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Abstract

MY) related species.

Background: Restriction site-Associated DNA sequencing (RAD-Seq) is widely applied to generate genome-wide
sequence and genetic marker datasets. RAD-Seq has been extensively utilised, both at the population level and across
species, for example in the construction of phylogenetic trees. However, the consistency of RAD-Seq data generated
in different laboratories, and the potential use of cross-species orthologous RAD loci in the estimation of genetic rela-
tionships, have not been widely investigated. This study describes the use of Sbfl RAD-Seq data for the estimation of
evolutionary relationships amongst ten teleost fish species, using previously established phylogeny as a benchmark.

Results: The number of orthologous Sbfl RAD loci identified decreased with increasing evolutionary distance
between the species, with several thousand loci conserved across five salmonid species (divergence ~50 MY), and
several hundred conserved across the more distantly related teleost species (divergence ~100-360 MY). The majority
(>70%) of loci identified between the more distantly related species were genic in origin, suggesting that the bias of
Sbfl towards genic regions is useful for identifying distant orthologs. Interspecific single nucleotide variants at each
orthologous RAD locus were identified. Evolutionary relationships estimated using concatenated sequences of inter-
specific variants were congruent with previously published phylogenies, even for distantly (divergence up to ~360

Conclusion: Overall, this study has demonstrated that orthologous SbAl RAD loci can be identified across closely and
distantly related species. This has positive implications for the repeatability of Sbfl RAD-Seq and its potential to address
research questions beyond the scope of the original studies. Furthermore, the concordance in tree topologies and
relationships estimated in this study with published teleost phylogenies suggests that similar meta-datasets could be
utilised in the prediction of evolutionary relationships across populations and species with readily available RAD-Seq
datasets, but for which relationships remain uncharacterised.

Keywords: RAD-sequencing, Teleost phylogeny, Comparative mapping, Orthology

Background

The recent advances in next-generation sequencing (NGS)
technologies has meant that genotyping-by-sequencing
technologies (such as RAD-Seq) are being utilised in both
model and non-model organisms for a variety of applica-
tions (e.g. [1-9]). Genome-wide multi-locus data, such
as those generated by RAD-Seq, are particularly advan-
tageous for the estimation of evolutionary relationships.
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This is because unlike estimates obtained by comparing
a single orthologous locus across multiple species, meth-
ods to address the problem of incomplete lineage sorting
using multi-locus datasets are available [4, 10—14].

A particular advantage of RAD-Seq is that the infer-
ence of cross-population and cross-species orthologous
loci is potentially simplified by the use of the same rare-
cutting restriction enzyme (such as SbfI) for the digestion
of genomic DNA across all included individuals. There-
fore, assuming no polymorphisms in the restriction site,
the same genomic regions (i.e. homologous loci) can be
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sampled and concurrently sequenced across all indi-
viduals. The loss or gain of a restriction cut site due to
the appearance of new mutations is likely to result in the
identification of fewer orthologous RAD loci, particu-
larly between more distantly related species. However,
RAD-Seq protocols which involve digestion of genomic
DNA using a single infrequent cutter followed by soni-
cation of fragments are likely to be more robust to this
issue than other RAD-like protocols (e.g. ddRAD [15]),
where repeatable sampling of loci depends on the con-
servation of two restriction enzyme cut sites a certain
distance apart on the genome. Overall, genetic relation-
ships estimated using RAD data have been congruent
with those seen in previously published literature (e.g.
see Eaton et al. [4], Wang et al. [16]), suggesting that RAD
data could prove useful in non-model taxa for which the
evolutionary relationships are unknown.

