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Abstract

Zebrafish (Danio rerio) is an important model for vertebrate development, genomics, physiology, behavior, toxicology,
and disease. Additionally, work on numerous Danio species is elucidating evolutionary mechanisms for morphological
development. Yet, the relationships of zebrafish and its closest relatives remain unclear possibly due to incomplete
lineage sorting, speciation with gene flow, and interspecies hybridization. To clarify these relationships, we first con-
structed phylogenomic data sets from 30,801 restriction-associated DNA (RAD)-tag loci (483,026 variable positions) with
clear orthology to a single location in the sequenced zebrafish genome. We then inferred a well-supported species tree for
Danio and tested for gene flow during the diversification of the genus. An approach independent of the sequenced
zebrafish genome verified all inferred relationships. Although identification of the sister taxon to zebrafish has been
contentious, multiple RAD-tag data sets and several analytical methods provided strong evidence for Danio aesculapii as
the most closely related extant zebrafish relative studied to date. Data also displayed patterns consistent with gene flow
during speciation and postspeciation introgression in the lineage leading to zebrafish. The incorporation of biogeographic
data with phylogenomic analyses put these relationships in a phylogeographic context and supplied additional support
for D. aesculapii as the sister species to D. rerio. The clear resolution of this study establishes a framework for investigating
the evolutionary biology of Danio and the heterogeneity of genome evolution in the recent history of a model organism
within an emerging model genus for genetics, development, and evolution.
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Introduction

The zebrafish, Danio rerio (Hamilton 1822), is an important
model for understanding vertebrate developmental
mechanisms (Kinkel and Prince 2009), genome evolution
(Postlethwait et al. 2004), physiology (Lohr and
Hammerschmidt 2011), behavior (Norton and Bally-Cuif
2010), toxicology (Peterson and MacRae 2012), and disease
(Lieschke and Currie 2007; Santoriello and Zon 2012).
Furthermore, along with mouse and human, zebrafish has
the best genome assembly and gene annotation among ver-
tebrates (Howe et al. 2013).

In addition to zebrafish, the genus Danio (sensu Fang 2003)
contains several other species (hereafter referred to as danios)
that differ from zebrafish in size, pigment patterns, skeletal
morphologies, growth control, and behaviors (Fang 2003;
Rosenthal and Ryan 2005; Froelich, Fowler, et al. 2013).
Phenotypic differences in species closely related to zebrafish
expedite the investigation of the molecular biology of evolu-
tion through comparative studies among related species cou-
pled with functional tests in zebrafish. Several developmental
studies using various danios showed that seemingly homolo-
gous features can develop by different cellular, molecular, and
genetic mechanisms: For example, striped pigment patterns
derive from different primary cell populations in different
species (Quigley et al. 2004); certain molecular pathways are

crucial for pattern formation in some species but not others
(Quigley et al. 2005; McMenamin et al. 2014); and mutations
in the same gene can reduce stripe formation in one species
but increase stripe formation in another species (Mills et al.
2007). Other recent work studied the development of kera-
tinized breeding tubercles (a synapomorphy of Danio) and
used gain-of-function and loss-of-function mutants in zebra-
fish to recapitulate the range of morphological variation seen
in these structures in other danios (Rodriguez 2013). Another
study used functional tests in zebrafish embryos to determine
when regulatory modules arose in the lineage leading to zeb-
rafish (Camp et al. 2012).

A feature of genus Danio that facilitates evolutionary anal-
ysis is that zebrafish can form hybrids with its congeners and
even more distantly related relatives (Parichy and Johnson
2001; Wong et al. 2011). Particularly informative studies iden-
tified genes involved in the evolution of species-specific pig-
ment patterns by the strategy of mating zebrafish
pigmentation pattern mutants to other danios to test for
complementation of phenotypes (Parichy and Johnson
20071). Similar strategies using more distantly related species
elucidated the mechanisms that led to the evolution of dif-
ferent patterns of muscle growth (Froelich, Fowler, et al. 2013;
Froelich, Galt, et al. 2013). A clear understanding of the his-
torical relationships among species used in such experiments
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Fic. 1. Recent Danio phylogenies disagree on the sister group to zebrafish and other relationships. (A) Topology from Mayden et al. (2007) recovered by
parsimony and ML from two nuclear and four mitochondrial genes that involved 6,921 positions. (B) Topology from Fang et al. (2009) recovered by ML
from Rhodopsin and Cytb sequences that involved 1,542 positions. (C) Topology from Tang et al. (2010) recovered by parsimony based on two nuclear
and two mitochondrial genes that involved 4,117 positions. (D) Topology from Tang et al. (2010) recovered by ML based on the same data as in (C). To
simplify comparisons across studies, all topologies are presented as phylograms and show support only for the sister group to Danio rerio. In each
phylogeny, tips labeled as D. albolineatus and D. choprae species groups include two or more taxa included in these groups.

is necessary to interpret the results in an evolutionary context
(Meyer, et al. 1993; Conway, et al. 2008). Only with a well-
supported phylogeny can we confidently infer ancestral
states, distinguish synapomorphic traits from homoplasic
traits, and determine the order of events in evolution.
Recent phylogenetic studies involving Danio addressed the
placement of the genus in relation to other groups within the
incredibly diverse order Cypriniformes (Mayden et al. 2007;
Fang et al. 2009; Tang et al. 2010). These studies used numer-
ous taxa to accommodate the diversity of species within
Cypriniformes, but used sequences from relatively few loci.
As such, these data sets were well suited to resolving relation-
ships at the genus level and above, but relationships below
the genus level, particularly between closely related species,
were often unresolved. These studies agree on the placement
of several groups of species within Danio (fig. 1), although not
all species within those groups are represented in every study.
First, the large danios—D. feegradei (yoma danio) and
D. dangila (moustached danio), which is the type species of
the genus—are consistently recovered basal to all other
danios. Second, three species—D. choprae (glowlight danio),
D. erythromicron (emerald dwarf danio), and D. margaritatus
(celestial pearl danio)—are recovered as a monophyletic clade
hereafter referred to as the D. choprae species group. Third,
four taxa—D. albolineatus (pearl danio), D. roseus (rose
danio), D. kerri (Kerr's danio), and D. sp “hikari”"—form a
clade hereafter referred to as the D. albolineatus species
subgroup. Fourth, a clade within Danio that excludes the
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large, basal danios and the D. choprae species group has
high support in all three studies; we refer to this clade as
the “D. rerio species group” because it includes D. rerio and
all species recovered as members of its sister group in one or
more of these three studies—D. aesculapii (panther danio),
D. kyathit (orange-finned danio), D. nigrofasciatus (dwarf
danio), and the D. albolineatus species subgroup. The
D. rerio species group likely includes three other recently de-
scribed species—D. jaintianensis (Sen 2007), D. quagga
(Kullander et al. 2009), and D. tinwini (Kullander and Fang
2009b)—that were not included in previous molecular phy-
logenetic studies.

Despite the emergence of the Danio genus as a model
system for understanding the molecular genetics of functional
evolution, relationships within the D. rerio species group
remain contested, particularly the identity of the sister
group to D. rerio (fig. 1). The aforementioned recent phylo-
genetic studies of Danio and related taxa (Mayden et al. 2007;
Fang et al. 2009; Tang et al. 2010) inferred four different spe-
cies or clades to be the sister group to zebrafish, with each
relationship having only limited support. As previous phylo-
genetic studies were unable to clearly resolve the relationships
of species closely related to zebrafish, we performed a phylo-
genomic study of genus Danio focused on the D. rerio species
group. Phylogenomic data sets, which consist of sequences
from hundreds or thousands of loci from throughout the
genome, can offer several advantages over phylogenetic
data sets, which use sequences from only a handful of loci.



Phylogeny of Zebrafish - doi:10.1093/molbev/msu325

MBE

Phylogenomic approaches are particularly important in
clades with short internal branches (Pollard et al. 2006),
clades with a history of hybridization (Cui et al. 2013), and
clades with introgressed genomic regions (Martin et al. 2013)
because under these conditions different regions of the
genome have different histories.

