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ABSTRACT

Conflicts between nuclear and mitochondrial phylogenies have led to uncertainty for some relationships within the tree of life. These conflicts have led some to
question the value of mitochondrial DNA in phylogenetics now that genome-scale nuclear data can be readily obtained. However, since mitochondrial DNA is
maternally inherited and does not recombine, its phylogeny should be closer to the species tree. Additionally, its rapid evolutionary rate may drive accumulation of
mutations along short internodes where relevant information from nuclear loci may be limited. In this study, we examine the mitochondrial phylogeny of Cavitaves
to elucidate its congruence with recently published nuclear phylogenies of this group of birds. Cavitaves includes the orders Trogoniformes (trogons), Bucerotiformes
(hornbills), Coraciiformes (kingfishers and allies), and Piciformes (woodpeckers and allies). We hypothesized that sparse taxon sampling in previously published
mitochondrial trees was responsible for apparent cyto-nuclear discordance. To test this hypothesis, we assembled 27 additional Cavitaves mitogenomes and esti-
mated phylogenies using seven different taxon sampling schemes ranging from five to 42 ingroup species. We also tested the role that partitioning and model choice
played in the observed discordance. Our analyses demonstrated that improved taxon sampling could resolve many of the disagreements. Similarly, partitioning was
valuable in improving congruence with the topology from nuclear phylogenies, though the model used to generate the mitochondrial phylogenies had less influence.

Overall, our results suggest that the mitochondrial tree is trustworthy when partitioning is used with suitable taxon sampling.

1. Introduction

Resolving the tree of life has been a focus of scientists for years, and
the avian tree of life has been especially problematic. Early molecular
studies (e.g., Groth and Barrowclough, 1999; van Tuinen et al., 2000;
Braun and Kimball, 2002) divided birds into three major groups (Pa-
laeoganthae, Galloanseres, and Neoaves). However, most avian lineages
are members of Neoaves and diversification of that group appears to
reflect an explosive radiation, the timing of which is still debated
(Feduccia, 2003; Ksepka et al., 2014; Cracraft et al., 2015; Mitchell
et al., 2015). The radiation of most bird orders at the base of Neoaves is
relatively ancient, occurring at least 65 million years ago, and resolving
the deep relationships in Neoaves has been challenging (Jarvis et al.,
2014). Both Poe and Chubb (2004) and Suh (2016) suggest that it may
not be possible to resolve the phylogeny of Neoaves (i.e., they hy-
pothesize that the radiation was a hard polytomy). However, studies
using large amounts of nuclear sequence data are beginning to resolve
these deeper relationships (Hackett et al., 2008; Kimball et al., 2013;
McCormack et al., 2013; Jarvis et al., 2014; Prum et al., 2015; Reddy
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et al., 2017).

The recent availability of practical methods to generate large
amounts of nuclear data using sequence capture (Faircloth et al., 2012;
McCormack et al., 2013; Prum et al., 2015) or even whole genome
sequencing (e.g., Jarvis et al., 2014) raises questions about the con-
tinued role of mitogenomes in phylogenetics and other evolutionary
studies. We believe that mitogenomic data retain value for several
reasons. The mitogenome has long been used as a source of information
for phylogenetic studies in birds and other vertebrate groups (e.g.,
Mindell et al.,, 1999; Braun and Kimball 2002; Pratt et al., 2009;
Pacheco et al., 2011; Mahmood et al., 2014), it remains the only marker
sampled for many species (Burleigh et al., 2015), and it is a key marker
for some extinct species (e.g., Mitchell et al., 2014). Vertebrate mito-
genomes provide a long non-recombining sequence (Berlin and
Ellegren, 2001) that might allow accurate estimation of the mitochon-
drial gene tree, without any concerns regarding the impact of re-
combination (for discussion of the issue of recombination see Springer
and Gatesy, 2016; Springer and Gatesy, 2018). The shorter coalescence
time of mitochondrial sequences relative to the nuclear genome is
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Fig. 1. Prior estimates of Cavitaves phylogeny. (A) Most analyses using multiple nuclear genes (e.g., Hackett et al. 2008; Wang et al. 2012; Kimball et al. 2013; Jarvis
et al. 2014; Prum et al. 2015; Reddy et al. 2017) recover this topology, often with high support. (B) The mitogenomic phylogeny from Pratt et al. (2009). (C) The
mitogenomic phylogeny from Pacheco et al. (2011). (D) The mitogenomic phylogeny from Mahmood et al. (2014).

expected to lead to a higher probability that the mitochondrial gene
tree matches the species tree (Moore, 1995). Finally, large numbers of
off-target mitogenomic reads are often generated by sequence capture
efforts (Meiklejohn et al., 2014; do Amaral et al., 2015; Wang et al.,
2017) without additional cost or laboratory effort, so researchers can
easily take advantage of the desirable properties of mitochondrial data
to complement the nuclear data being targeted.

Despite those desirable properties, mitochondrial DNA also has
some short-comings. As a non-recombining sequence, the mitochon-
drial genome is considered a single genetic marker and is susceptible to
the issues intrinsic to any individual gene tree (reviewed in Maddison,
1997; Rubinoff and Holland, 2005). Specifically, introgression and in-
complete lineage sorting (ILS) are challenges for the inference of species
tree from mitogenomic data. These phenomena can lead to genuine
cyto-nuclear discordance. Second, mitogenomes are fast-evolving se-
quences compared to nuclear DNA (Kumar, 1996), suggesting that
analyses of mitochondrial DNA might be useful for examining closely
related taxa but problematic for deeper divergences. Empirically, there
are cases where estimates of deep avian phylogeny based on mitoge-
nomic data conflict with the results of analyses of much larger nuclear
datasets (e.g., Fig. 2 in Jarvis et al., 2014), suggesting either that cyto-
nuclear discordance exists or that it is difficult to obtain accurate esti-
mates of the mitochondrial tree. Those results suggest that it is im-
portant to understand the factors that drive observed incongruence; one
important question is whether we can, in fact, obtain an accurate es-
timate of the mitochondrial tree at deep levels of divergence.

