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A B S T R A C T

The use of genome-scale data to infer phylogenetic relationships has gained in popularity in recent years due to
the progress made in target-gene capture and sequencing techniques. Data filtering, the approach of excluding
data inconsistent with the model from analyses, presumably could alleviate problems caused by systematic
errors in phylogenetic inference. Different data filtering criteria, such as those based on evolutionary rate and
molecular clocklikeness as well as others have been proposed for selecting useful phylogenetic markers, yet few
studies have tested these criteria using phylogenomic data. We developed a novel set of single-copy nuclear
coding markers to capture thousands of target genes in gobioid fishes, a species-rich lineages of vertebrates, and
tested the effects of data-filtering methods based on substitution rate and molecular clocklikeness while at-
tempting to control for the compounding effects of missing data and variation in locus length. We found that
molecular clocklikeness was a better predictor than overall substitution rate for phylogenetic usefulness of
molecular markers in our study. In addition, when the 100 best ranked loci for our predictors were concatenated
and analyzed using maximum likelihood, or combined in a coalescent-based species-tree analysis, the resulting
trees showed a well-resolved topology of Gobioidei that mostly agrees with previous studies. However, trees
generated from the 100 least clocklike frequently recovered conflicting, and in some cases clearly erroneous
topologies with strong support, thus indicating strong systematic biases in those datasets. Collectively these
results suggest that data filtering has the potential improve the performance of phylogenetic inference when
using both a concatenation approach as well as methods that rely on input from individual gene trees (i.e.
coalescent species-tree approaches), which may be preferred in scenarios where incomplete lineage sorting is
likely to be an issue.

1. Introduction

Our ability to reconstruct the Tree of Life has benefited tre-
mendously from the advancement of sequencing technology in recent
years (Faircloth et al., 2012; Lemmon et al., 2012; Jarvis et al., 2014).
Genome-scale sequence data have become more affordable due to the
rapid lowering of costs for high-throughput sequencing. Many

researchers are now applying genome-scale data or even full genomes
to investigate elusive phylogenetic questions across a wide range of
evolutionary time scales (Burleigh et al., 2011; McCormack et al., 2012;
Jarvis et al., 2014; Ilves and López–Fernández, 2014; Longo and
Bernardi, 2015; Prum et al., 2015). The optimism about reconstructing
phylogenies using genome-scale data, dubbed “phylogenomics”, is
rooted in the assumption that the problems frequently observed in
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studies using single or a few genes can be overcome by employing large
datasets of hundreds of genomic fragments (Gee, 2003). However, in-
congruence between different analyses still exists despite the use of
large-scale datasets (Dunn et al., 2008; Philippe et al., 2009;
Schierwater et al., 2009) which suggests that merely adding more se-
quences is not enough to resolve incongruence but could instead further
complicate data analyses (Philippe et al., 2011; Salichos and Rokas,
2013). Thus, there has recently been a concerted effort to understand
the phylogenetic utility of phylogenomic datasets with varying sizes,
degrees of completeness, and statistical properties (i.e. substitution
rates, compositional biases, etc.; Dornburg et al., 2014; Sharma et al.,
2014; Eytan et al., 2015; Streicher et al., 2016; Edwards, 2016).

Stochastic errors (sampling) often affect phylogenetic inference due
to insufficient data resulting from inadequate taxon representation, too
few genes or short sequence lengths. Moreover, systematic distortions
can mislead phylogenetic reconstruction as well, such as inaccurately
identified homologies (Philippe et al., 2011), erroneous sequence
alignment (Lake, 1991; Liu et al., 2010), or inappropriately modeled
attributes of the molecular evolutionary process such as base compo-
sitional bias (Phillips et al., 2004; Jeffroy et al., 2006), rate variation
among different sites, and incomplete lineage sorting (Philippe et al.,
2005). While genome-scale datasets can reduce sampling error, they
can exacerbate the problem of systematic error if not handled appro-
priately, leading to incorrect estimations of phylogeny (Phillips et al.,
2004; Jeffroy et al., 2006; Rodriguez–Ezpeleta et al., 2007).

To mitigate the influence of these various types of non-phylogenetic
signal, phylogeneticists have proposed a wide range of criteria to select
genes with strong historical signal for phylogenetic analysis. These in-
clude decisive datasets (Dell'Ampio et al., 2014), slow-evolving genes
(Nosenko et al., 2013), genes with balanced base composition (Phillips
and Penny, 2003), high stemminess value (Fiala and Sokal, 1985;
Drovetski, 2002; Qiao et al., 2006), high phylogenetic informativeness
(Townsend, 2007; Fong and Fujita, 2011; Lopez–Giraldez et al., 2013),
high internode certainty (Salichos and Rokas, 2013), clocklikeness or
posterior predictive effect size (Doyle et al., 2015). Additionally, ex-
clusion of rogue taxa and data with ambiguous alignments has been
advocated (Rokas and Carroll, 2005; Talavera and Castresana, 2007;
Dunn et al., 2008; Philippe et al., 2009). Moreover, missing data may
also exacerbate systematic errors (Roure et al., 2013).