Although RAD-Seq has been successfully applied in
several phylogenetic studies (e.g. [4, 5, 16, 17]), these are
typically based on sampling, sequencing and analysis by a
single laboratory. The reproducibility of RAD loci across
studies for the same species, and the ability to identify
orthologous RAD loci across closely and distantly related
species using cross-laboratory datasets, has not been
widely investigated. In silico studies suggest that phylo-
genetic inference using RAD data may be restricted to
relatively closely related species (<100 million years (MY)
[18, 19]). Indeed, phylogenetic studies using empiri-
cal RAD-Seq datasets are restricted to the estimation of
evolutionary relationships between closely related (<100
MY) species (e.g. [5, 20—22]). However, since RAD-Seq
datasets from a wide variety of species and studies are
now publically available, the utility of RAD-Seq for phy-
logeny estimation across more distantly related species
can now be tested using experimentally-derived data-
sets. Additionally, while in silico phylogenetic studies
have also investigated thresholds for inclusion of RAD
loci with missing data (e.g. [23]), these thresholds have
not been applied in real cross-laboratory datasets, where
‘missingness’ could arise for both technical as well as bio-
logical reasons.

Therefore, the overall aim of this study was to investi-
gate the potential utility of cross-laboratory RAD-Seq
data for estimation of phylogenetic relationships across
closely and distantly related species, using ten species of
teleost fish as an example. The specific aims of the study
were to: (1) investigate the reproducibility of RAD data
by aligning RAD sequences derived from different labo-
ratories within-species; (2) investigate the performance
of cross-laboratory RAD data in the inference of orthol-
ogous RAD loci and evolutionary relationships across
species; and (3) investigate appropriate thresholds for
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inclusion of RAD loci for which there is missing data in
some species.

Results and discussion

Datasets generated by RAD-Seq using the Shf] restriction
enzyme were obtained from previously published studies
for ten teleost fish species (five salmonid species and five
non-salmonid teleost species). The five salmonid species
included were: Atlantic salmon (Salmo salar), rainbow
trout (Onchorhynchus mykiss), Chinook salmon (Oncho-
rhynchus tshawytscha), sockeye salmon (Onchorhynchus
nerka), and lake whitefish (Coregonus clupeaformis). The
five non-salmonid species included were: three-spined
stickleback (Gasterosterus aculeatus), Atlantic halibut
(Hippoglossus hippoglossus), spotted gar (Lepisosteus ocu-
latus), Baltic sea herring (Clupea harengus) and gudg-
eon (Gnathopogon sp.) (Table 1). The consensus RAD
loci sequences (corresponding to the flanking sequences
of the Sbfl cleavage sites), which were inferred based on
the identification of RAD loci across multiple individuals
within the population under investigation, were obtained
for each study. Therefore, unlike studies which infer
orthologous RAD loci across multiple taxa, insufficient
sequencing depth at a given consensus RAD locus within
a species is unlikely to be a problem in this study. In the
case of Atlantic salmon and rainbow trout, data derived
from two and four different studies respectively were
utilised (Table 1). Within each dataset, the consensus
sequences of the RAD loci were trimmed to 60 base pairs
(bp) to be consistent across all studies (see “Methods”).

Sharing of RAD loci across populations

To investigate RAD data reproducibility across popula-
tions (and studies) within species, orthologous RAD loci
shared between the two different populations of Atlantic
salmon, and between the four different populations of
rainbow trout, were identified (Table 1; see Additional
file 1 for details). A substantial overlap between RAD loci
identified across studies was seen, with 99.5% of Atlan-
tic salmon and 78.8% of rainbow trout sequences being
shared across the different studies (percentages are given
relative to the study with the fewest number of RAD loci).
The higher percentage obtained across the two distinct
Atlantic salmon populations may be partly due to the
data originating from the same laboratory, and, therefore,
more similar library preparation protocols and down-
stream bioinformatic analyses for data filtering. Overall,
the results highlight the ability of RAD-Seq to consist-
ently identify the same RAD loci across studies, despite
inevitable technical variation in sample library prepara-
tion, sequencing platforms and downstream filtering
pipelines. For example, subtle difference in RAD library
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preparation could affect the reproducibility of loci across
studies (see Mastretta-Yanes et al. [37] for a review),
including variations in the size selection window used
after the sonication step of the protocol. Further, analy-
sis pipelines with relatively strict thresholds for retaining
homologous RAD loci across individuals (i.e. the popu-
lation level consensus sequences utilised in this study),
which are required for increased confidence SNP call-
ing and genotyping within a population, could result in a
decrease in the number of consensus RAD loci retained
per species. This would reduce the number of informa-
tive loci available for relationship estimation.