The low cost of short-read sequencing makes representa-
tional sequencing that samples a large subset of the genome
an attractive option for obtaining a genome-wide analysis of
informative characters for phylogenomics. A particularly
promising method is RAD-seq (restriction-associated DNA
sequencing), in which short DNA sequences adjacent to
restriction enzyme cutting sites (i.e, RAD-tags) provide phy-
logenetic signal through polymorphisms within the DNA tag
(Baird et al. 2008). The nature of RAD-seq, however, presents
two main challenges for phylogenomics. First, RAD-tag loci
are shorter than some sequences used for phylogenomic
inferences, such as contigs generated from transcriptome
data (Cui et al. 2013) and ultraconserved elements
(Faircloth et al. 2013). The relatively short length of individual
RAD-tag loci makes it a challenge to correctly identify
orthologous sequences and to distinguish among alleles,
orthologs, and paralogs, especially ohnologs (Wolfe 2001).
Moreover, because they are not restricted to coding genes
(as with transcriptome-based methods) or predefined loci (as
with ultraconserved elements), RAD-tags include sequences
from all regions of the genome with the appropriate
restriction enzyme cut site including repetitive elements,
transposons, and low-complexity regions. To address this
challenge, previous phylogenomic studies using RAD-seq
employed clustering methods (Emerson et al. 2010;
Hohenlohe et al. 2011; Eaton and Ree 2013; Jones et al.
2013; Hipp et al. 2014), BLASTx searches (Wang et al. 2013),
or alignments to expressed sequence tag-based transcriptome
sequences (Andrew et al. 2013) to infer orthology.
Here, we introduce the use of a reference genome and anno-
tations of repetitive elements to define orthology across
species.

The second hurdle to using RAD-seq for phylogenomics is
that the restriction enzyme cut site must be conserved across
taxa to sequence the adjacent genomic DNA and obtain
orthologous sequences. The turnover of restriction enzyme
recognition sites through evolutionary time results in large
amounts of “missing” data as the distance between taxa in-
creases. The long, 8-bp recognition sequences we generally
employ exacerbate this problem because, although they have
the advantage that they cut only about 25,000 times per
genome, they suffer the disadvantage of incurring mutations
faster than enzymes with 4- or 6-bp recognition sequences.
These issues have been addressed at length for population
genomic studies within species (Baird et al. 2008; Emerson
et al. 2010; Amores et al. 2011; Catchen et al. 2011; Hohenlohe
et al. 2011), but theoretical and modeling work in addition to
that performed on sequenced genomes (Rubin et al. 2012;
Cariou et al. 2013) would improve the utility of RAD-seq data
across taxa separated by longer timescales.

In recent years, RAD-seq has emerged as a common tool
for population genomic studies within species, but

exploration of its utility for phylogenomics is only beginning.
RAD-seq has been used for phylogenomics in instances of
recent radiations: Mosquitos diverged less than 22,000 years
(Emerson et al. 2010), cichlids diverged less than 15,000 years
(Keller et al. 2013; Wagner et al. 2013), pupfishes diverged less
than 10,000 years (Martin and Feinstein 2014), and a clade of
flowering plants (Eaton and Ree 2013). The utility of RAD-seq
for answering phylogenetic questions on longer timescales
was verified in silico for Drosophila (crown age 60 My)
(Rubin et al. 2012; Cariou et al. 2013), but empirical studies
outside of recent radiations are rare. A RAD-seq phyloge-
nomic approach investigating relationships among
Xiphophorus fishes (crown age 2.44 My) (Jones et al. 2013)
recovered a topology nearly identical to the topology ob-
tained in an independent phylogenomic study based on tran-
scriptomic data (Cui et al. 2013). Other groups (Cruaud et al.
2014) used RAD-seq to infer relationships of ground beetles
with a crown age of 17 My and American oaks with a crown
age of 23-33 My (Hipp et al. 2014). Several aforementioned
studies (Eaton and Ree 2013; Jones et al. 2013; Keller et al.
2013; Hipp et al. 2014) as well as a recent study in sunflowers
(Andrew et al. 2013) also used RAD-seq to test for hybridiza-
tion and gene flow in the diversification of their respective
study species.

Here, we used RAD-tag sequences flanking cut sites for the
restriction enzyme Sbfl to resolve relationships in the genus
Danio. We investigated 12 danios and 7 outgroup taxa and
analyzed data either by aligning reads to the D. rerio reference
genome or by clustering RAD-tags into de novo loci based on
sequence similarity independent of the reference genome.
Using concatenated data sets, which were orders of magni-
tude larger than previous data sets and originated from thou-
sands of loci across the genome, both approaches recovered
the same topology with D. aesculapii as the sister taxon to
D. rerio using both maximum likelihood (ML) and Bayesian
inference. The topology inferred using maximum parsimony
(MP) differed only in the placement of the two basal
danios. A third analysis using a multilocus approach and
Patterson’s D-statistic revealed complicated historical rela-
tionships consistent with rapid speciation and introgression
during the diversification of genus Danio, particularly in the
lineage leading to zebrafish. We found that the biogeograph-
ical distribution of danio species compared with recovered
historical relationships among D. rerio and its closest conge-
ners is consistent with species distributions across geograph-
ically distinct hydrological basins. Our findings suggest that
previous phylogenetic studies obtained limited support for
the relationships of zebrafish and its closest relatives due to a
lack of phylogenetic signal on the internal branches near the
base of the D. rerio species group. Furthermore, our findings
provide evidence that the discordance among previous stud-
ies could be due to different gene trees underlying the limited
number of loci investigated in each study. The new, more
detailed understanding of the history of Danio given by this
RAD-seq study provides a better framework for understand-
ing the molecular biology and evolution of a preeminent
vertebrate “model species” and an emerging “model genus.”

637


EST
eight 
ase 
air
four 
six 
ase 
air
,
m
<
<
<
million years
million years
million years
-
million years
twelve 
seven 
anio 
anio 
to 

McCluskey and Postlethwait - doi:10.1093/molbev/msu325

MBE

Results

The Number of Total RAD-Tags Varies Widely across
Species due to Expansion of Repeats and Gene
Families

Using the restriction enzyme Sbfl, we digested genomic DNA
and prepared RAD-tag libraries from 41 individuals represent-
ing 12 species within Danio and 7 outgroup species (Baird
et al. 2008). Sequencing the libraries provided 1.0-3.8 million
quality-filtered reads per sample (supplementary table S1,
Supplementary Material online). This sequencing depth is
equivalent to 38 x to 152 x average coverage of the 58,720
RAD-tags we identified on the 25 chromosomes of the zebra-
fish reference genome (Zv9 version 72). We then used Stacks
(Catchen et al. 2011) to create RAD-tag loci from highly sim-
ilar sequences with sufficient sequencing depth. The total
number of RAD-tags per individual ranged from 26,132 to
58,750 (fig. 2A). This variation was significantly associated
with species (F[18,22] =17.81, P < 0.001) and independent
of sequencing depth (t[39] = 3.70, P = 0.062, R* = 0.087), sug-
gesting that the observed variation is not due to underse-
quencing, but rather to a fluctuation in the total number of
RAD-tags across species.

Unlike previous phylogenomic RAD-seq studies, we could
use the high-quality reference genome and annotated repeat
information for one of our species to provide protection
against incorrect orthology assumptions. Using these re-
sources, we performed stringent quality filtering. We removed
RAD-tags if they matched annotated repeats, failed to align to
the zebrafish genome with high support, or aligned to more
than one location with equal support. Using these filters, we
limited the RAD-tags in our phylogenomic data sets to those
that aligned with high support to a single, nonrepetitive lo-
cation in the zebrafish genome. We therefore refer to these
sets of orthologous RAD-tags mapped to the same genomic
location as “RAD-tag loci,” or simply “loci” to distinguish them
from RAD-tags excluded from our data sets due to unclear
orthology. To evaluate how well these filtering steps worked,
we also applied them in silico to the 58,720 RAD-tags flanking
Sbfl cut sites on the 25 chromosomes in the zebrafish refer-
ence genome (Zv9). We include these in silico results for
comparison to the actual results obtained for our seven zeb-
rafish samples.

The percentage of total RAD-tags removed from further
analyses because of similarity to zebrafish repetitive elements
varied greatly across species (fig. 2A, light gray bars) from 9.0%
in Danionella translucida to 55.9% in D. tinwini. Compared
with species more distantly related to zebrafish, members of
the D. rerio species group had on average more than twice as
many RAD-tags with high similarity to annotated repetitive
elements. DNA transposons, which make up 39% of the entire
zebrafish genome (Howe et al. 2013), comprised 26.2% of the
RAD-tags generated in silico from the zebrafish genome and
26.9% of the RAD-tags from the seven sequenced zebrafish
specimens, the highest of any species in the study. DNA trans-
posons made up 14.2-26.0% of the RAD-tags for the other
species in the D. rerio species group, 5.6-8.8% in danios
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outside of the D. rerio species group, and 2.2-6.8% in out-
groups. This trend suggests that the 39% of the zebrafish
genome made up of DNA transposons is the result of a
recent expansion of DNA transposons in the lineage leading
to zebrafish. Satellite repeats, which constitute 0.9% of the
total zebrafish reference genome (Howe et al. 2013), made up
6.3% of our in silico RAD-tag data set based on the reference
sequence and 7.2% of the RAD-tags from our zebrafish sam-
ples. Other species in the D. rerio species group had similar
levels of satellite repeats (4.1-13.8%) with the exception of
D. tinwini, in which satellite repeats accounted for a staggering
32.4% of RAD-tags, suggesting a significant recent expansion
of these elements in D. tinwini. Satellite repeats were less
frequent in the more basally diverging danios (0.3-2.7% of
RAD-tags) and in outgroups (0.3-0.9% of RAD-tags). This
difference in DNA transposon and satellite content explains
much of the variation in the number of total RAD-tags across
species and suggests that the high repeat content of the
zebrafish genome (52.2%, the highest reported repeat content
of any sequenced vertebrate) (Howe et al. 2013) is a relatively
recent occurrence. For comparison, the closest relative to
zebrafish with a sequenced genome is currently the
common carp, Cyprinus carpio, the genome of which is esti-
mated to contain just 11.7-28.0% repeats (Henkel et al. 2012).
We note, however, that the nature of the present RAD-seq
experiment limits the repeat families that we can assay to
those with Sbfl sites. Further investigations into the historical
origin of repeats in the zebrafish genome will require other
forms of data, such as whole-genome sequences from related
species.