Most of these data filtering methods have been developed and tested
only on a relatively small number of loci and only recently have some
studies tested the effect of individual sources of bias on genome-scale
datasets (Salichos and Rokas, 2013; Chen et al., 2015; Doyle et al.,
2015; Bossert et al., 2017; Dornburg et al., 2017; Duchêne et al., 2017;
Frogoso–Martínez et al., 2017; Qu et al., 2017). With the growing use of
genome-scale data in phylogenetic studies, rigorous data-filtering ap-
proaches are now logistically feasible and critically important (Phillips
et al., 2004).

The fish suborder Gobioidei (Actinopterygii: Teleostei: Gobiiformes)
has more than 2200 extant species distributed in marine and fresh-
waters throughout the tropical, subtropical, and temperate regions of
the world. Gobioid fishes represent one of the most evolutionarily
successful lineages of vertebrates. The majority of gobioids are benthic
or epibenthic fishes, and many possess pelvic fins that are often fused
into a “sucker” adapted for life on, or in, the substrate. Most gobioid
fishes are small and thus are capable of exploiting a variety of micro-
habitats in aquatic ecosystems worldwide. In addition, compared to
other percomorphs, they exhibit morphological reduction or secondary
loss of many of their traits, further complicating morphology-based
phylogenetic analyses (Birdsong et al., 1988; Winterbottom, 1993;
Akihito et al., 2000; Thacker, 2003; Van Tassell et al., 2011).

Early molecular phylogenies of gobioid fishes were poorly resolved,
and in some cases yielded conflicting or incomparable topologies, pri-
marily due to limited taxon sampling, shallow genetic sampling, or
differing methods of phylogenetic inference (see Rüber and Agorreta,
2011; Agorreta and Rüber, 2012, for reviews). However, recently

several independent studies featuring increased taxon sampling and
larger number of genes, including both mitochondrial DNA and con-
served nuclear loci, have converged on a stable backbone phylogeny of
Gobioidei (Fig. 1; Thacker, 2009; Thacker and Roje, 2011; Agorreta
et al., 2013; Tornabene et al., 2013; Thacker et al., 2015). There are
currently-eight families within Gobioidei that are recognized as
monophyletic: Rhyacichthyidae, Odontobutidae, Eleotridae, Milyer-
ingidae, Butidae, Thalasseleotridae, Gobiidae, and Oxudercidae. Most
of the remaining poorly-resolved relationships within the Gobioidei fall
within the most diverse family, the Gobiidae – a clade that underwent
abbreviated and rapid periods of speciation early in its evolutionary
history (Thacker, 2014). There is also uncertainty about which groups
represent the closest relatives to Gobioidei. The most recent hypothesis
by Thacker et al., (2015) based on 10 nuclear genes, shows strong
support for a sister relationship between Gobioidei and the family
Trichonotidae, but the position of the related families Apogonidae and
Kurtidae relative to the rest of Gobioidei is unclear (Thacker, 2009;
Betancur et al., 2013; Thacker et al., 2015).

In this study, we applied a cross-species target gene capture ap-
proach (Li et al., 2013) to collect genome-scale data from 36 re-
presentative species from seven of the eight families of the suborder
Gobioidei, as well as from seven outgroup lineages (Table S1). We then
use phylogenomic data from this group to explore how different data
filtering and sub-sampling strategies affect inferences of topology from
individual gene-trees, trees from concatenated datasets, and coalescent-
based species-tree analyses. Specifically, we tested the usefulness of two
data filtering approaches through: (1) screening for slow-evolving genes
by comparing their average pairwise distance (p-dist) among different
taxa; (2) comparing molecular clocklikeness (MCL) of each gene;
clocklikeness being the likelihood ratio between the strict molecular
clock model and the relaxed molecular clock model (Kumar and
Filipski, 2001; Doyle et al., 2015). Our study provided a robust hy-
pothesis about phylogeny of the Gobioidei and additional information
for understanding and mitigating the potential sources of systematic
bias in genome-scale phylogenetic analyses.