Several approaches that have been employed to improve phyloge-
netic estimation could also be used to resolve questions about cyto-
nuclear discordance. Increased taxon sampling has been shown to im-
prove the accuracy of phylogenetic analyses in many studies (Hillis,
1996; Pollock et al., 2002; Zwickl and Hillis, 2002; Soltis et al., 2004).
For that reason, prior studies using mitogenomes (Pacheco et al., 2011;
Mahmood et al., 2014) have called for increased taxon sampling to help
resolve different clades. A major benefit of increased taxon sampling is
the ability to break up long branches, as it is well established that un-
related species can be grouped together artifactually, sometimes with
high support, when they exist as long branches (long branch attraction;
see Felsenstein, 1978; Hendy and Penny, 1989). The choice of taxa to
break up branches should not be random; the best taxa maximally
subdivide (i.e., bisect) long branches (Goldman, 1998; Poe and
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Swofford, 1999; Slack et al., 2007). Increased taxon sampling can also
improve parameter estimation (reviewed in Cummings and Meyer,
2005), so adding taxa to well-established clades has the potential to
further improve model-based phylogenetics.

Sparse taxon sampling represents only one of the challenges in
modeling the evolution of mitogenomes. Vertebrate mitochondrial DNA
accumulates substitutions much more rapidly than nuclear DNA, ex-
hibits a high transition-transversion ratio, and has a very skewed base
composition, especially for third codon positions (Kumar, 1996). For
these reasons, increased model complexity often improves analyses of
mitochondrial data and produces more accurate trees (e.g., Braun and
Kimball, 2002). Likewise, Leavitt et al. (2013) demonstrated that par-
titioning the mitogenome increases accuracy across several maximum
likelihood (ML) models. The variability in substitution rates among
different regions of the mitogenome has a large impact on the effec-
tiveness of partitioning (Duchene et al., 2011). By utilizing these ana-
lytical methods along with improved taxon sampling, we believe that
resolving questions about cyto-nuclear discordance and estimating deep
divergences using mitochondrial data are possible.

One group within Neoaves where available estimates of the mi-
tochondrial tree are incongruent with the nuclear topology is Cavitaves
(Yuri et al., 2013). This clade includes four orders: Trogoniformes
(trogons), Bucerotiformes (hoopoes, woodhoopoes, and hornbills),
Coraciiformes (bee-eaters, rollers, and allies), and Piciformes (wood-
peckers and allies), all of which are obligate cavity nesters. Modern
phylogenies strongly place Cavitaves within the Telluraves (Yuri et al.,
2013; also called the “core” landbirds; Jarvis et al., 2014). Phylogenies
based on large-scale nuclear studies using several different marker
types have resulted in a strongly-corroborated topology because those
analyses consistently recover a specific relationship among these four
orders (Fig. 1A, see Hackett et al., 2008; Kimball et al., 2013; Jarvis
et al., 2014; Prum et al., 2015; Reddy et al., 2017). The sole exception
among studies with genome-wide sampling of markers is one of two
trees in McCormack et al. (2013): the tree based on 416 ultraconserved
element (UCE) loci that excluded Trogoniformes was congruent with
Fig. 1A while an incomplete data matrix of 1541 UCE loci united Bu-
cerotiformes with Piciformes, in conflict with Fig. 1A. This conflict
suggests that the data in McCormack et al. (2013) could not rigorously
address relationships within Cavitaves, possibly due to insufficient
taxon sampling. In contrast to studies that used nuclear loci, studies
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using complete mitogenomes have produced trees showing much
greater topological variation within Cavitaves (Fig. 1B, C and D; Pratt
et al., 2009, Pacheco et al., 2011, Mahmood et al., 2014), none of which
are congruent with the nuclear topology (Fig. 1A).

We considered two hypotheses that explain incongruence between
the mitochondrial and nuclear trees. First, that incongruence may re-
flect biological history, where some gene trees differ from the species
history due to ILS or introgression (Maddison, 1997; also see Ballard
and Whitlock, 2004 for a review of these phenomena focused on ver-
tebrate mitochondrial DNA). We call this the “genuine discordance”
hypothesis. Second, the incongruence could reflect inaccurate estima-
tion of the mitochondrial phylogeny, possibly due to sparse taxon
sampling and/or poor fit between the model used and data analyzed
(e.g., Meiklejohn et al., 2014). We call this the “inaccurate estimation”
hypothesis. The inaccurate estimation hypothesis suggests that the true
nuclear and mitochondrial trees are (largely) congruent, and therefore
methods that have been shown to improve phylogenetic analysis in
other studies should increase congruence between the mitochondrial
tree and the best estimate of the species tree and, in doing so, falsify the
genuine discordance hypothesis.