After removing RAD-tags related to repetitive elements,
we found that 0.8% of the total RAD-tags from the D. rerio
samples mapped to genomic scaffolds not incorporated into
the 25 chromosomes and 1.6% of RAD-tags failed to align
anywhere in the zebrafish reference genome (fig. 2A, dark
gray). Some of these unmappable RAD-tags may represent
sequencing artifacts, but many unmapped RAD-tags ap-
peared independently in several different zebrafish samples
suggesting that they belong to elements absent from the
TU-strain-based zebrafish reference genome. RAD-tags from
species other than zebrafish that failed to map to the D. rerio
genome (15.8-29.1% per danio sample, 49.4-76.8% in the
outgroups) likely represent sequences from three sources:
Regions orthologous to unassembled zebrafish genomic scaf-
folds, loci orthologous to locations on the 25 zebrafish chro-
mosomes but diverged beyond recognition, and sequences
with no orthologous locus in the zebrafish genome.

Across species, a small proportion of RAD-tags mapped to
multiple locations on chromosomes in the zebrafish reference
genome with equal support (fig. 2A, medium gray). Among
RAD-tags with multiple mapping locations were 884
RAD-tags (1.7% of the total) generated in silico from chro-
mosomes in the zebrafish reference genome. As we knew the
genomic locations of these markers, we could identify the
genetic elements from which they came. The long (right)
arm of chromosome 4 (chr-4R), which has been noted for
its elevated GC-content and highly duplicated gene families
(Howe et al. 2013), contained 232 multiple-mapping
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RAD-tags with an average of 11.1 mapping locations in chr-4R
alone. Many multiply mapped RAD-tags occurred within
members of duplicated gene families in this region including
a subfamily of NOD-like receptors, which have been reported
as unique to teleosts (Laing et al. 2008). Other genomic ele-
ments that generated RAD-tags with multiple best mapping
positions included centromeres, IncRNAs, and some tan-
demly duplicated genes (e.g, ints12 at Chr-1: 25414014—
25419172 and 1: 25321186-25326343). In other sampled
taxa, many of the 0.6-4.7% of RAD-tags that mapped to
multiple locations appeared to come from similar elements,
but may also represent sequences from other paralogous
gene families, unannotated repeats, or constrained regions
of ohnologs tracing back to genome duplications at the
base of the teleost or the vertebrate radiations.

Across all 41 samples, 648,326 RAD-tags aligned to a single
location on one of the 25 chromosomes in the zebrafish ref-
erence genome. These mapping locations corresponded to
89,593 loci with an RAD-tag alignment from at least one
sample (table 1) with 30,801 loci having RAD-tags from
four or more samples. Most loci that occurred in fewer
than four samples were species-specific and therefore of
little use for phylogenetic inference. We expected to recover
26,476 RAD-tag loci in our zebrafish samples based on our in
silico analysis of the zebrafish reference genome. The mean
number of loci identified across our D. rerio samples (23,770
loci) was lower than this genomic estimate, but substantially
higher than the average of all species in the D. rerio species
group (18339 loci), the average across all danio species
(17,734 loci), and the average for outgroup taxa (7,148 loci).
This decrease in the number of RAD-tag loci with increasing
phylogenetic distance from the reference genome mirrors the
increase in unmappable RAD-tags mentioned previously.
Interestingly, in contrast to the high variability in repetitive
RAD-tags across species, the total number of nonrepetitive
RAD-tags (mapped RAD-tag loci and unmappable RAD-tags)
was relatively constant across the phylogenetic distance in-
vestigated in this study with the mean across Danio (25,301
RAD-tags) being only slightly higher than the mean across
outgroup species (24,953 RAD-tags).

Based on alignment locations, we inferred RAD-tags from
different samples to represent orthologous loci if they
mapped to the same unique location in the zebrafish
genome. We constructed three data sets based on the
degree of conservation across species (table 1 and fig. 2B).
Compared with the data sets used by previous phylogenetic
studies (fig. 2C), the resulting phylogenomic data sets were

orders of magnitude larger in terms of total alignment
positions and had similar or greater taxon sampling within
Danio. The “minimum taxa” data set (Min. Taxa) contains all
30,801 loci with RAD-tags from four or more samples includ-
ing 5,370 loci with RAD-tags exclusive to zebrafish samples.
The “D. rerio species group” data set (Dre Group) consists of
the 3,406 loci present in all 20 individuals sampled from seven
species in the D. rerio species group. The “all danios” data set
(All Danios) is restricted to the 1,720 loci that are conserved in
all 28 sequenced samples of 12 species in genus Danio.

Most RAD-based phylogenomic studies have not had the
luxury of a sequenced genome for any of the investigated taxa
and have therefore inferred orthology based solely on
sequence similarity. To complement our genome-assisted
analyses and to better compare analyses across studies,
we therefore also employed a genome-independent approach
to infer RAD-tag orthology based only on sequence similarity.
We generated the resulting data set (“pyRAD Data set” in
table 1) using the pyRAD package (Eaton and Ree 2013),
which was designed explicitly for phylogenomic analysis
of RAD-seq data. This data set contained 60,216 loci
with RAD-tags from four or more samples. By comparing
results from our genome-assisted approach and a genome-
independent approach, we were able to infer the benefit or
detriment of using available genomic resources.

Genomic Distribution of RAD-Tag Loci

Having identified orthologous loci, we used the annotation of
the D. rerio reference genome to determine the distribution
and degree of conservation of RAD-tag loci in our data sets. In
all three genome-assisted data sets, the left arm of chr-4 had
the greatest density of RAD-tag loci per megabase in the
genome, whereas the highly repetitive, heterochromatic
right arm of chr-4 (chr-4R), the putative sex chromosome
of D. rerio (Anderson et al. 2012), had the fewest loci per
megabase (fig. 2D). As mentioned previously, chr-4R contains
a number of highly duplicated gene families, which limits our
ability to make well-supported orthology inferences for RAD-
tags within those loci. Thus, the paucity of chr-4R loci in-
cluded in our data sets is partly due to excluding loci mapping
to these gene families and does not reflect perfectly the dis-
tribution of RAD-seq loci across the zebrafish genome. In
addition to chr-4R, other regions of the genome, particularly
regions surrounding the centromeres of several chromo-
somes, also have fewer loci than the genome-wide average.
To find the proportion of Sbfl-based RAD-tags occurring in
exons, introns, untranslated regions (UTRs), and intergenic

Fic. 2. Continued

[A]). Each narrow column of blocks represents a RAD-tag locus (1,318 in Min. Taxa, 133 in Dre Group, and 66 in All Danios). Note that the Min. Taxa
data set is broken into four segments. Taxa within Danio are surrounded by a black rectangle. Loci at splice acceptors are denoted by red blocks over the
loci. The horizontal scale and the color code for each block denoting the genomic feature of the locus (B4) apply to (B) and (C). The darkness of each
block denotes whether that locus was sequenced in all samples (dark), some samples (midtone), or no samples (white) for each taxon. (C) Data sets
used for phylogenetic inference in previous studies. The data sets of (C1) Mayden et al. (2007), (C2) Fang et al. (2009), and (C3) Tang et al. (2010) are
shown with taxa restricted to the genera included in this study. (D) Density of RAD-tag loci from the Min. Taxa, Dre Group, and All Danios data sets
mapped across the Zebrafish Genome. Alternating light and dark vertical bars represent chromosomes with centromeres denoted as black dots below
each column. Colored lines represent the average number of loci in a 10-Mb sliding window for Min. Taxa data set (green), Dre Group data set (blue),
and All Danios data set (fuschia). See text for explanation of the anomalously low number of tags on the right arm of chr-4.
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Table 1. Data Set Characteristics.