2. Materials and methods

2.1. Sampling and bait design

Fresh and ethanol-preserved tissues were obtained from 36 species
of Gobioidei spanning seven of the eight currently recognized families,
and seven outgroup species, Pterapogon kauderni and Sphaeramia orbi-
cularis (Apogonidae), Kurtus gulliveri (Kurtidae), Ecsenius bicolor and
Salarias fasciatus (Blenniidae), Oreochromis niloticus (Cichlidae), and
Siniperca chuatsi (Sinipercidae; Supporting Information Table S1). Total

Fig. 1. Current consensus of phylogenetic relationships of Gobioidei. Based on
studies using a small number of nuclear genes (Agorreta et al., 2013; Tornabene
et al., 2013; Thacker et al., 2015). Asterisks indicate taxa unavailable for this
study.
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genomic DNA was extracted from fin or muscle tissue using a Tissue
DNA kit (Omega Bio-tek, Norcross, GA, USA) and quantified using a
NanoDrop 3300 Fluorospectrometer (Thermo Fisher Scientific, Wil-
mington, DE, USA). The mtDNA COI gene of each species was amplified
and sequenced to double check morphological identifications of vou-
cher specimens. A pair of custom primers were used for PCR and se-
quencing the COI gene (GobyL, GGCAATCACACGMTGATTYTT, and
GobyR, ACAAAGGCAGGYTCTTCRAA). The PCR conditions followed Li
and Ortí (2007) but with a modified annealing temperature of 60 °C.

No complete genome sequences of gobies were available when
capture probes (baits) were designed, so RNA baits were designed based
on the sequences of target regions from several other fish species. Using
EvolMarkers (Li et al., 2012), 17,817 conservative single-copy nuclear
coding sequence regions (CDS) were found comparing eight model
fishes whose genomes are available (Lepisosteus oculatus, Danio rerio,
Oryzias latipes, Gasterosteus aculeatus, Tetraodon nigroviridis, Anguilla
japonica, Gadus macrocephalus, and Oreochromis niloticus). Biotinylated
RNA baits (MYcroarray, Ann Arbor, Michigan) of 120 bp were synthe-
sized with 2× tiling based on the sequences of O. niloticus
(3,508,171 bp), which was the most closely related species with an
annotated genome to our ingroup taxa at the time of bait design. If the
length of the target region was less than 120 bp, the bait sequence was
padded with thymine (T) to 120 bp at the 3′ end to facilitate bait
synthesis. See Supporting Information (detailed materials and methods
and Fig. S1) for detailed methods for library preparation, sequencing,
and downstream bioinformatics.

2.2. Test for different data filtering approaches: empirical data

To avoid potential effects due to missing data and to focus on effects
due to systematic bias, we only used the 570 loci with sequence data
present in all 43 species and less than 5% missing data overall, to test
the usefulness of different marker filtering approaches. The following
two characteristics used to filter phylogenetic data (referred to here-
after as predictors) were evaluated as potential indicators for identifying
useful phylogenetic markers: (1) average pairwise distance (p-dist), (2)
molecular clocklikeness (MCL). The values of these two predictors were
calculated for each of the 570 loci.

It has been demonstrated that nuclear coding loci with moderate
evolutionary rates are useful when attempting to resolve phylogenies
with deep nodes (Li et al., 2007, 2008; Jones et al., 2012; Lang et al.,
2013). Thus, we quantified substitution rate by calculating average
pairwise distance using a custom Perl script (Supporting Information
Supplementary_data_file_1.txt).

To evaluate the molecular clocklikeness (MCL) of each marker,
global likelihood ratio was calculated between a tree with a strict
molecular clock enforced against a tree without constraints (Muse and
Weir, 1992). Under the null hypothesis, the phylogeny is rooted and the
branch lengths are enforced to be clock-like. Under the alternative
hypothesis, each branch is allowed to vary independently. The alter-
native hypothesis invokes s - 2 additional parameters, where s is the
number of taxa. The likelihood of each gene tree with and without
enforcing a molecular clock was estimated using PAUP* 4.0b10
(Swofford, 2000). A locus with a small MCL value indicates a clock-like
rate of evolution, whereas a large MCL value indicates the locus is less
clock-like.

We first checked to see whether each of our predictor values for
each gene was correlated with the length of the gene. Preliminary
analyses found significant (p < 0.01) correlations between the length
of each locus and its p-distance and MCL (Supporting Information Table
S2). To account for this correlation, we divided these predictor values
by the length of each locus. Thus, the effects of these predictors can be
interpreted as “effects-per-unit-length”. All references to p-distance and
MCL predictor variables hereafter refer to the length-corrected values.