In this study, we explored the impact of taxon sampling and model
fit on the mitochondrial phylogeny of Cavitaves to assess whether these
factors affect the congruence between the mitochondrial gene tree and
nuclear topologies (we consider the topology in Fig. 1A to be an ac-
curate estimate of the nuclear topology based on congruence among
Hackett et al., 2008; Kimball et al., 2013; Jarvis et al., 2014; Prum
et al., 2015; Reddy et al., 2017, and Fig. 2B in McCormack et al., 2013).
We extracted the five species ingroup of Pratt et al. (2009) and, using
published and unpublished data, expanded it to 42 ingroup species
(including two representatives of one species), a significant increase in
taxon sampling. In total, our analysis used more than 600 kilobase pairs
of mitochondrial DNA (if all species were considered) that comprise the
protein-coding genes and ribosomal RNAs from the 43 ingroup taxa and
seven outgroups. To examine the impact of taxon sampling on a finer
scale, we compared our results using all taxa with trees we generated
by: (1) varying the inclusion of key taxa and (2) excluding taxa to
mimic the sparse Cavitaves taxon sampling of previous studies. To ex-
amine the impact of model fit, we used four different substitution
models and conducted analyses with and without partitioning the data.
If we postulate that the inaccurate estimation hypothesis is correct, we
might expect improved taxon sampling, better fitting models, and/or
partitioning to eliminate the observed incongruence between the mi-
tochondrial and nuclear topology. On the other hand, if the genuine
discordance hypothesis is correct, adding taxa or altering the analytical
approach should not increase congruence between the estimated mi-
tochondrial tree and the nuclear topology.

2. Methods
2.1. Data collection

In this study, we sampled 19 of the 21 families within Cavitaves,
only lacking Leptosomidae (Cuckoo rollers) and Semnornithidae
(Toucan-barbets), which collectively include only three species. We
generated mitogenome sequences for 26 new Cavitaves species, ob-
tained a second Dryocopus pileatus mitogenome (this added 12 new
sampled families; see Supplementary Tables S1 and S2), and added
these sequences to published Cavitaves mitogenomes (Supplementary
Table S2). We also included seven outgroup taxa from the orders
Accipitriformes (hawks, eagles, New World vultures, and allies),
Falconiformes (falcons), and Strigiformes (owls); these raptorial taxa
are the members of Telluraves with the shortest branches and are likely
among the closest outgroups to Cavitaves (Hackett et al., 2008; Wang
et al., 2012; Jarvis et al., 2014; Prum et al., 2015; Reddy et al., 2017).
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2.2. Sequencing, assembly, and alignment

DNA was extracted using a phenol-chloroform protocol (Rosel and
Block, 1996). DNA quality was assessed by agarose gel electrophoresis
and fluorometry was used to quantify the DNA. Following this, DNAs
were sheared via sonication to about 500 base pair (bp) in length. Li-
braries were constructed using a Kapa Biosystems library preparation
kit following the “Illumina TruSeq Library Prep for Target Enrichment”
protocol (v1.9) available from ultraconserved.org. Eight to ten samples
were pooled and those individual pools were enriched for ultra-
conserved elements (UCEs) using a version of the original protocol
(Blumenstiel et al., 2010) for target enrichment with long oligonu-
cleotide baits protocol that was slightly modified for the enrichment of
ultraconserved elements (v1.4 from http://ultraconserved.org,
Faircloth et al., 2012). The reduced stringency of the washing buffers
and washing procedures described in this protocol increase the pro-
portion of off-target reads in the resulting enriched pools, and when
used with libraries prepared from tissues having high mitochondrial
copy number (e.g., muscle), many of the off-target reads are from
mtDNA genomes. After enrichment, paired-end, 100 bp sequencing was
conducted on Illumina platforms (HiScan and HiSeq2000).

We generated new mitogenome assemblies by read mapping in
Geneious (Version 6.1.6., Biomatters Itd., 2013). We mapped the
[lumina sequencing reads to two reference sequences: Dryocopus pi-
leatus (NC_008546) and Halcyon pileata (NC_024198) because each re-
ference sequence represents one of two different gene orders in avian
mitochondrial DNA (Mindell et al., 1998). The quality of the mapping
depended on the gene order of the focal species. In most cases it was
straightforward to determine whether the reads aligned better to one or
the other of the reference sequences, and we chose the better of the two
alignments. We used an iterative approach, transferring the annotation
to the consensus sequence and then remapping the raw reads to the
consensus sequence generated from the previous step. As expected, the
control region was often difficult to reconstruct in its entirety, likely
due to its high nucleotide variability and the presence of repeats in
some taxa (Simon et al., 1994). In most cases, we were able to close all
gaps except the control region, which often did not assemble well.
There was a long, repetitive non-coding insertion between tRNA-Pro
and tRNA-Thr that prevented limited assembly of the bee-eater (Merops
nubicus and Nyctyornis amictus) sequences using 100 bp reads. Finally,
we checked the annotations that were transferred from the reference
genomes and finalized the annotation of the novel sequences.

We aligned our sequences using MUSCLE v. 3.8.31 (Edgar, 2004),
imported the alignment into Mesquite (Version 3.10, Maddison and
Maddison, 2016), and manually checked the annotation and alignment
of all 13 protein coding genes and the two rRNAs. Most species con-
tained a frameshift in ND3, a common feature in avian mitogenomes
(Mindell et al., 1999); the base associated with the frameshift was ex-
cluded from analysis. We also excluded the tRNAs as well as the highly
variable and difficult to align control region and intergenic regions
from analysis.