Data Set Loci

Repeat Filtering Total Positions Parsimony Positions % Loci

Species per Locus

Exons Introns UTRs Intergenic

All mapped loci 89,593 RepBase 7,884,184
Min. Taxa 30,801 RepBase 2,710,488
Dre Group 3,406 RepBase 299,728
All Danios 1,720 RepBase 151,360
pyRAD 60,216 None 5,296,122

258,690

401,097 2541 3997 3.83 30.79 2.96
401,097 2656 4042 3.86 29.17 6.31
62,805 39.12 3153 484 24.52 13.77
27,799 3838 3089 3.99 26.73 15.25
NA NA NA NA 3.47

Note—NA, not available.

regions, we compared the sequences of RAD-seq loci with
sequences of genes annotated in Ensembl Zv9 (table 1).
Results showed that RAD-tags in our data sets were more
than 4-fold enriched within and around coding sequences.
Annotated transcripts from Zv9 (Ensembl version 75) con-
tained 278 RAD-tag alignments per megabase compared with
the average of 66 RAD-tag alignments per megabase in nonre-
petitive regions of the genome. Because Sbfl recognizes a GC-
rich octamer (CCTGCAGG; fig. 3A), the enrichment of loci
around coding sequences is likely due in part to the high GC
content of zebrafish transcripts (47.6% GC) relative to the
AT-rich genome-wide average (38.6% GC). This enrichment
for GC content continued outside of the Sbfl sites in the
RAD-tags themselves with observed GC content ranging
from 47.6% to 49.3% across taxa. Conserved regions within
coding sequences also affect the enrichment of Sbfl sites
around coding sequence. For instance, Sbfl sites are enriched
in the NOD-like receptor gene family, which includes 135
annotated paralogs on chr-4R and 190 annotated paralogs
elsewhere in the genome. In particular, genes in subfamily C of
the NOD-like receptors have repetitive exons with a highly
conserved leucine-rich region that often contains an Sbfl site
(e.g, see fig. 3B).

We noticed that a striking number of RAD-tag loci were
located at splice acceptor sites. In silico analysis of the zebra-
fish reference genome showed that Sbfl sites are enriched
about 1,600-fold at splice acceptor sites (738 observed vs.
<0.5 expected assuming genome-wide nucleotide levels).
We surmise that this is due to the similarity of the Sbfl
recognition site to the zebrafish splice acceptor motif
(fig. 3C). Because each Sbfl cut site has two associated
RAD-tags, a cut site at a splice junction has one RAD-tag
extending into the exon and its directly adjacent sister
RAD-tag extending in the opposite direction into the
intron. Realizing this situation allowed us to ask how well
our approach recovered RAD-tag loci in exons compared
with introns. Of the nearly 90,000 loci across all samples
that had orthology to the zebrafish genome, 1,404 loci
began at splice acceptors. Most of these loci (66.4% of 1,404
loci) occurred as pairs with both the exonic and intronic loci
recovered in our data set. When our data set contained only
the exonic or only the intronic locus, the exonic RAD-tag was
obtained more often (25.9% of loci) than the intronic
RAD-tag (7.7% of loci). We presume that this asymmetry
arises because the higher rate of sequence conservation in
exons than introns provided more frequent alignment of the
exon partner of the RAD-tag pair to the zebrafish reference

A Sbfl recognition site

CCTGCA

B NOD-like receptor gene

=
CCTGCA

C Intron/exon Junctlon

TIIXCAGS

Fic. 3. Enrichment of Sbfl sites in the zebrafish genome. (A) The Sbf
restriction cut site. (B) Sbfl sites often occur in NOD-like receptor genes
(subfamily C) due to the consensus sequence of Leucine-rich repeat
(LRR) domains. (C) Sbfl sites are enriched at splice acceptors due to the
zebrafish consensus splice acceptor sequence. Base heights represent
frequency of each base at each position.

genome. In support of this hypothesis, the number of RAD-
tags at splice acceptors with a confidently mapped intronic
locus but no exonic locus generally occurred for duplicated
genes. For example, of the 16 paralogs of ms4a17a in a 500-kb
section of chr-4, only ms4a17a.11 had a confidently mapped
intronic RAD-tag at a splice acceptor. Recovery of the intronic
rather than the exonic RAD-tag likely occurred due to our
exclusion of exonic reads that mapped to multiple paralogs,
whereas the corresponding intronic reads retained sufficient
paralog-specific sequence to align to a unique spot in the
reference genome.

ML Phylogenetic Inference Based on Concatenated
Data Sets

Having identified orthologous loci, we constructed ML
trees from all three genome-assisted data sets and the
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genome-independent pyRAD data set. All four data sets
supported the same topology with most nodes having full
bootstrap support (fig. 4). For nodes with less support, data
sets containing more RAD-tags (Min. Taxa and pyRAD) had
higher support than did data sets with fewer sites. All
currently recognized species and genera were recovered as
monophyletic clades across data sets and bootstraps. All four
data sets support the same relationships for the outgroup
species used in this study, demonstrating the potential for
using RAD-seq on longer timescales. Consistent with previous
studies, analysis placed the Danio species with the largest
body size, D. dangila and D. feegradei, basally within the
genus across all ML analyses. These two species formed a
clade to the exclusion of all other danios in all bootstrap
replicates of the Min. Taxa and pyRAD data sets as well as
in the majority of bootstrap replicates of the other two data
sets. The D. choprae species group was recovered basal to the
D. rerio species group with full support across all data sets.
Within the D. rerio species group, the D. albolineatus species
subgroup had full support and was the most basally diverging.
Because all data sets fully supported the monophyly of the
remaining species in the D. rerio species group to the exclu-
sion of the D. albolineatus species group, we conclude that the
D. albolineatus species group is unlikely to constitute the sister
group to D. rerio in contrast to previous findings (Fang et al.
2009). RAD-tag analysis recovered the formerly unplaced
D. tinwini as a close relative of D. nigrofasciatus, suggesting
that reduced adult body size is a synapomorphy of these two
species and evolved independently of reduced body size in
D. margaritatus and D. erythromicron within the D. choprae
species group.

All four data sets recovered D. agesculapii as the sister
species of D. rerio. This finding was surprising because, to
our knowledge, this relationship had not been recovered in
previous phylogenetic studies that included these species
(Mayden et al. 2007; Fang et al. 2009; Tang et al. 2010).
Moreover, the adult pigmentation pattern of the two species
is markedly different (see fig. 4).

Within D. rerio, we sequenced two lab strains (AB and
Tlbingen) and two wild strains (Nadia and WIK). Other
groups have investigated the relatedness and population
structure of zebrafish strains (Guryev et al. 2006; Whiteley
et al. 2011), but the strains used in each study overlapped
relatively little across studies. The relationships we recovered
do, however, confirm the previous finding that AB and
Tubingen are more closely related to each other than either
is to WIK (Guryev et al. 2006).

The remaining member of the D. rerio species group used
in this study, D. kyathit, was originally described as having
morphs with different pigment patterns—spotted or contin-
uous stripes—with the holotype being conspicuously spotted
(Fang 1998). This study included a pair of spotted D. kyathit
individuals and a pair of striped individuals. We refer to the
striped D. kyathit specimens as D. aff. kyathit to denote the
difference in pigmentation pattern relative to the holotype
while recognizing that the type series of the species included
one striped individual. Branch lengths separating striped
D. aff. kyathit from spotted D. kyathit were greater than
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branch lengths separating any other conspecific samples,
including the four D. rerio strains, but they are shorter than
branch lengths separating any other two species in this study.
The intermediate branch lengths separating D. kyathit
morphs offer no solid answer as to whether spotted and
striped D. kyathit pigment morphs are different species. The
relatedness and species status of the spotted and striped
D. kyathit morphs and taxa from other studies—D. aff. kyathit
(Quigley et al. 2004), D. kyathit “spotted” (Tang et al. 2010),
and Danio sp. “Ozelot” (Fang et al. 2009; Tang et al. 2010)—
remain unclear and warrant further investigation by the
examination of morphologies, vigor, and fertility of hybrids.

An additional issue that makes D. kyathit problematic is its
variable phylogenetic location within the D. rerio species
group in two of our four data sets. Analyses of the Min.
Taxa and the pyRAD data sets placed D. kyathit as sister to
the (D. nigrofasciatus, D. tinwini) clade with full support.
The Dre Group and All Danios data sets also recovered this
topology in the majority of bootstrap replicates, but without
full support. Variant minority placements of D. kyathit in the
Dre Group and All Danios data sets did not corroborate
previous phylogenetic studies (fig. 4, inset). In our bootstrap
replicates where D. kyathit did not fall with (D. nigrofasciatus,
D. tinwini), it usually fell basal to the (D. rerio, D. aesculapii)
clade (86% of the replicates) and infrequently as sister to
D. rerio (14% of the replicates) but never as sister to
D. aesculapii. The asymmetrical placement of D. kyathit
with respect to D. rerio and D. aesculapii is striking and is
investigated further in later subsections.