Sharing of RAD loci across species
The correct inference of sequence orthology across spe-
cies is critical when estimating evolutionary relation-
ships. As such, there is an abundance of literature on
best practices for the inference of orthology, typically
conditional on the availability of published reference
genome sequences (e.g. see [38—40]). In the absence of
well-assembled and annotated reference genomes for
all included species, sequence similarity is thought to
be a reliable way of inferring orthology [18], with higher
power to detect orthologous relationships expected with
longer sequences. However, the ability to detect ortholo-
gous loci based on sequence similarity decreases with
increasing evolutionary distance due to the accumulation
of mutations. This can be further complicated by major
genomic rearrangements, such as the genome duplica-
tion that occurred in the Salmonidae [41, 42]. For RAD-
Seq specifically, polymorphic variation in the restriction
enzyme cut site, variation in methylation status of the
locus (if the restriction enzyme is methylation sensi-
tive), or genome rearrangements may further decrease
the number of orthologous RAD loci identified [4, 20, 23,
43, 44]. Typical RAD-Seq analysis software (e.g. Stacks
[45, 46] and PyRAD [47]) can readily identify homolo-
gous RAD loci within populations of individuals, but not
necessarily across species when using consensus RAD
loci sequences defined at the population level. One way
of utilising these software in cross-laboratory and cross-
species analyses would be to set the minimum coverage
per locus (i.e. stack depth) to one within a given species
and then to conduct comparisons across species to iden-
tify orthologous loci. In this study, cross-species ortholo-
gous loci were identified by pairwise and cross-species
BLAST alignments, since BLAST alignment of sequences
has been shown to reliably infer orthologous loci across
species in the absence of reference genomes as utilised in
similar studies (e.g. [26]).

To identify orthologous RAD loci using cross-labo-
ratory datasets, pairwise alignments of consensus RAD
sequences across the ten teleost species of varying levels
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of evolutionary relatedness was conducted. Firstly, pair-
wise alignments were clustered across salmonid species
using strict alignment parameters (95% sequence identity,
<2 base mismatch, minimum alignment length 50 bp)
and, secondly, across all ten teleost species, using more
relaxed parameters for alignment (85% sequence identity,
<10 base mismatch, minimum alignment length 45 bp)
(see “Methods” and Additional file 2 for further details).

A large number of orthologous loci were identified
between the pairs of salmonid species, ranging from
6,500 to 16,000 (Additional file 3) when using strict align-
ment parameters. As expected, when alignment param-
eters were relaxed as described above, the number of
putative orthologous RAD loci identified between pairs
of salmonid species increased, ranging from 11,000 to
19,500 loci (Additional file 3). This may be due to the
increased ability to infer orthology between RAD loci
which lie within less conserved regions of the genome of
these closely related species (divergence <50 MYA [48]),
although a relaxation of alignment parameters is also
likely to increase the number of false positive orthologies.
Approximately half of the RAD loci were shared between
pairs of Oncorhynchus species (rainbow trout, sockeye
salmon, Chinook salmon). Sequence clustering based on
these pairwise alignments identified a total of 3,050 loci
with sequence present in all five salmonid species (‘clus-
ters’) (Table 2). To investigate the effect of including RAD
loci that are missing in some species, clusters with at
least three sequences from three different salmonid spe-
cies were identified. A total of 22,710 such RAD loci were
identified, of which 78 were removed due to contain-
ing sequences which were assigned to multiple clusters
(potential paralogous regions), leaving 22,632 clusters for
further analysis (Table 2).