2.3. Taxon sampling

Previous phylogenetic studies that included Cavitaves mitogenomes
had sparse taxon sampling, with very limited sampling of families and,
in some cases, lacking orders. We created datasets to replicate these
taxon-poor studies to see if we could recreate the published results
given our outgroups and analytical approaches. For example, Pratt et al.
(2009) did not include any Bucerotiformes, and Mahmood et al. (2014)
excluded Trogoniformes (they reported that they generated a phylo-
geny that included one trogon but decided to exclude it because they
had only a single member of that order and its inclusion lowered the
resolution of their trees). Given the very sparse taxon sampling of prior
studies we felt that adding a large number of taxa to break up branches
within Cavitaves might increase congruence with the nuclear tree. We
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Fig. 2. Partitioned analysis of our largest taxon sample of Cavitaves using RAXML results in an estimate of phylogeny congruent with previously published analyses
based on the nuclear genome. Relationships among the orders, which are indicated to the right of the tree, are identical to those based on analyses of nuclear data
(Fig. 1A). Relationships among families within each order are identical to those in Hackett et al. (2008), Prum et al. (2015), and Reddy et al. (2017), except for the

trogons (see Table 1).

also chose one part of the tree in the taxon-rich datasets where we
varied the taxon sample. This led us to vary the inclusion of the dol-
larbird (Eurystomus orientalis, a roller) and the bee-eaters (M. nubicus
and N. amictus) from our “baseline” taxon sample. Altogether, we
analyzed seven different sets of ingroup taxa. The taxon-rich sets were:
(1) the baseline set, which contained 40 ingroup taxa; (2) the “dollar-
bird addition set” which added the dollarbird to the baseline set, re-
sulting in 41 ingroup taxa; (3) the “bee-eater addition set” which added
the bee-eaters to the baseline set, resulting in 42 ingroup taxa; and (4)
an “entire set” of 43 ingroup taxa, comprising the dollarbird, bee-eaters,
and all taxa in the baseline set (see Supplementary Table S2). The
taxon-poor sets were: (5) “Pratt”, which included the five Cavitaves in
Pratt et al. (2009) and did not include Bucerotiformes; (6) “Pacheco”,
which included the eight Cavitaves in Pacheco et al. (2011); (7)
“Mahmood”, which included the seven Cavitaves in Mahmood et al.
(2014) and did not include Trogoniformes (see Supplementary Table
S2). The same seven outgroup species were used with each ingroup
taxon sample because maintaining the same outgroup species allowed
us to focus on the effects of varying the ingroup taxon sample and di-
rectly compare the results to our other analyses.

2.4. Phylogenetic analyses and partitioning

Along with varying the taxon sampling, we performed partitioned

and unpartitioned analyses on each taxon set. Partitioning divides the
genome into subsets based on function or other criteria, then groups the
subsets into partitions based on various similarities. Our sequences
were initially partitioned into 41 subsets (separately by codon position
for each protein coding gene, and the two rRNAs). It is possible that
using all 41 data subsets as partitions could overparameterize the model
(Lanfear et al., 2012), so for the four taxon-rich data sets, we used
PartitionFinder (v. 1.1.1, Lanfear et al., 2014) with the rcluster algo-
rithm to identify the best partitioning scheme for the taxon-rich data-
sets, beginning with the 41 subsets listed above. The best partitioning
schemes were selected using the AIC.. The final number of partitions of
our taxon-rich sampling schemes were 36 (baseline set), 34 (dollarbird
addition set), 36 (bee-eater addition set), and 39 (entire set). For the
three taxon-poor sets, we wanted to mimic the published analyses to
better assess whether taxon sampling was the relevant variable, so we
did not use PartitionFinder and simply used all 41 subsets as partitions.

Each taxon set and partitioning scheme was analyzed using four
different analytical approaches. First, we used RAXML 7.2.7 (Stamatakis
2006) through the CIPRES portal (Miller et al., 2010) with the GTRG-
AMMA model and 500 bootstraps replicates. We conducted the three
remaining analyses in IQ-TREE (Version 1.4.1, Nguyen et al., 2015),
where we performed 1000 ultrafast bootstrap replicates (Minh et al.,
2013) per analysis. The second approach used the GTR + G4 model as
implemented in IQ-TREE. For the third approach, we used IQ-TREE
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Fig. 3. Bootstrap support for monophyly of specific clades in Cavitaves (T = Tragoniformes, B = Bucerotiformes, C = Coraciiformes, P = Piciformes). IQ refers to
analyses conducted in IQ-TREE. Partitioned analyses are designated by (P) and unpartitioned analyses are designated by (U). Bootstrap support for certain nodes are
not available (NA) because Pratt lacked Bucerotiformes and Mahmood lacked Trogoniformes. See Table S4 for more details.

with the FreeRates model (Yang 1995). The final approach allowed IQ-
TREE to choose the best fitting model (which we call “IQ-TREE
Choice”). The FreeRates model was not considered in the set of models
used by IQ-TREE Choice. In total, we performed 56 distinct analyses
(eight for each taxon set).

3. Results

Using off-target reads from sequence capture, we were able to as-
semble 27 mitogenomes with an average coverage of 207x
(Supplementary Table S3). The average number cleaned reads was
3,554,760, with an average of 0.86% of those reads mapping to the
mitogenome (ranging from 0.23 to 2.30% of reads; Supplementary
Table S3). Thus, while the percentage of reads that mapped to the
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mitogenome was relatively low, the total number of reads and read
length allowed us to assemble complete (or nearly complete) mito-
genomes without additional lab work.

Using the entire taxon set resulted in a phylogeny in which all of the
orders were monophyletic (Fig. 2), and relationships among orders
were congruent with the nuclear topology (Fig. 1A) with relatively high
bootstrap support (Fig. 3, Table S4, Supplementary Tree Files). Boot-
strap support values were low for interordinal relationships, likely re-
flecting the short branches separating the orders. Relationships among
families within each order (where sufficient taxon sampling existed in
published studies) were largely identical to those in Hackett et al.
(2008), Prum et al. (2015), and Reddy et al. (2017). The position of the
bee-eaters differed from that of Hackett et al. (2008) but it was identical
to that in Prum et al. (2015) and Reddy et al. (2017). Within
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kingfishers, relationships were congruent with a recent study using
many nuclear loci (Andersen et al., 2018). Lastly, relationships among
trogons differed in some of our analyses from that of Reddy et al.
(2017), the only study with comparable taxon sampling.