Bayesian Inference and MP Analyses of Concatenated
Data Sets

Bayesian analysis of the Dre Group and the All Danios data
sets supported the same topology as ML, with equivalent
support for most terminal nodes (supplementary fig. ST,
Supplementary Material online). Notably, Bayesian analyses
of the Dre Group data set and the All Danios data set placed
D. kyathit as sister to the (D. nigrofasciatus, D. tinwini) clade
with posterior probabilities of 0.95 and 0.94, respectively. This
result seems to contrast to the relatively weak support for this
relationship obtained from these two data sets using ML (75%
bootstrap support in the Dre Group data set; 59% in the All
Danios data set). Close inspection of topologies sampled from
the posterior distribution in these analyses showed that the
reduced support for several deeper nodes, including even the
base of genus Danio, is due to the erratic behavior of one of
the outgroups, Danion. translucida. The only member of its
genus included in this study, this species was separated from
all others by a long branch, consistent with previous studies,
which inferred high mutation rates for Danionella species
(Mayden et al. 2007; Ruber et al. 2007; Fang et al. 2009;
Tang et al. 2010). The two Danion. translucida samples also
had the highest proportion of unmappable RAD-tags and the
fewest mapped loci of any taxon across all four data sets.
Thus, the erratic nature of Danion. translucida in this study
is likely due to its failure to clear the two hurdles that RAD-seq
faces for application to phylogenomics: Sufficient sequence
similarity to infer orthology across taxa and conservation of
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Fic. 4. ML phylogeny of the Danio genus based on RAD-tag sequences. Unlabeled nodes have 100% bootstrap support across all data sets. Labeled
nodes give the bootstrap support for the node in (from top to bottom) the Min. Taxa data set, the Dre Group data set, the All Danios data set, and the
pyRAD data set. Branch lengths are based on the ML analysis of Min. Taxa data set, the largest genome-based data set. The inset shows the support
across data sets for the relationships within a subclade of the D. rerio species group. White scale bars in photos are 0.5cm in length.

the restriction enzyme cut sites. The behavior of Danion.
translucida reiterates the importance of thorough taxon sam-
pling and the impact of long branches when using RAD-seq
for phylogenomics. Bayesian analyses of the larger data sets
(Min. Taxa data set and the pyRAD data set) were not com-
pleted because the chains failed to converge after 2 weeks of
running on mpi nodes and were estimated by MrBayes to
take several months to complete.

Topologies obtained through MP analyses of the three
genome-assisted data sets were nearly identical to the
topology obtained by ML across all three data sets (supple-
mentary fig. S2, Supplementary Material online). Under ML,
D. feegradei and D. dangila formed a monophyletic clade; in
contrast, using MP, D. feegradei consistently fell basal to
D. dangila. This minor difference between the findings of
the two methods is not surprising given that the topology
inferred using parsimony was recovered in some of the like-
lihood-based bootstrap analyses and because of the relatively
long branches leading to D. feegradei and D. dangila, which
can be particularly susceptible to long branch attraction,
especially when using parsimony (Felsenstein 1978).

The few nodes lacking full bootstrap support using MP
were the same nodes that lacked full support using ML. For

instance, among the four sampled strains within D. rerio, MP
and ML recovered WIK as the most basally diverging strain in
most, but not all, bootstrap replicates of the Dre Group data
set and the All Danios data set. The other two data sets, which
each contained more than 250,000 parsimony-informative
characters, unambiguously supported WIK as the most
basally diverging D. rerio strain. Similarly, D. kyathit formed
a clade with (D. nigrofasciatus, D. tinwini) in all four data sets,
but this relationship lacked full support in the Dre group data
set (80% bootstrap support with MP; 75% with ML) and the
All Danios data set (67% bootstrap support with MP; 59%
with ML). Consistent with our findings using ML, the variant
topologies supported a (D. kyathit, (D. rerio, D. aesculapii))
clade.

Introgression Testing with pyRAD

A possible explanation for variability and asymmetry in the
placement of D. kyathit in our analyses of concatenated data
sets is the process of introgression within the D. rerio species
group. To test for past gene flow between the various taxa
within the D. rerio species group, we used a partitioned
Patterson’s D-statistic on the topology recovered with ML,
MP, and Bayesian inference. This approach, which tests for an
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imbalance of character state frequencies on a hypothesized
five-taxon topology with an outgroup and two pairs of sister
taxa, has been used with RAD-tag sequences to measure uni-
directional gene flow from outcrossing flowers into closely
related incrossing species (Eaton and Ree 2013) and to test for
past introgression in American oaks (Hipp et al. 2014).
To avoid biasing our analysis by testing for signs of gene
flow on only a subset of topologies supported by our prior
analyses, we tested all five-taxon topologies consistent with
the topology recovered by ML and Bayesian analysis. Because
a partitioned Patterson’s D-statistic can only be determined
with four ingroup taxa, we sequentially excluded two of the
six members of the D. rerio species group with variable place-
ment in ML bootstrap replicates (D. rerio, D. aesculapii,
D. kyathit, D. aff. kyathit, D. nigrofasciatus, and D. tinwini)
while retaining the other four taxa as the ingroup taxa. The
outgroup alternated between all more basally diverging
danios (table 2).

The observed partitioned Patterson’s D-statistics provide
strong support for two instances of past introgression in the
recent history of the D. rerio species group. Tests for intro-
gression into D. rerio or D. aesculapii (rows 1-5 in table 2)
provided evidence for introgression of alleles present in
D. kyathit into D. rerio after its divergence from D. aesculapii.
Tests for introgression of alleles originating in D. rerio,
D. aesculapii, or their common ancestor (rows 6-10 in
table 2) revealed strong evidence for introgression of alleles
predating the divergence of the two species into D. kyathit.
Analysis provided no evidence, however, for introgression be-
tween D. kyathit and D. rerio or D. aesculapii since the diver-
gence of D. kyathit and D. aff. kyathit (rows 11-14 in table 2).
Taken together, these tests support a model in which alleles
present in a common ancestor of D. rerio and D. aesculapii
were introduced into the common ancestor of D. kyathit and
D. aff. kyathit after they diverged from D. nigrofasciatus and
D. tinwini. Subsequently, after it diverged from D. aesculapii,
the D. rerio lineage acquired alleles from an ancestor of
D. kyathit and D. aff. kyathit. These instances of inferred in-
trogression are consistent with the asymmetric results we
observed previously in which D. kyathit occasionally appeared
as sister to D. rerio or (D. rerio, D. aesculapii) but never as sister
to D. aesculapii in the ML and MP analyses of the Dre Group
data set and the All Danios data set.

Multilocus Phylogeny

Evidence for introgression from the partitioned Patterson’s
D-statistics demonstrated that a single bifurcating tree is
unlikely to best describe the diversification of the Danio
genus. Thus, although analyses of concatenated data sets
can approximate underlying phylogenies, a more detailed
methodology is required to surpass methods that assume a
single underlying bifurcating topology. We therefore supple-
mented the concatenation-based phylogenomic approaches
described above with BUCKy, a method based on posterior
probabilities of topologies from multiple loci (Larget et al.
2010). Given topologies sampled by Bayesian inference from
the posterior distribution of topologies across all loci, BUCKy
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determines concordance factors (CFs) and confidence inter-
vals (Cl) for bipartitions in a topology based on the propor-
tion of topologies that include each bipartition. We restricted
our analysis to the D. rerio species group to reduce the effects
of missing data while still maintaining sufficient loci for anal-
ysis and addressing the relationships of the species that inter-
est us the most. All of our previous analyses concluded that
the D. albolineatus species subgroup diverged basal to all
other species in the D. rerio species group, so we therefore
used D. albolineatus and the closely related D. kerri to root the
tree.