The usefulness of each locus as a phylogenetic marker was then
assessed as follows. First, we evaluated the phylogenetic utility of each

locus by comparing individual gene trees to a ‘reference tree.’ Ideally
the reference tree is the species tree or the ‘true’ topology; however, in
empirical studies the true tree topology is unknown. Therefore, as a
proxy for the ‘true’ topology, we generated a concatenated maximum
likelihood (ML) tree reconstructed from the entire 570 loci
(226,979 bp) complete-coverage dataset and used this as a reference
tree, as concatenated ML trees have been shown to be an adequate
approximation of the true phylogeny in cases where the true topology is
not available (Capella–Gutierrez et al., 2014). The concatenated re-
ference tree and single gene trees were estimated using GTRCAT model
in RAxMLv7.5.7 (Stamatakis et al., 2005; Stamatakis et al., 2008). Be-
cause the CAT approximation is not recommended for analyzing dataset
with less than 50 taxa (Stamatakis, 2006), we also compared the results
with analysis applying GTRGAMMA model partitioning by three coding
positions, which has been shown to be effective at capturing most of the
heterogeneity in nuclear sequences of fishes (Li et al., 2008). We also
generated concatenated trees using a 14,876 loci dataset (80% missing
data), and a 5,954 loci dataset (20% missing data). Finally, for com-
parison to the concatenated reference tree, we also estimated a coa-
lescent-based species-tree using ASTRAL-II (Mirarab and Warnow,
2015; Sayyari and Mirarab, 2016), using un-rooted RAxML gene-trees
from the 570 loci.

Individual gene trees and the ML reference tree were compared
using Branch Score Distance (Kuhner and Felsenstein, 1994) and Ro-
binson-Foulds Distance (Robinson and Foulds, 1981), which were cal-
culated using treeidst.exe in Phylip v3.695 (Felsenstein, 2005). The
Robinson-Foulds Distance only accounts for topological differences,
whereas the Branch Score Distance reflects differences in both topology
and branch length. Because analyses using the Branch Score Distance
and the Robinson-Foulds Distance yielded similar results, so we only
report the results based on the Branch Score Distance (hereafter “tree
distance”). We then used independent and multiple-regression models
to test the correlation between the tree distances and the values of each
of the two predictors. A strong correlation between the tree distance
and the value of a particular predictor, or combination of predictors,
suggests that this data-filtering characteristic could be a good indicator
of phylogenetic performance and thus a useful tool for data filtering.
We performed a Ramsey Regression Equation Specification Error Test
(Ramsey, 1969) to determine if non-linear combinations of our pre-
dictor values have power to explain tree distance, and thus a linear
model would be mis-specified.

We then set out to determine whether combining many genes with
poor predictor values would dampen or amplify the effects of sys-
tematic biases. We ranked the 570 genes according their values of our
two predictors, then took 100 loci with lowest predictor values and 100
loci with highest predictor values, concatenated them respectively, and
analyzed them using RAxML v.7.5.7 (GTRCAT model, 500 replicates)
(Stamatakis et al., 2005; Stamatakis et al., 2008). We also analyzed
these same 100 best/worst loci for each predictor using ASTRAL-II. We
then compared the topology and support values of the best/worst 100-
loci trees to each other and our reference tree to evaluate their per-
formance.

3. Results

3.1. Sequencing reads and assembly

One lane of the Illumina HiSeq2000 run generated a total of 410
million raw reads (average of 9.8 million reads per sample), with
Stonogobiops nematodes having the most reads (14.7 million) and
Typhleotris pauliani having the fewest (5 million; Supporting
Information, Table S1). After adapter trimming and quality filtering, an
average of 9.7 million reads (99.5% of the raw reads) per sample were
retained. The reads were then parsed into the different files according
to their matching score to the bait sequences of the target loci. An
average of 10,397 target loci per sample contained parsed reads. After

T. Kuang et al. Molecular Phylogenetics and Evolution 128 (2018) 192–202

194



de novo assembly using Trinity assembler, on average, 5070 loci had
one contig; 5327 loci had more than one contig, which were primarily
short fragments that did not overlap enough to be assembled using
Trinity’s de Bruijn graph approach, or non-target sequences (e.g.
paralogues) that were removed later in a reciprocal BLAST step. An
average of 463 out of these 5327 loci could be successfully merged into
one contig using Geneious (Supporting Information, Table S1). An
average of 9795 orthologous sequences (55% of total number of tar-
gets) was identified for each sample through pairwise alignments and
BLAST searches. The species with the most number of loci captured was
K. gulliveri (15,003 loci, 84.2% of the total number of targets), while the
one had the worst result was Ctenogobius boleosoma (6099 loci, 34.2% of
the total number of targets). An average of 1.5 million reads (15.1% of
the filtered reads) per sample was mapped onto the assembled contigs,
with a mean depth of 67× (Supporting Information, Table S1). On
average, 50.1% of the 3.5 million bp targeted nucleotide sites were
covered for each species. The number of captured loci is negatively
correlated with the distance between baits and captured sequences
(p < 0.01), which ranged from 10.3% to 22.8%, while the number of
raw reads could not predict the number of loci obtained (p=0.97)
(Supporting Information Fig. S2). The 100 loci with the largest average
pairwise distances were examined by eye to identify potential mis-
alignment, of which twenty-four alignments were corrected by hand.
No other cases of misalignment were found when 100 additional loci
were randomly spot-checked. There were 694 loci with sequence data
present for all taxa, of which 570 had less than 5% missing data and
were thus used in downstream analyses.