3.1. Effect of taxon sampling

While analyses of the entire taxon set resulted in a topology con-
gruent with the nuclear tree, our three, taxon-poor sets showed much
greater variability in topology. When analyzing the taxon-poor datasets,
we had trouble achieving congruence with the nuclear tree or the
published topologies (see Figs. 1 and 3, Supplementary Tree Files).
Perhaps surprisingly, the Pratt taxon set (n = 5 ingroup species) yielded
the nuclear phylogeny in five of the eight analyses; the other three
analyses placed Trogoniformes sister to Piciformes, identical to the
Pratt et al. (2009) topology (Fig. 1). However, Pratt et al. (2009) only
included three orders (it lacked Bucerotiformes), reducing the number
of possible alternative topologies. Analyses of the Pacheco taxon set
produced only two trees that were congruent with the nuclear topology;
the remaining analyses placed Bucerotiformes sister to Piciformes, with
Coraciiformes sister to Bucerotiformes + Piciformes and Trogoniformes
as the most divergent order of Cavitaves (Supplementary Tree Files).
Neither of those topologies mirrored the results reported by Pacheco
et al. (2011). Similarly, we did not recover the nuclear topology from
any analyses of the Mahmood taxon set and only recovered the
Mahmood et al. (2014) topology in one of our eight analyses. The re-
maining analyses placed Bucerotiformes sister to Piciformes. Mahmood
et al. (2014) only sampled three orders, lacking the more divergent
Trogoniformes. Thus, the internodes among orders are shorter for the
Mahmood analyses than the Pratt analyses, increasing the probability of
genuine discordance due to ILS (Pamilo and Nei, 1988). However, the
shorter internal branches combined with long terminal branches also
make the Mahmood taxon sample more likely to be affected by pro-
cesses such as long branch attraction.

In contrast, when we consider the four taxon-rich datasets, we find
that the details of taxon sampling have a much more limited impact. For
the baseline set, which lacked dollarbird and bee-eaters, most of our
mitochondrial gene trees were congruent with the consensus nuclear
topology (Fig. 1A). The four ingroup orders were typically recovered as
monophyletic, and the relationships among the four orders agreed with
the most recent phylogenies based on nuclear data (Hackett et al., 2008;
Wang et al., 2012; Jarvis et al., 2014; Prum et al., 2015; Reddy et al.,
2017). The baseline set yielded the nuclear topology for higher-level
relationships in all but one of our analyses (Fig. 3, Table S4, Supple-
mentary Tree Files). However, the position of Geobiastes squamiger (the
ground roller) was variable in analyses of the baseline set, sometimes
resulting in non-monophyly of Coraciiformes, but, ordinal relationships
based on the mitogenome were always congruent with the nuclear tree
if Geobiastes squamiger was excluded from consideration (Supplemen-
tary Tree Files). The only major anomaly we observed for the baseline
taxon sample was non-monophyly of Cavitaves, where the falcon out-
group was placed sister to trogons (Fig. 3 and Table S4), when the
FreeRate model was used without partitioning.

Adding taxa to the baseline taxon set had varying effects on the
inferred relationships for the orders in Cavitaves. In general, addition of
the dollarbird appeared to be disadvantageous, since it resulted in the
placement of Bucerotiformes (rather than Trogoniformes) as sister to all
other Cavitaves in three of our estimates of phylogeny (Fig. 3, Table S4,
Supplementary Tree Files); that rearrangement decreased congruence
with the nuclear tree. Conversely, addition of the bee-eaters corrected
the sole incongruence found in the baseline set, producing the nuclear
topology across all analyses (Fig. 3, Table S4). The negative effects of
adding the dollarbird were mitigated when the bee-eaters were added
to create the entire set.
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3.2. Effects of partitioning

Partitioning greatly improved the AIC. score of each analysis, re-
gardless of the other aspects of model choice or taxon set (see
Supplementary Table S4). Among orders, partitioning the taxon-rich
datasets led to more cases where the orders were monophyletic (there
were 13 cases of non-monophyly using unpartitioned analyses, but only
four when using partitioning; Fig. 3, Supplementary Table S4, Supple-
mentary Tree Files). The dollarbird addition set was the only dataset in
which partitioning did not consistently reduce the incongruence with
the nuclear topology (Fig. 3, Supplementary Table S4, and Supple-
mentary Tree Files). In the remaining taxon-rich datasets (1, 3, and 4),
partitioning produced mitochondrial gene trees identical to the con-
sensus nuclear tree at the ordinal level. With respect to the placement of
the bee-eaters and dollarbird, partitioning appeared to have dimin-
ishing effects with the addition of taxa because the partitioned and
unpartitioned analyses converged on a common topology and placed
these taxa within a monophyletic Coraciiformes (Fig. 3, Supplementary
Table S4, Supplementary Tree Files).

For the taxon-poor datasets, however, monophyly occurred more
often with unpartitioned than partitioned analyses (Fig. 3, Supple-
mentary Table S4, Supplementary Tree Files), although AIC. would
suggest partitioning is better when comparing partitioned versus un-
partitioned results for a specific dataset and analysis (Supplementary
Table S4).