The BUCKYy analysis recovered topologies across loci that
are largely consistent with the phylogeny obtained from
analyzing the concatenated data sets. Rather than support-
ing a single species tree, however, results of this multilocus
analysis supported a complex history for D. rerio and its
closest relatives (fig. 5). Most individual RAD-tag loci had
enough phylogenetic information to separate out closely
related taxa as shown by the high CFs for the bipartition
basal to the two members of the D. albolineatus species
group (CF=0.978, 95% Cl=[0.970,0.985]) and the biparti-
tion basal to the two D. kyathit color morphs (CF = 0.956,
95% Cl =[0.943,0.967]). The bipartitions corresponding to
the short internal nodes of the ML topology, however, had
far less support than the long branches basal to the two
D. kyathit color morphs and basal to the D. albolineatus
species group, as would be expected under an instance of
rapid speciation. When analyzing individual loci, D. kyathit
fell as sister to the (D. rerio, D. aesculapii) clade (CF = 0.246,
95% Cl=[0.225,0.268]) slightly more often than the
(D. nigrofasciatus, D. tinwini) clade (CF=0.233, 95%
Cl=[0.211,0.258]) consistent with introgression from the
ancestor of D. rerio and D. aesculapii into D. kyathit as in-
ferred by the partitioned Patterson’s D-statistics. Because
BUCKy determines CFs for all bifurcations in the topologies
sampled from the posterior distribution, we were also able
to measure support for relationships that were not in
concordance with the topology that was inferred using
ML, MP, and Bayesian inference. Of particular note,
D. kyathit was found to be sister to D. rerio (CF=0.207,
95% Cl=[0.184,0.229]) significantly more often than
D. kyathit was found to be sister to D. aesculapii
(CF=0.144, 95% Cl=[0.125,0.166]). The introgression of
alleles from D. kyathit into D. rerio explains this asymmetry,
as mentioned previously, and recapitulates results from our
ML analyses in which D. kyathit grouped with D. rerio in a
small percentage of bootstrap replicates (5% in Dre Group
data set and 4% in All Danios data set), but never with D.
aesculapii. Due in part to the short length of RAD-tag loci
and in part to recent divergence times of species within the
D. rerio species group, many RAD-tag loci for these closely
related taxa lacked strong phylogenetic signal and often
supported equally two or more topologies. It remains
unclear how often these topologies are the result of syna-
pomorphic changes that support sister group relationships
and how many are due to homoplastic changes, incomplete
lineage sorting, or interspecies hybridization.
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Table 2. Partitioned Patterson’s D-Statistic Tests.

Tests (Significant/Total)

I 58 p3—>pl  p3—>p2  p3—>pl  p3,—>p2  p—>pl  p3,—>p2
12
[ | 1
p1 p2 p3, p3, o]
Dre Dae Dni Dti Various 0/7 0/7 0/7 0/7 0/7 0/7
Dre Dae Dky Dni Various 0/14 0/14 8/14 0/14 0/14 0/14
Dre Dae Dky Dti Various 0/14 0/14 12/14 0/14 0/14 0/14
Dni Dti Dre Dae Various 0/7 0/7 0/7 0/7 0/7 0/7
Dky Dni Dre Dae Various 14/14 0/7 0/14 0/7 0/7 0/7
Dky Dti Dre Dae Various 14/14 0/7 0/14 0/7 0/7 0/7
Dre Dae Dky Dky aff. Various 1/7 0/7 0/7 0/7 0/7 0/7
Dky Dky aff. Dae Dre Various 0/7 0/7 0/7 0/7 0/7 0/7
Dky Dky aff. Dni Dti Various 0/7 0/7 0/7 0/7 0/7 0/7
Dni Dti Dky Dky aff. Various 0/7 0/7 0/7 0/7 0/7 0/7

D. kerri
D. albolineatus
D. tinwini

D. nigrofasciatus

Fic. 5. Bipartition frequencies of phylogenies inferred from individual
RAD-tag loci. Values represent Bayesian CFs for bipartitions. Solid lines
show terminal branches and splits in the topology recovered by analysis
of the concatenated data sets. Dashed lines that connect lineages show
splits with CFs larger than 0.10 but not concordant with the topology
recovered by analysis of the concatenated data sets. Bipartition widths
are proportional to their CFs.

Phylogeography of the Danio Genus

A more satisfying appreciation of Danio history can incorpo-
rate the group’s phylogeny into its biogeography. Danio
species occur across Southeast Asia, from northern India to
Malaysia, with the majority of species being endemic to one
or two major hydrological basins (Fang et al. 2009 and our
fig. 6). Danio rerio and D. albolineatus, however, have consid-
erably wider ranges, distributed across a larger area than all
other members of the genus combined, and yet the distribu-
tions of D. rerio and D. albolineatus do not overlap. Danio rerio
occurs in several hydrological basins across the Indian plateau
as well as in the Ganges/Brahmaputra basin at elevations
ranging from sea level to well over 1,000 m (Engeszer et al.
2007). Danio albolineatus covers a similarly large range across
several major hydrological basins from central Myanmar to

southern Thailand. On the border of India and Myanmar, the
Arakan Mountains separate the Ganges/Brahmaputra basin
from the Irrawaddy basin and delimit the native ranges of a
number of Danio species; no Danio species described east of
the Arakan Mountains has been collected on the west of
the Arakan Mountains and vice versa. Two apparent excep-
tions appear in the literature, but species designations
for the relevant samples have since been amended (Fang
2000; Kullander and Fang 2009a). Hora (1937) designated
several individuals collected from the west coast of
Myanmar as D. choprae, but these individuals were later as-
signed to D. aesculapii in the first formal description of the
latter species (Kullander and Fang 2009a). Similarly, specimens
collected from the northwestern Irrawaddy basin were ini-
tially deemed to be D. rerio (Chen et al. 1988), but were later
identified as D. albolineatus (Fang 2000).

Discussion

The Phylogeny of Danio

RAD-tag analysis of 12 species of Danio and seven outgroups
recovered well-supported species relationships and suggested
an explanation for the disparate results of previous phyloge-
netic studies of this group. Relationships among major clades
within Danio (the basal danios, the D. choprae species group,
and the D. rerio species group) are consistent across previous
studies and the present work. Recovered associations within
the D. rerio species group, however, vary across studies and
involve nodes with low support both in previous studies and
in our most restrictive data set. Variable topologies and weak
support for relationships within the D. rerio species group can
be explained by two phenomena apparent in our RAD-tag
data: 1) Different trees for different loci helps explain variable
topologies across studies, and 2) short branches at the base of
the D. rerio species group explain weak support for relation-
ships within the group.

The three recent molecular phylogenetic studies of Danio
(Mayden et al. 2007; Fang et al. 2009; Tang et al. 2010) varied
not only in the topologies they inferred but also in the
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Fic. 6. Phylogeography of Danio species. The Arakan Mountains of Myanmar separate D. rerio, D. aesculapii, and the large, basal Danio species from all
other danios in this study. Danio rerio occurs in several basins to the West of the area shown. Danio albolineatus occurs in several basins to the East of

the area shown.

numbers and types of loci investigated. Mayden et al. (2007)
used sequences from six genes but only the four mitochon-
drial genes, which are maternally inherited and segregate as a
single locus, were sampled in more than one Danio. Fang et al.
(2009) used one mitochondrial gene and one nuclear gene.
Tang et al. (2010) used two mitochondrial genes and two

646

nuclear genes. The RAD-tag data presented in this study
are solely of nuclear origin. Thus, the results of Mayden
et al. (2007) reflect historical relationships of Danio mitochon-
dria and the results of Fang et al. (2009) and Tang et al. (2010)
are based on both mitochondrial and nuclear relationships; in
contrast the RAD-tags results presented here reflect only the
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history of Danio nuclear genomes. Given the evidence for
introgression and multiple gene trees uncovered in our
data, it is not surprising that inferred topologies within
Danio using small data sets are variable across studies because
the gene trees from which the species trees were inferred may
well have been different for each study.

The topology we recover is consistent with the distribu-
tion of species in various hydrological basins of Southeast
Asia (fig. 6). All danios sampled in this study can be found in
the same major hydrological basin as their closest known
relative. Even D. choprae, which appears to be an exception
to this pattern, has a close relative native to the same
basin—D. flagrans the most recently described danio
(Kullander 2012), which has yet to become widely available
and was not included in our study. The range of D. rerio
encompasses most of India and Bangladesh, extending as far
east as the upper Indus basin and as far west as the
Brahmaputra basin south of the Himalaya. The large, basal
Danio species used in this study (D. feegradei and D. dangila)
also occur in the eastern part of this range as well as in
adjacent hydrological basins along the western coast of
Myanmar in which D. aesculapii is also found (Kullander
and Fang 2009a). Interestingly, an uncharacterized specimen
referred to as Danio sp. “Bangladesh” appears closely related
to D. aesculapii, but was collected in Bangladesh, where
D. rerio also occurs (Tang et al. 2010). Whether this individ-
ual represents a subspecies of D. aesculapii, a new species
altogether, a hybrid between D. rerio and D. aescualapii, or
an introduction remains unknown, but warrants further in-
vestigation. Two other Danio species—D. jaintianensis (Sen
2007) and D. meghalayensis (Sen and Dey 1985)—have been
described from the eastern extent of the D. rerio range, but
little is known about how they are related to other species
and whether or not they can form fertile hybrids with any of
their congeners.