3.2. Gobioid reference tree

The ML analysis on concatenated sequence of 570 loci present in all
taxa with less than 5% missing data, using GTRCAT model and GTR-
GAMMAR model resulted in the same topology, with 100 bootstrap
support for all but one node (Fig. 2). We also generated concatenated
trees using our complete dataset, a 14,876 loci dataset (80% missing
data), and a 5954 loci dataset (20% missing data), all of which resulted
in an identical topology to the 570 loci dataset but with all nodes
having 100 bootstrap support. The ASTRAL tree generated gene trees
from the same 570 loci (Supporting Information Fig. S3) is identical to
the ML concatenated tree with the exception of some relationships
within the Gobiidae, which were not very well supported in the AS-
TRAL tree. All families within the Gobioidei were recovered as mono-
phyletic.

3.3. Assessing two methods of data filtering for selecting phylogenetic
markers

The two predictors, p-distance and MCL were calculated for each of
the 570 loci that were present for all taxa and had less than 5% missing
data. The tree distance between the gene tree of each locus and the
reference tree was calculated. The raw values of the two predictors and
the tree distance for each locus are available as Supporting Information
(Supplementary_data_file_2.txt).

We assessed how well each of our two predictors correlated with the
tree distance between each gene tree and the reference tree through
regression analyses using combination the two predictors, and each the
predictors individually. Because both our predictors were significantly
correlated with locus length, we divided them by locus length to miti-
gate the effects of the quantity of data in each locus and focus on sys-
tematic sources of bias. After accounting for locus length in these pre-
dictors, both predictors were significantly correlated with the tree
distance (Fig. 3; Table 1), indicating that the both predictors have some
utility in indicating phylogenetic performance. The explanatory power
of each of our predictors individually ranged from an R2 of 0.08 (for p-
distance) and 0.14 (for MCL) (Fig. 3; Table 1). The multiple-predictor
model passed the Ramsey test (Ramsey, 1969), indicating that non-

linear combinations of our data did not explain tree-distance sig-
nificantly better than a linear model. The multiple-predictor model had
an R2 of 0.15 (Table 1). Although we were not explicitly interested in
the effect of data quantity (e.g. locus length) on loci performance, for
the purpose of data exploration, we also created two other a multiple
regression models that included length as a main effect, as well as
“length × predictor” interaction terms (Supporting Information Table
S3). This model was created using our raw predictor values (not cor-
rected for length). Because the distribution of the model residuals
maybe is non-normal (and highly skewed), we also log-transformed
predictor values for regression analyses. These models had higher R2

values than those in Table 1, as we expected with the addition of locus
length as a predictor, and as expected from our preliminary regressions,
MCL and p-distance had significant interaction terms with locus-length
(Supporting Information Table S3).

We created both concatenated maximum likelihood trees and
ASTRAL species-trees from the 100 genes with the best/worst values for
p-distance, and MCL, and compared them to each other and our re-
ference tree to evaluate whether systematic biases are dampened or
amplified when many genes are used (Figs. 4 and 5). For all predictors,
the ASTRAL and concatenated trees from the 100 best ranked loci
produced trees that were nearly identical to our reference tree
(Supporting Information Figs. S4 and S5). The only exceptions were
that relationships within the Gobiidae were variable and generally not
well-resolved. However, when looking trees generated from the 100
worst-ranked genes for each predictor, both concatenated trees (trees
from genes with the 100 worst MCL, p-distance values; Figs. 4A, 5A),
and ASTRAL trees (Figs. 4B, 5B) all had topologies that conflicted with
the reference tree, all with strong support. In most cases the conflicting
topologies were restricted to the errant placement of one or two bran-
ches (e.g. Figs. 4, 5B). However, the concatenated tree from the 100
least clocklike loci had a highly divergent topology, with Odontam-
blyopus and Ctenogobius being recovered in a grade outside of all other
gobioids (rather than within Oxudercidae), and with Butidae, Eleo-
tridae, Milyeringidae, Rhyacichtyidae, and Odontobutidae all being
resolved in one large clade sister to Oxudercidae+Gobiidae (Fig. 5A).