In general, partitioning also increased the congruence with the
nuclear tree within orders and/or led to modest increases in bootstrap
support (e.g., Fig. 4, Supplementary Tree Files). This point is well il-
lustrated by a major disagreement among the different analyses in the
relationships among motmots, todies and kingfishers (Fig. 4, Supple-
mentary Tree Files). In every partitioned analysis of the four, taxon-rich
datasets (1-4), regardless of model choice, the motmot (Momotus mo-
mota) was sister to the kingfisher clade, a relationship supported by
nuclear studies (Hackett et al., 2008, Prum et al., 2015, Reddy et al
2017). All unpartitioned analyses, however, placed the motmot sister to
the tody (Todus angustirostris).

3.3. Effects of model choice

The final aspect of the analytical strategy that we examined in-
volved varying the models of sequence evolution and the programs used
to infer the phylogenies. We found that RAXML typically provided
lower (i.e., more conservative) estimates of bootstrap support than the
IQ-TREE analyses; this was expected because we used the ultrafast
bootstrap in IQ-TREE and that approach produces higher estimates of
bootstrap support (Minh et al., 2013). Within the three IQ-TREE
models, IQ-TREE FreeRate was the best model, as measured by the AIC,,
for every taxon set except the bee-eater addition set, where IQ-TREE
Choice provided the lowest AIC, value (Supplementary Table S4).
However, the FreeRate model often exhibited a greater degree of non-
monophyly and lower bootstrap support than did the IQ-TREE Choice
model across analyses (Fig. 3). In addition, the FreeRate analysis of the
baseline dataset was the only one that failed to resolve monophyly of
Cavitaves, as a falcon (Falco sparverius) was placed sister to Trogoni-
formes (Fig. 3, Supplementary Table S4, Supplementary Tree Files).

Model choice also played a role in determining relationships within
trogons. While Trogoniformes was well supported as a clade, we dis-
covered two alternative topologies that differed on which trogon was
sister to the others. Most of our taxon-rich analyses placed
Pharomachrus auriceps as sister to the remaining trogons (19 of 32
analyses, Table 1, Supplementary Tree Files), which is supported by one
previously published study using a combination of mtDNA and nuclear
DNA (Moyle, 2005). Of the 19 analyses that found that relationship,
most (15) were from two similar models, RAXML and IQ-TREE GTR
+G4. However, the 13 remaining analyses produced the more com-
monly published topology with Apaloderma narina as sister to other
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A B
y Alcedinidae Alcedinidae
Momotus momota | Momotus momota
— X
Todus angustirostris Todus angustirostris
Taxon Set
Model Dollarbird+Bee- Bee-cater Dollarbird Baseli
cater Addition  Addition  Addition aseine
RAXML A (63) A (58) A (64) A (61)
'qz, IQ-TREE GTR+G4 A (88) A (74) A (91) A (95)
.2
g IQ-TREE FreeRate A (90) A (93) A (92) A (91)
(=W
IQ-TREE Choice A (92) A (91) A (89) A (90)
RAxXML B (77) B (80) B (72) B (69)
=
£ IQ-TREE GTR+G4 B (73) B (71) B (63) B (71)
g IQ-TREE FreeRate B (74) B (81) B (57) B (69)
=)
- IQ-TREE Choice B (72) B (77) B (68) B (67)

Fig. 4. Alternative relationships between todies (Todus angustirostris), motmots (Momotus momota), and kingfishers (Alcedinidae). Bootstrap values for node marked X

in topology A or B are in parentheses.

trogons (nuclear DNA, Reddy et al., 2017; mtDNA, de los Monteros,
1998, 2000; combination of the two, Hosner et al., 2010), with IQ-TREE
Choice having supported this relationship in seven of eight cases.

3.4. “Rare” mitogenomic changes

We also observed two larger-scale mutational changes in the mi-
tochondrial genome sequences. First, changes in the mitochondrial
gene order, a type of rare genomic change (Gibb et al., 2007), have
occurred several times within Cavitaves. Most of the species in our
study shared a mitochondrial gene order with the chicken (Gallus gene
order; Desjardins and Morais 1990). However, an alternative gene order
does appear in up to three separate lineages. The gene order is char-
acterized by having a second control region between tRNA-Thr and
tRNA-Phe (Mindell et al., 1998). The largest group sharing the alter-
native gene order is Piciformes, excluding the jacamars (Galbulidae)
and puffbirds (Bucconidae). Two of the hornbills (Rhabdotorrhinus
waldini and Penelopides panini) also have the alternative gene order
(Pacheco et al., 2011). The last group that may share an alternative
gene order are the bee-eaters. The long insertion that we could not
assemble is located where the second control region is predicted to be in
the alternate gene order. We were unable to determine whether the
insertion represented a second control region or a product of poor as-
sembly due to the limited read length of the sequence data used to
assemble the mitogenomes of our focal taxa.

Second, many birds have a single base pair insertion in ND3 that
interrupts the reading frame (Mindell et al., 1999); this nucleotide is
known to be present in chicken ND3 mRNA (Russell and Beckenbach
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2008), indicating that it is recoded by programmed frameshift rather
than editing. The ND3 frameshift was present in almost all of the taxa
we sequenced, but it was absent in two sister species within Bucer-
otiformes (Phoeniculus purpureus and Rhinopomastus cyanomelas) and
one species of Piciformes (Megalaima virens), suggesting two in-
dependent losses.