Potential Biases in RAD-Seq Phylogenomics

Various groups have warned of potential biases that can
occur when using phylogenomic data sets and RAD-seq
data in particular for building phylogenies and inferring intro-
gression. Recently, Roure et al. (2013) showed that larger
concatenated data sets with substantial amounts of missing
data are more susceptible to phylogenetic artifacts than are
smaller more complete data sets, particularly when using an
inadequate model of sequence evolution (Roure et al. 2013).
To address this potential issue, we used ModelTest to identify
the best model of sequence evolution for our RAD-tag data
and used data sets with varying degrees of missing data (Min.
Taxa, Dre Group, All Danios, and pyRAD data sets). We
recovered the same topology for all of these data sets, al-
though analyses based on the larger data sets provided
more support for a few nodes (most notably at the base of
the D. rerio species group). This increase in support with in-
creasing data set size would be expected if the topology for
the D. rerio species group falls in the “Anomaly Zone”
(Rosenberg and Tao 2008; Rosenberg 2013), another potential
bias that can plague phylogenomic analyses using concate-
nated data sets. The results of our analysis of individual loci,

however, would not be expected if the Danio species tree
we recover was, in fact, anomalous. Instead, partitioned
Patterson’s D-statistic tests for gene flow between taxa
suggest that the lack of resolution within the D. rerio species
group by concatenation-based methods is due to instances of
introgression, which violate the assumption of a single under-
lying tree. The study originally describing the partitioned
Patterson’s D-statistic test, however, suggested caution
when using D-statistics for RAD-seq data due to the limited
scope of the simulation studies upon which the test was
based (Eaton and Ree 2013). Rather than using RAD-seq
data, a recent phylogenomic study showing ancient introgres-
sion among fish species relied on contigs generated from
transcriptome data (Cui et al. 2013). Although loci used for
RAD-seq analysis tend to be considerably shorter than contigs
assembled from transcriptome sequences and most RAD-tag
loci do not fall in coding sequence, they have higher polymor-
phism rates than exons in transcripts and thus provide
substantial rates of phylogenetically informative characters.
Moreover, because D-statistic tests are based on the fre-
quency of character states, the length of individual loci does
not matter as long as orthology is accurately assigned.
Because the inferred instances of introgression were highly
significant and were recovered using multiple outgroup taxa,
they are unlikely to be artifacts of incorrect orthology assign-
ment. Thus, we conclude that our results are unlikely to be
affected by two known sources of bias affecting phylogenomic
data sets.

Methodological Considerations for Application of
RAD-Seq to Phylogenomics

RAD-seq has been successfully used to answer biogeographic
and phylogenomic questions for short timescales (Emerson
et al. 2010; Eaton and Ree 2013; Jones et al. 2013; Keller et al.
2013; Wagner et al. 2013; Martin and Feinstein 2014), but its
utility on longer timescales has been questioned (Rubin et al.
2012; Cariou et al. 2013; Jones et al. 2013) and remains largely
unexplored. Although a study has yet to explicitly estimate
the root age of Danio, investigations estimating the root ages
of various Cyprinid clades from relaxed molecular clock
methods for the cytB gene placed the origin of genus Danio
in the mid Miocene, at least 13 Ma, and the last common
ancestor of all taxa included in this study at more than 31 Ma
(Ruber et al. 2007). If Danio is indeed a 13-My-old genus, this
study represents, to the best of our knowledge, the longest
timescale to which RAD-seq has been empirically applied
in vertebrates. Despite the antiquity of this divergence
time, we were still able to infer orthologous RAD-tags
across both ingroup and outgroup taxa through both our
genome-assisted method and genome-independent, de
novo method. Application of RAD-seq on this timescale
empirically demonstrates its utility for answering phyloge-
nomic questions across larger phylogenetic distances than
those to which it has previously been applied.

The number of RAD-tags that lacked discernable orthologs
in other species increased in outgroup samples, as expected.
With RAD-seq, as with all phylogenetic methods, dense taxon
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sampling is likely to improve results. As seen with our Danion.
translucida samples, the lack of a close relative combined with
a high mutation rate can result in unusable loci due to mu-
tations in the restriction enzyme site on the branch leading to
the divergent taxon, to the creation of new restriction enzyme
sites in the divergent taxon, and to the inability to determine
the orthology of loci in the divergent taxon to loci in other
species due to a high number of mutations within individual
loci.

Our study provides several key insights for designing and
analyzing future phylogenetic investigations based on
RAD-seq. First, we show that our analysis using a reference
genome yielded results that are highly consistent with a sim-
ilar genome-independent approach. Our validation of the
reference genome independent approach is an important
result given that the majority of organisms lack a close relative
with a sequenced genome. Second, we analyzed the genomic
positions of RAD-seq loci aligned to a reference genome and
showed that mapping locations are not a random sample of
the genome. Rather, when using Sbfl, RAD-seq loci are en-
riched in and around exons, particularly at splice acceptor
sites, in some repeat elements, and in certain conserved
protein domains (e.g, leucine-rich repeat domains). A large
proportion of the data, in some samples up to half of the
mapped loci, are orthologous to repetitive regions of the
zebrafish genome. These loci may warrant exclusion from
phylogenomic investigations due to the uncertainty associ-
ated with separating alleles from paralogs within a sample and
identifying orthologs across samples. We note, however, that
the pyRAD analysis, which was agnostic as to the identity of
annotated repeats, performed comparable to our largest
genome-assisted analysis. This finding suggests that the
substantial number of repetitive loci filtered out of the
genome-assisted data sets due to similarity to repetitive ele-
ments did not ultimately impact the efficacy of the genome-
independent pyRAD approach. The extent to which this
finding will apply to other taxa, however, warrants further
investigation in future RAD-seq studies of taxa closely related
to other model species. Third, in our study, concatenated data
sets with fewer, more conserved loci (e.g, the All Danios data
set) provided less support for certain species relationships
than did concatenated data sets with more loci that were
less conserved (e.g, Min. Taxa and pyRAD data sets). This
increase in support with increased data is only advantageous
if the concatenated data sets converge on the true species
tree. When a single species tree is not the best descriptor of
the group’s history, using more data may result in looking past
important historical relationships such as gene flow between
species unless additional analyses are performed that do not
assume a single species tree.

Conclusions

We provide the first well-supported phylogeny of the cyprinid
genus Danio based on more than 30,000 nuclear RAD-tag loci
from 4 strains of D. rerio, 11 other danios, and 7 closely related
outgroup species. Our analyses of concatenated data sets all
provide strong support for D. aesculapii as the sister species to
D. rerio, a relationship that has not been recovered in previous
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phylogenetic studies. Tests for introgression and analysis of
phylogenies based on individual loci revealed striking asym-
metries that are inconsistent with a single bifurcating species
tree, suggesting that the diversification of Danio involved
instances of rapid speciation and introgression. The two
inferred instances of introgression within the D. rerio species
group both involve D. rerio, demonstrating the necessity of
understanding the history of the genus as a whole to under-
stand more fully this important model organism. Given the
evidence we see for multiple topologies explaining the recent
evolution of D. rerio and its closest relatives, we infer that the
seemingly incongruent results of previous phylogenetic stud-
ies, while likely to be correct gene trees for the loci included in
each of those studies, are not accurate representations of the
genome-wide species tree for Danio. To better understand
the recent evolutionary history of zebrafish, future work will
necessarily include: Further phylogenomic inferences involv-
ing increased taxon sampling to characterize the mosaic
history of its genome; whole-genome sequencing of several
other danios to identify recent structural rearrangements;
hybrid studies and examination of natural isolates to explore
the extent to which these species can and do interbreed; as
well as cellular and developmental studies to understand the
evolution of pigmentation, size, and other phenotypic differ-
ences among these species.

To varying degrees, all species in genus Danio share with
zebrafish the biological characteristics that allowed D. rerio to
become a preeminent model organism (e.g, small size, high
fecundity, externally developing transparent embryos, and
ease of laboratory culture) so many tools designed for zebra-
fish can also be used to study its closest relatives. Because
danios can hybridize with zebrafish, the natural genetic var-
iation in evolutionarily important traits that these species
possess can be seen as an extension to the genetic resources
available for zebrafish including induced null activity alleles in
over 45% of its 26,000 genes, more than any other vertebrate
(Kettleborough, Busch-Nentwich, et al. 2013, and http://www.
sanger.ac.uk/Projects/D_rerio/zmp/, last accessed December
1, 2014). These features, along with the phylogenetic context
we provide in this work, promise to make Danio the premier
vertebrate “model genus.”