4. Discussion

4.1. Enrichment efficacy

The efficacy of target enrichment protocols may vary depending on
bait design and the molecular properties (i.e. GC content) of the tar-
geted regions (Tewhey et al., 2009; Hedges et al., 2011). A more
common cause of low capture efficacy is genetic divergence between
bait sequences and targets (Hedtke et al., 2013; Li et al., 2013; Bragg
et al., 2016; Hugall et al., 2016). We also found that the number of loci
captured was highly correlated with the genetic distance between the
baits and the target sequences (R2= 0.63, p < 0.01; Fig. S2). We did
not find a correlation between the number of loci captured and the
amount of raw reads sequenced (Fig. S2), that is more data did not
result in more loci captured, which suggests that the amount of data we
collected (9.8 million reads per sample on average) was sufficient to
obtain the capturable target sequences under the current experimental
conditions.

4.2. Phylogenomic hypothesis of Gobioidei

Our results based on the first phylogenomic dataset of the Gobioidei
(Fig. 2) strongly support the monophyly of the Gobioidei and of the
families within it, and is in agreement with topologies recovered by
other recent molecular studies (Fig. 1; Thacker, 2009; Betancur et al.,
2013; Thacker et al., 2015). Several relationships recovered by our
analysis conflict with results from early molecular phylogenies based on
a limited number of genes, including those based entirely on mi-
tochondrial DNA (Thacker and Hardman, 2005; Thacker, 2009;
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Fig. 2. ML tree based on the complete dataset, 570 loci. No missing taxa for all loci, hereafter referred to as the ‘reference tree’. The dot denotes the only node with
less than 100% bootstrap support.

Fig. 3. The relationships between tree distance and values for the two predictors. Values for both predictors have been divided by length.
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Chakrabarty et al., 2012). For example, the analysis by Thacker and
Hardman (2005) suggested that a clade composing Milyeringidae and
Odontobutidae was sister group to the remainder of Gobioidei ex-
cluding the Rhyacichthyidae, and Thacker (2009) recovered a clade
containing Rhyacichthyidae, Odontobutidae and Milyeringidae (re-
presented solely by Milyeringa), whose intrarelationships were un-
resolved, which was the sister group to all other lineages of Gobioidei
with strong support. However, the relationships among the major go-
bioid families here (Fig. 2) are in agreement with more recent studies
that have incorporated nuclear genes (Agorreta et al., 2013; Tornabene
et al., 2013; Thacker et al., 2015), supporting the importance of
choosing appropriate markers for the phylogenetic question at hand.
The relationships within the goby family Oxudercidae, although based
on very limited taxon sampling, are also congruent with previous stu-
dies containing many more species (Agorreta et al., 2013; Tornabene
et al., 2013; Thacker, 2013). Relationships within the Gobiidae, while
well supported in our reference tree (but poorly supported in all other
100-loci trees discussed below), are based on too few taxa to be criti-
cally compared to previous studies with more extensive sample, but in
general the relationships shown in Fig. 2 are consistent with those from
recent studies (Thacker and Roje, 2011; Agorreta et al., 2013;
Tornabene et al., 2013).

The general congruence between our tree based on our large
genomic datasets (570 to 14,876 loci) and those containing far fewer
loci (e.g. Agorreta et al., 2013; Thacker et al., 2015), suggest that in the
case of the backbone phylogeny of Gobioidei, the five to 10 genes (in
concert with robust taxon sampling) used in past studies may have been
sufficient data to recover the true phylogeny. This may indeed be the
case for other studies as well, but this is entirely dependent on the
characteristics of the genes chosen. In the case of gobioids, below we
show that increasing from 10 genes (Thacker et al., 2015) to 100 genes
can actually decrease phylogenetic performance and lead to strongly-
supported incorrect topologies if the loci are sources of systematic
biases, thus stressing the importance of assessing the quality of data in
large-scale phylogenomic analyses.

4.3. Criteria for selecting best molecular markers

To avoid incorrect phylogenetic inference due to potential sys-
tematic errors, two approaches could be used. The first approach is to
explicitly model all forces that have driven the evolution of the mole-
cules, many of which are often unknown. The second approach is to
identify and exclude data that are not following standard time-homo-
geneous i.i.d. model (Philippe et al., 2005). The increasing use of
genome-scale phylogenetic datasets makes the data filtering methods
more practical and imperative than ever before, enabling more effective
approaches for detecting phylogenetic signal (Phillips et al., 2004).
Some of the proposed criteria for choosing/excluding phylogenetic
markers include substitution rate (Nosenko et al., 2013), nucleotide
base composition (Phillips and Penny, 2003), phylogenetic informa-
tiveness (Townsend, 2007; Lopez–Giraldez et al., 2013), clocklikeness