In contrast, the number of shared RAD loci between
pairs of the five distantly related (non-salmonid) species
was much lower, with fewer than 500 (<2%) identified
in most of the pairwise comparisons (using the ‘relaxed’
alignment parameters described above). For example,
the number of orthologous loci in common between
lake whitefish and Chinook salmon (~50 MY) was
~16,600, compared to ~300 loci common between Chi-
nook salmon and spotted gar (~360 MY)—an ~55-fold
reduction. Of the non-salmonid species pairwise com-
parisons, stickleback and Atlantic halibut contained the
highest number of orthologous RAD loci (~2,700, 9%)
as expected due to their closer evolutionary relationship
(<100 MY) compared to any other pair of non-salmonid
species in the study [42, 49, 50]. This is approximately
a six-fold reduction in the number of shared RAD loci
compared to lake whitefish and Chinook salmon, where
the time since the last most recent common ancestor is
almost half that of stickleback and Atlantic halibut.
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Only a single RAD locus was identified in all ten spe-
cies [predicted to occur within the gene coding for Tran-
scription factor 7 (T cell specific, HMG box)]. Therefore,
two inclusion thresholds were applied; (1) RAD loci with
orthologous sequence in at least seven species (137 clus-
ters); and (2) RAD loci with orthologous sequence in at
least five species (4,945 clusters). To prevent bias in the
estimation of evolutionary relationships, salmonid spe-
cies-specific clusters were identified and removed (4,493
clusters), leaving 452 clusters with sequence for a mini-
mum of five species including at least one non-salmonid.

Identification of genic RAD loci

Given the higher degree of conservation of coding (i.e.
genic) regions over evolutionary time [51, 52], it is plau-
sible that the majority of orthologous RAD loci in the
current study originate from coding regions. Previous
studies have suggested that RAD loci obtained from
Sbfl RAD-Seq analyses may be biased towards gene-rich
regions of the genome, in part explained by the GC-rich
nature of the ShfI recognition sequence [2, 26, 35, 44, 53].
To test this hypothesis, all RAD loci consensus sequences
were repeat-masked and aligned to a custom-made data-
base of known fish gene nucleotide sequences, with sig-
nificant alignment (E-value <le™”) being evidence for a
genic RAD locus (see “Methods”). In each of the individ-
ual salmonid species, approximately 2% of the RAD loci
were identified as genic, and ~15% of the cross-species
orthologous RAD clusters were predicted to originate
from genes (Table 2). For each of the other (non-salmo-
nid) teleost species individually, the percentage of genic
RAD loci was higher (ranging from 4 to 50%), and >70%
of cross-species orthologous RAD loci were identified as
genic (Table 2). Alignment of genic loci across species
identified very few (1-3 loci) which contained indels,
suggesting high sequence conservation both at the nucle-
otide and amino acid level across species.

The lower ability to detect genic RAD loci within indi-
vidual salmonid species (~2%) as compared to the other
teleost species (up to 50%) in this study may be explained
by the much larger genome sizes of the salmonid species
(e.g. Atlantic salmon, ~3 GB; [54]) compared to the gen-
erally more compact genomes of the non-teleost species
(e.g. stickleback, ~530 MB; [55]). The salmonid genome is
known to be highly repetitive, (e.g. large number of trans-
posable elements, repetitive tandem elements, etc.) [41,
42, 56-58]. This could mean that a larger proportion of
the genome is non-coding, resulting in the identification
of a lower proportion of genic RAD loci over the genome
as a whole compared to species with compact, less repeti-
tive genomes. Alternatively, the lower proportion of genic
RAD loci predicted within the salmonid species may be
attributed to the absence of salmonid gene sequences
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in the nucleotide database used for alignment, and the
closer evolutionary relationship of the other teleost spe-
cies with those in the database. In the case of stickleback,
which has a high-quality, annotated reference genome
and was included in the nucleotide database, ~50% of
the RAD sequences were identified as genic. Based on
the size of the stickleback genome (~530 MB; [55]) and
the total length of known stickleback gene sequences
(~192 MB; Ensembl 78, [59]), ~36% of the stickleback
genome is estimated to be genic.

