. The phylogeny is based on 1000
bootstrap datasets (bootstrap percentages are shown at nodes)

whole genome shotgun sequence data directly. As tech-
nology improves, whole-genome sequencing will soon be
affordable even for large-scale projects. By using shot-
gun sequence data, error in next-generation sequence data
and co-alignment of paralogous genes does not affect
subsequent analyses.
SISRS also promotes the reuse of data. Shotgun genomic

sequences available in public databases can be used
directly for phylogenetic analyses, as we have done in this
study. Sequencing performed with the goal of identify-
ing phylogenetic data using SISRS can be made available
for subsequent use in other studies, including phyloge-
netics at any taxonomic level, or any other study utilizing
genomic data. Reusing available next-generation sequenc-
ing reads can substantially reduce costs.

Methods
Composite reference genome
SISRS currently uses a de Bruijn-graph-based de novo
assembler, Velvet [26], to construct a composite reference
genome. Analysis of alternative algorithms is ongoing.
The composite genome is assembled from a subset of raw
NGS reads (i.e. FASTQ files) from multiple taxa. When
using a subset of the data, conserved regions are likely
to be assembled. Regions of the genome that are either
unique to a single taxon or highly variable among taxa
are less likely to be included in the composite genome. To

treeshrew

horse

pig

cow

toothed whale

baleen whale

pangolin

dog

cat

bat

megabat

shrew

star nosed mole

aardvark

tenrec

elephant shrew

manatee

elephant

sloth

armadillo

opossum

wallaby

rabbit

pika

rat

mouse

colugo

lemur

human

macaque

100

90

100

91
61

100

100

100

100

86 100

100

100

100

100 100

100

100

100

100

100

51

100
100

100

72

100

Fig. 7 The phylogeny generated with RAxML 8.0 for placental
mammals based on an alignment of variable sites produced by SISRS
with no more than ten unknown genotypes per site. The phylogeny
is a majority rule consensus based on 1000 bootstrap datasets

construct the subset, SISRS uses reservoir sampling [27]
from the data for each species. The size of the subsample
is determined based on a user-specified genome size such
that the subsample includes approximately 10x cover-
age of conserved regions across species. After assembling
these diverse data, the resulting contigs contain compos-
ite sequences of loci that are conserved across some or
all taxa. Using a subset of the raw data also significantly
reduces Velvet’s memory footprint.

Site calling for each position in the reference
To determine conserved regions and variation among
species within these regions, the full sequencing data is
mapped back to the composite reference genome using
Bowtie 2 [28]. SISRS uses a strict consensus to call the
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genotype of each species for each site in the composite ref-
erence. This is a conservative approach to eliminate any
sites that contain paralogous data (i.e. false positive vari-
able sites), thus significantly reducing non-phylogenetic
signal [29]. Both subsampling (described above) and geno-
type calling are sped up using GNU Parallel [30]. After
genotype calling, SISRS produces a dataset containing
sites that have information for most or all taxa (as spec-
ified by the user). To reduce the final dataset, SISRS can
produce a final alignment containing only sites that are
variable among taxa; this type of data is used in all analyses
described below.

Simulations to test methodology
To determine how well our approach identified phylo-
genetically informative sites, we simulated 252 datasets
of next-generation sequencing reads with different lev-
els of sequencing coverage on multiple phylogenies. We
used six eight-taxon phylogenies to simulate genomes.
Three of the trees were pectinate (ladder shaped); the
other three were balanced. For each tree shape (pecti-
nate or balanced), three trees were generated with (1)
equal internode branch lengths, (2) decreasing intern-
ode branch lengths from root to tip, and (3) increasing
internode branch lengths from root to tip (Fig. 2). Rela-
tive branch lengths for the long-deep-branch length and
short-deep-branch length trees were generated by scaling
the equal-branch-length tree to a height of 1, then raising
each node height to a power of one-half or two [31]. We
produced a total of 36 trees with increasing levels of diver-
gence among species by multiplying each branch length
by values from 0.01 to 0.06. We simulated genomes of
one million nucleotides on each of these trees using the
Jukes-Cantor model with Dawg 2.0 [32, 33]. Illumina-like
NGS data were simulated using the software ART (ver-
sion BananaPancakes-04-02-2013) with included MiSeq
error model [34]. Each simulation had either 1, 2, 4, 8,
10, 20, or 50x coverage; reads were 100 bp and paired-
end. For each data set we recorded the total number of
variable sites simulated, the total number of variable sites
output by SISRS, and the number of these sites that could
be mapped. We expected some variable sites not to be
recovered by SISRS due to insufficient data in the simu-
lations, lack of coverage by the composite genome, and
poor read mapping. To determine the value of the data
output by SISRS we also counted the number of sites
that were concordant with the true tree as a function of
depth.