or posterior predictive effect size (Doyle et al., 2015), among others.
The results from our gene-capture Gobioidei dataset show that both

p-distance and molecular clocklikeness are significantly correlated with
the distance between the gene tree and the reference tree. We also note
that both of our predictors were strongly correlated with the length of
locus (Supporting Information Table S2), that is, longer loci tend to
have more favorable characteristics in terms of their substitution rate
and clocklikeness. Thus, selecting longer loci may be an effective first-
step screening strategy in selecting loci with desirable properties. In-
deed, Camargo et al. (2012) found that short loci (∼150 bp) were
substantially less accurate than 295–440 bp loci, however their study
focused on a more recently-divergent group which likely has sig-
nificantly fewer informative sites per loci on average. However, the
relationship between locus length and phylogenetic accuracy is more
complex than simply adding more variable sites, and adding more data
by combining loci will not unequivocally improve accuracy of analyses
if loci still possess sources of systematic bias, as indicated by trees
shown in Figs. 4 and 5.

Despite a significant correlation between both of our predictors and
the distance between gene trees and the reference tree, the explanatory
power of p-distance is relatively low in our dataset, that after ac-
counting for gene length, slow evolving genes were significantly more
accurate than faster evolving genes, but this only explained 7.5% of the
variation in tree distance (Table 1). Despite the low explanatory power
of a genes substitution rate on a locus-by-locus basis, the benefit of
filtering out rapidly evolving genes is more pronounced when com-
bining loci. When we concatenated 100 rapidly-evolving genes
(Fig. 4A) or analyzed them using ASTRAL (Fig. 4B), we recovered a
topology that conflicted with our reference tree, and one that has never
been shown in previous studies; Sicydium and Ctenogobius were re-
covered sister to the rest of the Oxudercidae with strong support. Both
Sicydium and Ctenogobius belong to the “Stenogobius lineage” of
Agorreta et al. (2013), and species in this group have historically and
consistently been resolved as the sister group to a clade of eel-gobies
and mudskippers (represented in our study by Taenioides, Trypauchen,
Boleopthalmus, Odontamblyopus and Periophthalmus) in molecular stu-
dies using different datasets (Thacker, 2009, 2013; Agorreta et al.,
2013; Tornabene et al., 2013). Like our dataset focusing on 100 rapidly
evolving loci (Fig. 4), the datasets from Thacker (2009) and Thacker
(2013) dataset consisted only rapidly-evolving mitochondrial genes,
ableit with much denser taxon sampling in the Oxudercidae than our
study. Nevertheless, Thacker (2009, 2013) recovered a topology con-
sistent with our reference tree, and different than the tree we recover
from the 100 loci with the highest evolutionary rates (Fig. 4). This
suggests that homoplasy in rapidly evolving genes will obscure phylo-
genetic signal more so in cases where taxon sampling is sparse and
terminal branches are longer, as is the case in our dataset versus those
of Thacker (2009; 2013). Our study focuses primarily on organisms that
have diverged within the last 60–100 million years (Thacker, 2014),
and thus selecting genes with high signal-to-noise ratio may be even
more pronounced in studies covering broader evolutionary time-scales
where substitution saturation may be more prevalent.

Our data strongly suggested that MCL was the most useful data-
filtering tool for our phylogenomic dataset. There was a significant
correlation between how clocklike a gene was and how well that gene
tree matched the ‘true’ reference tree (Fig. 3; Table 1). The explanatory
power of MCL (R2= 0.14) was substantially higher than rate. The re-
lationship between clocklikeness and phylogenetic performance held
true, and was exacerbated when many non-clocklike loci were analyzed
together (Fig. 5). Combining multiple non-clocklike loci in the ASTRAL
species-tree analysis yielded a tree that conflicts (with strong support)
with our reference tree regarding the placement of Ctenogobius
(Fig. 5B). Concatenating non-clocklike loci resulted in the worst to-
pology in this study (Fig. 5A), which shows well-supported place of
most of the ‘basal’ gobioid families in a distinct clade sister to Go-
biidae+Oxudercidae, and the genera Odontamblyopus and Ctenogobius

Table 1
Summary of linear regression models using the two predictors in combination
(top) and independently (bottom) to explain tree distance between gene trees
and the reference tree. Both predictors have been divided by locus length.