Materials and Methods

Animals

DNAs were collected from caudal fin clips of 41 individuals
representing 12 Danio species and 7 outgroup species.
Taxa from the University of Oregon Fish Facility included:
D. rerio (AB), S#23336; D. rerio (Tu), S#23891; D. rerio (Nad),
S#22583; WIK strain, S$#23069; D. nigrofasciatus, S#23139;
and D. albolineatus, S#23658. Taxa from Eugene Research
Aquatics, LLC included: D. aesculapii, S#ERA.Daes.; D. dangila,
S#ERA.Ddan.1; and D. feegradei, S#ERA.Dfee.1. Taxa from
the aquarium trade included: D. kyathit, WS24.Dkyp
and WS25.Dkyp; D. aff. kyathit, WS22.Dkyt and WS23.Dkyt;
D. tinwini, WS02.Dtin; D. kerri, WS08.Dker and WS20.Dker; D.
choprae, WS12.Dcho and NTO01.Dcho; D. margaritatus,
WS05.Dmar and $#23036; D. erythromicron, WS14.Dery and
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WS15.Dery; Danion. translucida, WS120729.DLAtr; Devario
aequipinnatus, NT05.DEVaeq; Devario pathirana, WS120416.
DEVpat,  Microdevario  kubotai,  WS120416.MICkub;
Sundadanio axelrodi, S#Q12824SUNaxe; Rasbora espei,
WS07.RASesp; and Rasbora maculata, WS10.RASmac.
The University of Oregon Animal Care and Use Committee
approved all protocols associated with this work. We com-
pared mitochondrial sequences from our animals to COl and
CytB sequences published in previous phylogenetic studies
(Mayden et al. 2007; Tang et al. 2010) to confirm species
identification.

Genomic DNA Extraction and Sequencing

We used the restriction enzyme Sbfl-HF (New England
Biolabs) to digest genomic DNA and ligated barcoded
lllumina sequencing adapters to the four-base overhangs
left by the enzyme. We sequenced RAD-tags flanking these
sites for all samples on an lllumina HiSeq 2000 with single-end,
100-bp reads. Sequences passed through several filtering steps
prior to use for phylogenetic inference. To sort by sample
barcode and exclude sequences without an Sbfl site, we
used “process_radtags.pl” from the Stacks software package
(Catchen et al. 2011) with the following parameters: -b bar-
codes.txt -e sbfl -E phred33 -D. Sequences containing
lllumina adapters were excluded from analysis. Remaining
sequences were run through condetri v 2.2 (Smeds and
Kunstner 2011) to exclude reads with quality less than 20
at any site. After these quality filtering steps, we obtained
1.0-3.8 million reads per sample (supplementary table S1,
Supplementary Material online).

From caudal fin clips collected from euthanized or anes-
thetized adults of each species, we extracted genomic DNA
and prepared sequencing libraries as described (Amores et al.
2011), except that adapters had six-nucleotide barcode se-
quences and were optimized for sequencing on the lllumina
HiSeq 2000. All barcodes differed by at least two nucleotides
to prevent attribution of sequence to the wrong sample due
to sequencing error in the barcode. Samples were sequenced
in one lane of an lllumina HiSeq 2000 using single-end 100-
nucleotide reads. Three samples had low coverage (fewer
than one million sequences) and were resequenced.

Locus Generation and Orthology Inference

For the Min. Taxa, Dre Group, and All Danios data sets,
we used the “ustacks” program in the Stacks package
(Catchen et al. 2011) to merge RAD-tag alleles into loci
within individuals allowing up to two mismatches (-M 2)
between alleles. We enforced a minimum stack depth of
three reads (-m 3) to account for possible read misattribution
from other samples and rare sequencing artifacts. Repetitive
and overmerged stacks were accounted for with the param-
eters (-r -d). For polymorphic loci, the consensus sequence
was extracted from the output of Stacks. Following locus
generation with ustacks, we removed sequences from repet-
itive regions of the Zebrafish genome with RepeatMasker v
330 (Smit et al. 1996-2010) (http://www.repeatmasker.
org/RMDownload.html, last accessed December 1, 2014)
using the zebrafish repeat database (-species danio). For in

silico RAD-seq analysis of the zebrafish reference genome
(Zv9 version 72), we extracted sequences flanking Sbfl sites
and ran them through the ustacks and RepeatMasker steps.
In ustacks, the minimum stack depth requirement was re-
moved to accommodate the 1x coverage of the in silico
sequences.

For the genome-independent approach, quality-filtered se-
quences were run through pyRAD v 1.5.1 (Eaton and Ree
2013) with a minimum sample cutoff of four samples, a clus-
tering threshold of 0.90, and a maximum of three heterozy-
gous samples to exclude merging potentially paralogous loci.
The 60,216 loci meeting these requirements were concate-
nated to form the pyRAD data set.

In addition to using a completely de novo approach, we
used the available and well-annotated D. rerio reference
genome (Zv9 version 72) to define orthology. Quality-fil-
tered RAD-tag loci from each sample were aligned against
the zebrafish reference genome using GSNAP (Wu and
Watanabe 2005). Several sets of parameters varying mini-
mum percent identity to reference, indel penalty, and mis-
match trimming were tested to accommodate the genetic
distance of some species from the zebrafish reference
genome (data not shown). Ultimately, parameters were
chosen that maximized the number of reads across samples
that mapped best to a single site in the genome with
high support (mapping quality > 30); these parameters
were: -m 0.5 —indel-penalty =1 —trim-mismatch-score =0
—trim-indel-score =0 —max-middle-insertions =20 —max-
middle-deletions = 20 —max-end-insertions = 20 —max-end-
deletions = 20. Aligned RAD-tag loci were inferred to be
orthologous based on genomic location.

For each genomic locus with sequences from four or more
samples, sequences were aligned against each other using
Muscle v 3.8.31 (Edgar 2004) with default settings. The result-
ing alignments were trimmed of their Sbfl restriction sites and
concatenated to give the Min. Taxa, Dre Group, and All
Danios data sets based on the number of samples and species
possessing each locus. The Min. Taxa data set contained all
30,801 loci present in at least four samples; the Dre Group
data set contained the 3,406 loci present in all members of the
D. rerio species group; the All Danios data set contained 1,720
loci present in all danio samples.

Phylogenetic Inference

To determine the most appropriate model of sequence evo-
lution for the data sets in this study, we employed ModelTest
v 2.1.4 (Guindon and Gascuel 2003; Darriba et al. 2012). Based
on these results, ML phylogenies were inferred under a
GTR+I+I" model in RAXML v 7.3.0 (Stamatakis 2006). MP
analyses were also run with RAXML v 7.3.0. For Bayesian in-
ference, we used MrBayes v 3.2.1 (Huelsenbeck et al. 2001;
Ronquist and Huelsenbeck 2003; Ronquist et al. 2012) to an-
alyze the Dre Group data set and All Danios data set. The Min.
Taxa data set and the pyRAD data set were estimated to take
several months to complete even using MPI nodes on the
University of Oregon’s super computer (http://aciss-comput-
ing.uoregon.edu, last accessed December 1, 2014). We allowed
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1 million generations for burn-in, then sampled every thou-
sand generations for 10 million generations. For the multi-
locus analysis, we used MrBayes v 3.2.1 with the same
parameters to sample posterior probability distributions for
individual loci with sequence for all species in the D. rerio
species group. These distributions were combined and ana-
lyzed in BUCKy v 1.42 (Larget et al. 2010) with @ =1 and
default settings. For the analysis of Patterson’s D-statistic tests,
we sampled and analyzed character states in the pyRAD data
set using the partitioned D-statistic test integrated into the
pyRAD v 1.5.1 package (Eaton and Ree 2013).

Analyses of Genomic Features

We downloaded genomic feature files in “bed” format from
Ensembl and UCSC using the BioMart tool and UCSC Table
Browser, respectively. We created our own “bed” files for ge-
nomic alignments using the “bamtobed” tool from the
“bedtools” package (Quinlan and Hall 2010). To determine
overlap between these various sets of genomic features, we
used the “intersect” tool from the bedtools package (Quinlan
and Hall 2010).

For analyses of splice acceptor sequences and Nod-like
receptors, we downloaded the appropriate reference se-
quences from UCSC genome browser (splice acceptors) or
Ensembl (Nod-like receptors). Nucleotide sequences for Nod-
like receptors sequences were aligned with Muscle v 3.8.31
and the region corresponding to an Shfl site in most se-
quences was extracted. Base frequency graphics were gener-
ated using WebLogo (Crooks et al. 2004).

Biogeographic Analyses

We retrieved hydrological basin data from Aquastat, the Food
and Agricultural Organization of the United Nations's global
water information system (fao.org/nr/water/aquastat/gis/
index.stm) and danio locality information from the Global
Biodiversity Information Facility (gbiforg) and imported
them into ArcGlIS (esri.com/software/arcgis) for visualization
and comparison. Some additions and corrections were made
to the locality information based on recent publications and
redescriptions. Namely, two localities of D. choprae from the
Western Ghats were corrected to D. aesculapii according to
Kullander and Fang (2009a).

Supplementary Material

Supplementary figures S1and S2 and table S1 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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