4. Discussion

Our results demonstrated that both increased taxon sampling and
partitioning of datasets are useful strategies for improving the resolu-
tion of deep relationships using mitochondrial data, as expected based
on studies focused on other groups. Increased taxon sampling appeared
to be especially important; the taxon-rich schemes resulted in estimates
of the mitogenomic tree that were more congruent with the nuclear tree
(e.g., Fig. 1A) than those obtained using the three taxon-poor sampling
schemes. Even when a few key taxa (especially the bee-eaters) were not
included in the taxon-rich dataset, fewer analyses recovered monophyly
of orders (Fig. 3). The combination of dense taxon sampling and par-
titioning led to trees that were more congruent with the nuclear to-
pology, and our results suggested that model choice generally became
less relevant as more taxa were added. However, simply adding taxa
was not a panacea for increasing congruence with the nuclear tree;
adding the bee-eaters generally increased congruence with the nuclear
tree whereas adding the dollarbird was more problematic. Thus, im-
proving taxon sampling should not be viewed as simply adding more
taxa. Instead, the differential impact of the taxa that we varied in our
taxon-rich datasets appeared to reflect the ways in which added taxa



R.A. Tamashiro et al.

Table 1
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Alternative resolutions of the most deeply branching Trogoniformes (Apaloderma narina or Pharomachrus auriceps) in analyses of taxon-rich mitogenomic datasets.
The numbers are the bootstrap values that support excluding the earliest diverging trogoniform taxon from the other three.

Bootstrap Support of Earliest Branching Trogoniformes

Taxon Set Analyses Type Apaloderma narina Pharomachrus auriceps
Entire Set RAxML (P) - 64
IQ-TREE GTR+G4 (P) - 87
IQ-TREE FreeRates (P) - 84
IQ-TREE Choice (P) - 68
RAxML (U) - 62
IQ-TREE GTR +G4 (U) - 77
IQ-TREE FreeRates (U) 55 -
IQ-TREE Choice (U) 72 -
Bee-eater Addition Set RAXML (P) - 69
IQ-TREE GTR + G4 (P) - 75
IQ-TREE FreeRates (P) - 78
IQ-TREE Choice (P) 59 -
RAxML (U) - 54
IQ-TREE GTR +G4 (U) - 74
IQ-TREE FreeRates (U) 65 -
IQ-TREE Choice (U) 74 -
Dollarbird Addition Set RAxML (P) - 46
IQ-TREE GTR + G4 (P) 80 -
IQ-TREE FreeRates (P) 84 -
IQ-TREE Choice (P) 83 -
RAxML (U) - 63
IQ-TREE GTR +G4 (U) - 80
IQ-TREE FreeRates (U) - 54
IQ-TREE Choice (U) 51 -
Baseline Set RAXML (P) - 56
IQ-TREE GTR + G4 (P) - 67
IQ-TREE FreeRates (P) 72 -
IQ-TREE Choice (P) 72 -
RAxML (U) - 55
IQ-TREE GTR+G4 (U) - 68
IQ-TREE FreeRates (U) 73 -
IQ-TREE Choice (U) 84 -

alter the number of long branches (see below).

Regardless of the details, the overall pattern indicated that the
conflicts between the topologies generated using nuclear and mi-
tochondrial data in previous studies appear to largely reflect inaccurate
tree estimation in analyses, likely reflecting the limited taxon samples
that were analyzed in prior studies. Given that our analytical strategies,
particularly our improved taxon sampling, eliminated many of the
differences and that the congruence between the nuclear and mitoge-
nomic trees increased with increasing taxon sampling, it is unlikely that
genuine discordance between the mitochondrial and nuclear genomes
led to the appearance of cyto-nuclear discordance in Cavitaves in pre-
vious studies. Instead, the better explanation for the incongruence ob-
served in prior studies is the inaccurate estimation hypothesis.

4.1. Taxon Sampling, Partitioning, and model fit

Although we corroborated the inaccurate estimation hypothesis,
this did not address the reason why taxon addition appeared to improve
estimates of phylogeny. The most common explanation is that adding
taxa results in the subdivision of long branches because it has long been
appreciated that analyses of sequence data generated on trees with
certain arrangements of long branches is problematic (Felsenstein,
1978; Hendy and Penny, 1989; Kim, 2000). Alternatively, adding taxa
could improve the estimation of parameters in the models used for the
ML analysis and, in doing so, indirectly improve the estimate of phy-
logeny. The first explanation is generally considered to be more likely
and is much more extensively discussed in the literature (e.g., Hillis,
1996; Pollock et al., 2002; Zwickl and Hillis, 2002; Soltis et al., 2004),
though both could act in concert.

While adding large numbers of taxa clearly increased the
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congruence with the nuclear topology relative to the taxon-poor data
sets, we also found that varying the inclusion of one or two species in
our taxon-rich sets could alter the estimate of phylogeny in certain
cases. While both the dollarbird and the bee-eaters broke up long
branches in the tree, their effects differed. Including the bee-eaters, and
thus breaking up the long branch leading to the ground roller, sup-
ported the monophyly of Coraciiformes and stabilized the overall to-
pology (Fig. 3). However, addition of the dollarbird did not lead to the
same conclusion. While the dollarbird also divided the long branch to
the ground roller, it did so near the base with the result that it added a
second long branch. In contrast, the bee-eaters added two taxa that
subdivided the ground roller branch without adding new long branches.
If we focus on a classic “Felsenstein zone” tree, then bisecting long
branches is the recommended strategy when adding taxa (Poe and
Swofford, 1999). Our results add to the literature in suggesting that
some taxon additions are more advantageous others and further sug-
gests that taxa to include should be chosen judiciously.

Partitioning proved to be a powerful tool that can enhance accuracy
of phylogenetic estimation, as shown in other analyses of avian mi-
tochondria (e.g., Powell et al., 2013; Meiklejohn et al., 2014; Wang
et al.,, 2017). Our results demonstrated that partitioning improved
congruence with the nuclear topology among our taxon-rich data sets
but not with the taxon-poor sets. This may reflect that partitioning such
small data sets could simply be less effective than with larger data sets.
Partitioning greatly improved model fit, according to the AIC,, re-
gardless of the type of model that was employed.