Predictors in
model

Regression coefficents Model Statistics logLik AIC

MCL p-distance R2 df

Multiple predictor model
MCL, p-

distance
0.098 32.864 0.15 4 708.74 −1409.48

Single predictor models (ranked by AIC)
MCL 0.116 – 0.14 3 705.49 −1404.98
p-distance – 79.852 0.08 3 683.68 −1361.36
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Fig. 4. Trees inferred from 100 loci with highest average pairwise genetic distance (p-distance). (A) concatenated RAxML analysis, support at nodes are bootstrap
values. (B) ASTRAL species-tree analysis, support at nodes are local posterior probabilities. Major topological differences from the reference tree are highlighted in
red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Trees inferred from 100 least clocklike loci. (A) concatenated RAxML analysis, support at nodes are bootstrap values. (B) ASTRAL species-tree analysis,
support at nodes are local posterior probabilities. Major topological differences from the reference tree are highlighted in red. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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being resolved well-outside the rest of the Gobioidei. These relation-
ships are not supported by any phylogenetic study to date. Doyle et al.
(2015) also discovered that clocklikeness could be a good indicator of
phylogenetic reliability of genes in yeast and amniotes. Our results
present the second study testing clocklikeness as a predictor of phylo-
genetic signal, which used a novel dataset in a much younger diver-
gence timeframe than that of yeast and amniotes even though more
datasets should be examined before generalizing the conclusion. It is
also important to point out that calibrating log likelihood ratio with
gene length should be taken as the standard procedure in future studies
due to the high correlation between them found in our analysis. In
addition, in our combined model, length-corrected MCL showed mod-
erate evidence of collinearity with p-distance (Supporting Information
Table S3), which suggests that screening for loci with high values of
length-corrected MCL may also effectively select loci with other desir-
able properties.

Chen et al. (2015) proposed a question-specific data filtering
strategy to exclude loci that either did not matching predefined hy-
potheses or did not support a well-established “control node”, which
was chosen a-priori. They suggested that their methods might work
though excluding loci highly subject to random errors or systematic
error (Chen et al., 2015). However, when gene tree error is high solely
due to loci being short and contain few informative sites, an individual
locus may not be expected to strongly support monophyly of a given
“control node”, despite potentially still possessing some phylogenetic
signal when used in a combined analysis with more loci. Thus, a single
node-based topology test may be too conservative for these types of
data. Similarly, Arcila et al. (2017) developed a procedure they termed
gene genealogy interrogation (GGI), that instead of evaluating each
individual gene’s support for a single node, their procedure considers
each gene’s support for small subset of predefined alternative topolo-
gies in comparison to a single predefined null topological hypothesis.
Their study on interfamilial relationships of ostariophysiian fishes
showed that, while gene tree error was high in general, only a small
subset of genes showed strong support for alternative, unconventional
hypotheses, and thus excluding these ‘errant’ genes (putatively para-
logous loci) may be an effective filtering strategy (Arcila et al., 2017).
Filtering loci based on clocklikeness may also work in a similar way in
excluding problematic loci, such as paralogous comparisons that went
undetected by other filters, as paralogues will tend to have longer
branches and get filtered out by a clocklikeness filter. Unlike the
question-specific strategy of Chen et al. (2015) and Arcila et al. (2017),
which consider only one node at a time or rely on a small set of pre-
defined phylogenetic hypotheses, filtering based on clocklikeness ac-
counts for tree-wise anomalies and does not require any a priori as-
sumptions in phylogenetic relationships among the taxa of interest.

5. Conclusions

New methods in target enrichment gene-capture and advances in
next-generation sequencing are generating massive amounts of se-
quence data with the potential to shed light on some of the most
challenging evolutionary questions across the Tree of Life. However,
not all data types are informative for most phylogenetic questions and
some suites of loci may be inherently biased. There is therefore a need
to develop practical ways of selecting phylogenetically useful loci from
those that could introduce systematic errors into analyses. Here we used
a novel genome-wide phylogenomic dataset of Gobioidei to produce a
well-supported phylogeny, which we then utilized to evaluate two po-
tential predictors of phylogenetic performance. We found that mole-
cular clocklikeness is a better indicator of the phylogenetic usefulness of
molecular markers in our goby study, and substitution rate was also
correlated with phylogenetic accuracy but with low explanatory power.
Combining multiple genes with poor characteristics can lead to posi-
tively misleading results (strongly-supported, incorrect topologies),
regardless of whether these loci are analyzed using coalescent-based

species-tree analyses or via a concatenated super-matrix approach.
However, our conclusion was based only on the goby dataset, more
empirical studies should be performed and studies looking at the utility
of different analytical approaches for both species-tree and concatena-
tion analyses (e.g. statistical binning of genes, different partitioning and
modeling schemes; Mirarab et al., 2014; Bayzid and Warnow, 2013)
will provide more insight into how best to handle phylogenomic data
after carefully selecting loci appropriate for a specific phylogenetic
question.
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