The large discrepancy in the proportion of cross-
species orthologous genic RAD loci between salmonid
(~15%) and non-salmonid (>70%) species may be due to
the higher genome conservation (both coding and non-
coding regions) across the salmonid species, due to their
closer evolutionary relatedness. Overall, these results
support the hypothesis that Shfl RAD-Seq loci may be
biased towards genic regions of the genome [26, 35, 44,
53], and this bias is useful for evolutionary and compara-
tive genomics studies.

Relationship estimation

To our knowledge, the most comprehensive study of
teleost phylogeny is that described in Near et al. [49]
(232 fish species; nine coding sequences and fossil cali-
bration times). Based on this phylogeny and the salmonid
species relationships described in Shedko et al. [48], the
expected relationships between the ten teleost species in
the current study are given in Figure 1.

To test the utility of the cross-species and cross-lab-
oratory RAD datasets in the construction of phyloge-
netic trees, multiple alignments of sequences within
orthologous RAD clusters was conducted. This allowed
the identification of interspecific single nucleotide vari-
ants, which were concatenated into a single sequence for
each species and used to estimate evolutionary relation-
ships (RAXML software; see Additional file 4 for RAxXML
parameters). RAXML input files used in all analyses are
available at: doi:10.5061/dryad.bgémo0.

Whilst strict filtering thresholds applied in RAD-Seq
studies often result in the removal of loci or individuals
with excess missing data, recent simulation studies sug-
gest that more relaxed thresholds could be favourable
in resolving relationships [4, 23]. In the current study, a
comparison was made between phylogenetic tree con-
struction using stringent and more relaxed thresholds for
RAD loci missingness across species.

Firstly, for estimating the phylogenetic relationships
between the five salmonid species only, dataset 1 included
RAD loci present in all five salmonid species (3,050 loci,
6,959 variants; Table 2), whilst dataset 2 included RAD
loci present in at least three of the five salmonid species
(22,632 loci, 39,890 variants; Table 2). Both datasets were
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Gasterosterus aculeatus (Three-spined stickleback)

Hippoglossus hippoglossus (Atlantic halibut)

able to recover the expected relationships between the
five salmonid species (based on Shedko et al. [48]), with
the three Oncorhynchus species forming a monophyletic
group relative to Atlantic salmon and lake whitefish (all
nodes >96% bootstrap support; Additional file 5, trees 1
and 2).

Likewise, across the ten teleost fish species, evolution-
ary relationships were estimated using variants derived
from RAD loci common to at least seven of the ten

species (137 loci, 1,440 variants; Table 2) and compared
to the estimates using orthologous RAD clusters com-
mon to at least five of the ten species (452 loci, 4,094 var-
iants; Table 2). Overall, tree topologies were consistent
with previously published literature (Figures 1, 2; Addi-
tional file 5, trees 3 and 4). Monophyly of the Salmonidae
and monophyly of the three Onchorhynchus species was
predicted with 100% bootstrap support. Across both the
salmonid and the teleost datasets, relaxing the threshold
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for inclusion of RAD loci in the analysis did not change
estimated relationships or tree topology. Improvements
in node support were also observed, for example, all sal-
monid species nodes were estimated with 100% support
(vs. 98-100%) when the minimum taxon coverage at a
RAD locus was reduced from seven to five of the ten spe-
cies included (e.g. Additional file 5, trees 3 and 4). How-
ever, improvements in node support were not seen in all

cases, for example, the node placing spotted gar as out-
group was not as strongly supported when the minimum
taxon coverage was reduced (48—80%; Additional file 5,
trees 3 and 4). Although bootstrap support is generally
accepted as a reliable indicator of node accuracy, recent
in silico studies suggest that this may not always be the
case with RAD-Seq data [18]. Since true node support
values obtained using empirical datasets are unknown,
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the accuracy of the reported bootstrap values cannot be
quantified in this study.