Empirical data test
We further tested our approach using data from apes,
including human (Homo sapiens), chimpanzee (Pan
troglodytes), bonobo (P. paniscus), gorilla (Gorilla gorilla
and G. beringei), and orangutan (Pongo pygmaeus and P.

abelii). The crab-eating macaque (Macaca fascicularis)
and rhesus macaque (M. mulatta) were used to root the
tree. These primates were chosen to test the efficiency and
effectiveness of this method on empirical data due to their
well-established phylogeny [35].
Raw Illumina paired-end sequence data were obtained

from the European Nucleotide Archive and the 1000
Genomes Project [36] (Additional file 3: Table S1). We
combined data from two individuals for each species. To
reduce the size of the dataset being analyzed, we aligned
the data to the human genome (build 37) using Bowtie
2 as in SISRS. We extracted only the data that aligned
to human chromosome 21. These reads were then placed
in FASTQ files as new paired-end datasets, as would
be generated directly from a sequencing run. Potentially
informative sites were obtained using SISRS. The genome
size specified for the composite genome subsampling pro-
cedure was 48 million, approximately the size of human
chromosome 21.
Due to the size of the dataset, we treated the data output

by SISRS as a single concatenated locus [11] and analyzed
the data in a maximum likelihood (ML) framework with
1000 bootstraps implemented in RAxML-HPC2 8.0.3
[37]. The GTRGAMMA model was used; the omission of
invariable sites was accommodated with the ASC param-
eter, which results in calculating likelihoods assuming all
sites are variable [38].

Estimating themammal phylogeny
We further demonstrate the value of the SISRS approach
using 30 placental mammal taxa. Transcriptome and
genome data were obtained as above (Additional file 3:
Table S1). For most taxa we combined data from
two or three individuals to increase genome cover-
age. Potentially informative sites were obtained using
SISRS; however, the composite genomewas derived exclu-
sively from transcriptome data to reduce assembly time
and memory requirements. The genome size specified
for the composite genome subsampling procedure was
100 million. The dataset output by SISRS for mam-
mals was analyzed using the same method as the ape
dataset.
No ethical approval was required for any aspect of the

study.

Additional files

Additional file 1: Figure S1. SISRS identified fewer informative sites for
deeper nodes in the tree; however, in most cases the number of sites was
sufficient to resolve the tree. Results are separated by branch length
(panels), coverage (x axis), and tree depth (symbols). (a) Ladder trees. Top:
results for the equal-branch-length tree. Middle: results for the tree with
short deep branches. Bottom: results for the tree with long deep branches.
The number of sites supporting the node A+B are denoted as ◦; � denotes

http://www.biomedcentral.com/content/supplementary/s12859-015-0632-y-s1.pdf
http://www.biomedcentral.com/content/supplementary/s12859-015-0632-y-s1.pdf
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sites supporting A+B+C;� denotes A+B+C+D;� denotes A+B+C+D+E; ∗
denotes A+B+C+D+E+F; • denotes A+B+C+D+E+F+G. (b) Balanced trees.
Data are given in the same order. The number of sites supporting the node
A+B, C+D, E+F, or G+H are denoted as ◦; � denotes sites supporting
A+B+C+D or E+F+G+H.

Additional file 2: Figure S2. Phylogenies estimated for placental
mammals using data from SISRS with RAxML 8.0. The datasets were
missing information for up to 5, 6, 7, 8, 9, 11, 12, 13, 14, and 15 species at
each site respectively.

Additional file 3: Table S1. Accession numbers for data downloaded
from the European Nucleotide Archive. Human data are from the 1000
genomes project [36]. Taxa for which transcriptome data was used are
italicized.
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