Model choice had a greater impact with sparse taxon sampling and
unpartitioned analyses, and the incongruence among trees generated
using different models decreased as taxa were added and when the data
were partitioned. One question raised by our analytical approach,
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which used a variety of models, is why we did not focus exclusively on
the tree generated using the best-fitting model. We did assess model fit
using the AIC,, and use of information theory criteria such as the AIC,
are a standard approach for model selection in phylogenetics (e.g.,
Posada and Buckley, 2004; Lanfear et al., 2014; but see Sanderson and
Kim, 2000 for a discussion of concerns regarding these criteria). How-
ever, we believe it is desirable to assess the behavior of models in
phylogenetic analyses using multiple criteria rather than simply ap-
plying standard information theoretic criteria like the AIC.. For ex-
ample, the IQ-TREE FreeRate model was the best model overall based
on AIC, (Supplementary Table S4). However, the FreeRate model was
also more sensitive to partitioning and differences in taxon sampling
than models with GAMMA-distributed rates, as seen in the re-
construction of the trogon clade (Table 1). Additionally, the unparti-
tioned FreeRate analysis of the baseline taxon set yielded Cavitaves
non-monophyly (Fig. 3, Supplementary Table S4); that result is very
unlikely. FreeRate models are poorly-studied relative to models with
GAMMA-distributed rates and these observations suggest that FreeRate
models may behave poorly in parts of parameter space. Our use of
multiple models highlighted these behaviors of the FreeRates models
and suggest that continued use of models with GAMMA-distributed
rates might be more appropriate.

Ultimately, the fact that most of our analyses using large taxon
samples are congruent with nuclear estimates of phylogeny suggests:
(1) that the details of the model are not critical for this particular
problem as long as there is extensive taxon sampling; and (2) that the
mitogenomic tree is congruent with the nuclear tree, at least for the
Cavitaves backbone. In fact, relationships among families based on the
mitogenomic tree are the same as the nuclear trees from Prum et al.
(2015) and Reddy et al. (2017), further corroborating the inaccurate
estimation hypothesis as an explanation for the prior incongruent trees.

4.2. The value of mitochondria moving forward

The fact that our estimate of the mitochondrial tree appears to be
congruent with the nuclear phylogeny actually leaves one question
open: is it possible, at least in principle, to assess whether the mitoge-
nomic tree is accurate if it is incongruent with the nuclear genome? Had
our estimate of mitogenomic phylogeny conflicted with the nuclear
topology, even after the addition of many taxa and use of improved
models, one could turn to either of two distinct hypotheses: (1) we
obtained an accurate mitogenomic tree and it provides evidence for
genuine cyto-nuclear discordance; or (2) we obtained an inaccurate
estimate of the mitogenomic tree. The possibility that the mitogenomic
tree is inaccurate could simply reflect stochastic error (Patel et al.,
2013) or it could reflect estimation error due to unrecognized model
misspecification (Richards et al.,, 2018). Analyses of individual mi-
tochondrial gene regions appear to be associated with substantial sto-
chastic error, but this does not appear to be as large of a problem for the
complete mitogenome (Meiklejohn et al., 2014), probably due to the
larger number of sites. Thus, the second possibility (model mis-
specification) is likely to represent the best explanation for incon-
gruence. Ultimately, it will be necessary to find methods that can reveal
whether models used for analyses are likely to provide accurate esti-
mates of phylogeny, an area that has vexed the phylogenetics com-
munity for many years (Sanderson and Kim, 2000; Steel, 2005). It
seems likely that an appeal to the “biochemical realism” of evolutionary
models will be an important component of any attempts to corroborate
the hypothesis that genuine cyto-nuclear discordance exists. The ob-
servation that the results of our analyses improved congruence and thus
falsified the genuine discordance hypothesis means we do not need to
address this issue for Cavitaves mitogenomes.

The future value of mitochondrial genomes for higher-level phylo-
genetics depends on the ability of the available analytical techniques to
produce an accurate estimate of the mitogenomic tree. Along with
practical reasons for using mitochondrial DNA, including that some
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fascinating extinct taxa may primarily or exclusively yield mitochon-
drial data (e.g., Mitchell et al., 2014), there are theoretical arguments
that mitogenomic trees will typically be closer to the species tree than
trees derived from individual nuclear genes. The mitochondrial genome
is maternally inherited and therefore reflects a smaller effective popu-
lation size than the nuclear genome, limiting the impact of ILS. More
recently, Hill (2017) suggested that the mitogenome might have a
special role in reproductive isolation, reflecting the evolution of hybrid
incompatibilities due to co-adaptation between mitochondrial proteins
and nuclear-encoded but mitochondrially-localized proteins. The Hill
(2017) hypothesis is based on a number of possible consequences of this
co-adaptation (e.g., Hill and Johnson, 2013; Koch et al., 2017). If this
hypothesis is correct, the mitogenomic tree is likely to be even closer to
the species tree than expected based on the neutral multispecies coa-
lescent, highlighting that estimating a mitogenomic tree can be valu-
able.

Like other studies (e.g., Meiklejohn et al., 2014; do Amaral et al.,
2015), we have demonstrated that mitogenomic sequences may be
extracted from large-scale genomic sequencing with little effort. Given
that we were able to reconcile many of the differences between the
nuclear and mitochondrial tree with existing analytical techniques, we
have demonstrated that mitochondrial data can produce trustworthy
trees and provide future utility even in an era where obtaining whole
genomes is increasing feasible. Hopefully additional studies will also
take advantage of the off-target mitochondrial reads to help build large
datasets of both nuclear and mitogenomic data.
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