Although tree topologies were generally consistent
with published studies, there were some noteworthy
differences. For example, in Figure 1 (phylogeny from
Near et al. [49] and Shedko et al. [48]), the node con-
necting stickleback and Atlantic halibut is placed as the
sister group to the salmonid species, whereas in Fig-
ure 2 (this study, loci with a minimum taxon coverage
of 5), the node connecting the Baltic sea herring and
gudgeon is placed as sister species to the salmonid lin-
eage, with 100% bootstrap support. However, this was
not seen with loci with a minimum taxon coverage of 7
(Additional file 5, tree 3). Recent simulation studies have
suggested that the resolution of RAD data is low when
estimating relationships between distantly related spe-
cies (>100 MY) [18-20]. However, although monophyly
of the Onchorhynchus species (<13 MY) were predicted
with 100% node support, relationships between the spe-
cies differed depending on the minimum taxon coverage
per locus, as well as when using salmonid species specific
loci vs loci across all included species (Additional file 5).
This is contrary to the expectations of better estimates of
relationships between closely related species using RAD
datasets as suggested by simulation studies [18—-20], and
suggests that caution must be applied when interpreting
both shallow and deeper evolutionary relationships using
this method.

In some cases (for example in the branch separating
the salmonid species from the other five teleost species;
Additional file 5, trees 3 and 4), branch lengths estimated
using loci with a minimum of five species with sequence
were approximately double that estimated using loci with
a minimum of seven species with sequence. Therefore,
while minor variation in the thresholds for inclusion
of RAD loci absent in some species is unlikely to affect
estimation of evolutionary relationships, it could poten-
tially bias the estimated divergence times between more
distantly related species (not estimated in this study).
Therefore, the thresholds for inclusion of RAD loci with
missing data should be considered and tested before
utilising RAD loci for estimating relationships between
species.

Conclusion

In this study, RAD-Seq datasets derived from different
laboratories were utilised in the estimation of evolution-
ary relationships between ten teleost fish species. Within
species and across populations, a large proportion of
shared RAD loci were identified (78—100%), despite varia-
tion in laboratory techniques and bioinformatic pipelines.
As expected, the number of orthologous RAD loci identi-
fied across species decreased as the evolutionary distance
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increased, ranging from ~3,000 between the most closely
related salmonid species to ~450 between distantly
related species. Multiple alignments of sequences within
orthologous RAD loci allowed the identification of inter-
specific single nucleotide variants, which were used to
estimate evolutionary relationships. These were consist-
ent with previously published phylogenies, even across
very distantly related species. Approximately 70% of the
orthologous RAD loci used in the analysis of the ten tel-
eost species were predicted to be genic, providing sup-
port for previous findings of a the bias of ShfI RAD loci
towards genic regions, which is likely to facilitate relation-
ship estimation between distantly related species. Overall,
this study has highlighted the potential utility of experi-
mentally-derived cross-laboratory RAD-Seq datasets in
the estimation of evolutionary relationships across closely
and distantly related species.

Methods

Sequence data

In a typical population genetics RAD-Seq bioinfor-
matic pipeline, sequence reads derived from the flank-
ing regions of the restriction enzyme are collapsed into
a single ‘RAD locus’ [25]. For each locus, sequence reads
are aligned within and then across individuals, and a sin-
gle ‘consensus sequence’ is generated. In the case that
a particular nucleotide site is polymorphic in a given
population, the consensus sequences will show the allele
with the highest frequency (>50%). Single-end Sbfl RAD
consensus sequences (i.e. both monomorphic and poly-
morphic consensus sequences) were obtained for Atlan-
tic salmon (Salmo salar), rainbow trout (Onchorhynchus
mykiss), three-spined stickleback (Gasterosterus acu-
leatus), gudgeon (Gnathopogon sp.), Chinook salmon
(Onchorhynchus tshawytscha), sockeye salmon (Oncho-
rhynchus nerka), spotted gar (Lepisosteus oculatus), lake
whitefish (Coregonus clupeaformis), Baltic sea herring
(Clupea harengus), and Atlantic halibut (Hippoglossus
hippoglossus) (details specific for each study are given
in Table 1). RAD-Seq studies using the ShfI restriction
enzyme were chosen since this is the most commonly
used protocol within aquatic species, and, therefore, had
the most publically available data.

For rainbow trout and Atlantic salmon, data from four
and two different studies respectively were obtained. For
stickleback, consensus RAD sequences were generated
within individuals (N = 46) and aligned to the reference
genome, and population-level consensus sequences were
unavailable (Table 1). For each of these three fish species,
a single file of common RAD loci was produced using
BLASTN alignments of all sequences (95% identity, <2
base mismatch), where common RAD loci were defined
if sequence for that locus was observed in more than a
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certain threshold number of populations/individuals (see
Additional file 1).

Data filtering, processing and characterisation

The consensus sequence files from each of the ten spe-
cies were processed as follows. To avoid bias in alignment
parameters due to differences in sequence lengths [60,
61], all sequences were trimmed to 60 bp (the shortest
read length amongst the studies). To limit the mislead-
ing alignment of sequences to multiple regions due to
genomic repetitive elements, low complexity sequences
were masked using RepeatMasker [62] (parameters: -s;
-lib; -gccalc). To minimise the effect of repeat sequences
in potentially duplicated regions of the salmonid species
genomes, the Atlantic salmon repetitive element data-
base (http://web.uvic.ca/grasp/salmon_v1.6) was addi-
tionally utilised as a library within RepeatMasker.

To investigate the previously reported bias of Sbfl
RAD-Seq to gene-rich regions of the genome [26, 35,
44, 53], trimmed and repeat-masked sequences for each
of the ten species were individually aligned (TBLASTX;
BLAST+ version 2.2.25+ ; [63]) to a custom-made data-
base of nucleotide gene sequences. This database com-
prised gene sequences originating from Atlantic cod
(Gadus morhua), pufter fish (Takifugu rubripes), medaka
(Oryzias latipes), platyfish (Xiphophorus maculatus),
spotted gar (Lepisosteus oculatus), three-spined stickle-
back (Gasterosterus aculeatus), Tetraodon (Tetraodon
nigroviridis), tilapia (Oreochromis niloticus) and zebrafish
(Danio rerio) (Ensembl 78 [59]). Alignment significance

was taken at E-value <le™®.

Identification of cross-species orthologous RAD loci

To identify RAD loci conserved across species, pairwise
BLASTN analyses of the trimmed and repeat-masked
consensus RAD sequences were conducted (‘blastn’
alignment algorithm; BLAST+ version 2.2.25+ ; [63]).
The most significant alignment for each sequence (i.e.
‘best hit’) was extracted. Two files of best hits were cre-
ated: (1) within salmonid species only; and (2) across all
ten species (including the salmonid species).

Best hit alignment files were quality-checked and fil-
tered based on the following thresholds: (1) within sal-
monid species only, using ‘strict’ alignment parameters
of >95% percentage identity, >50 bp alignment length
and <2 base mismatches; and (2) between all ten spe-
cies, using more ‘relaxed’ alignment parameters of >85%
percentage identity, >45 bp alignment length and <10
base mismatches. The stricter alignment thresholds
within salmonids were chosen in an attempt to differenti-
ate between both orthologous and paralogous regions of
the salmonid genomes. Alignment parameters remained
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constant within each analysis (rather than varying param-
eters according to the evolutionary distance between spe-
cies) such that: (1) consistency in parameters across all
pairwise alignments was maintained, in order to aid com-
parisons of the number of loci identified between species
of differing relatedness; and (2) the identification of mis-
leading alignments (for example between sequences cor-
responding to conserved regions of the same gene family
rather than the same RAD locus) is minimised. To mini-
mise multiple alignments of sequences within salmonid
species due to the recent (~90 MYA; [58]) salmonid spe-
cific genome duplication [41, 42] or due to uncharacter-
ised repetitive elements across all species, all pairwise
alignments were further filtered to retain only unique
alignments (i.e. where the subject sequence was the best
hit to a single query sequence). Two files of pairwise best
hits were created: (1) within salmonids; and (2) across all
ten fish.

To identify orthologous RAD loci across groups of
species of differing levels of evolutionary relatedness,
pairwise alignments were clustered, first within the sal-
monid species only based on the strict pairwise align-
ments, and second, across all ten species, based on the
relaxed alignment parameters. The clustering pipeline
was implemented as follows (also see Additional file 2).
Using the two files of filtered pairwise best hits, sequence
clusters were inferred if RAD locus sequences across all
included species all aligned to each other respectively as
the most significant and unique match. To limit the effect
of paralogous sequences on inferring clusters across the
salmonids and unidentified repetitive elements across
all species, clusters containing sequences which were
assigned to multiple clusters were removed. Clusters
containing more than one RAD locus sequence from a
single species were removed.

To analyse the effect of incorporating RAD loci which
were ‘absent’ for a given species (i.e. no ortholog iden-
tified in the available dataset), clusters were filtered
using varying thresholds for sequence absence. Within
the salmonid species strict analysis, clusters contain-
ing sequences from all five salmonid species and clus-
ters containing sequences from at least three of the five
salmonid species were retained. Across all ten species,
only a single RAD locus cluster was identified. Therefore,
downstream analyses were conducted using clusters with
a minimum of seven sequences from at least seven differ-
ent species or a minimum of five sequences from at least
five different species. To prevent bias in the estimation
of evolutionary relationships, these clusters were further
filtered to remove salmonid species-specific clusters, i.e.
clusters that contained sequences originating from sal-
monid species only. The proportion of clusters within
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genic regions of the genome was quantified, based on
alignment to the custom-made fish nucleotide gene data-
base, as described above.

Reconstructing teleost fish phylogeny using RAD data

To test the utility of cross-laboratory RAD-Seq data to
infer teleost species relationships, cross-species ortholo-
gous RAD locus clusters described above were used to
construct phylogenetic trees. For each identified RAD
locus cluster, sequences for each species within the clus-
ter were extracted. If absence of a RAD locus for a given
species was permitted (as in salmonid dataset 2 and all
fish datasets 1 and 2), species with no sequence for that
locus were assigned a string of 60 * ‘N’ Sequences within
a cluster were aligned using the MUSCLE software (ver-
sion 3.8.31 [64]), and the resulting alignments were
investigated for the presence of between-species single
nucleotide variants. Alleles for each variant for each spe-
cies across all RAD loci were concatenated into a single
sequence. Concatenated variant sequence files were con-
verted into the PHYLIP format [65] for input into the
RAxXML software (version 8 [66]) (see Additional file 4
for details on RAXML parameters). RAxML employs
a maximum likelihood based algorithm for phylogeny
inference, and was chosen since it allows for correction of
ascertainment bias which may arise when using variants
for relationship estimation. RAXML was run using 1,000
bootstraps for all analyses.

Additional files

Additional file 1: Inferring consensus RAD sequences within species.

Additional file 2: Clustering of pairwise BLASTN alignments into cross-
species orthologous RAD loci.

Additional file 3: Number and percentage of shared RAD loci identified
by pairwise BLASTN alignments.

Additional file 4: Parameters for phylogenetic tree construction using
RAXML.

Additional file 5: Estimated phylogenetic relationships.
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