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ABSTRACT

Mitochondrial sequences were among the first molecular data collected for phylogenetic studies and they are
plentiful in DNA sequence archives. However, the future value of mitogenomic data in phylogenetics is uncer-
tain, because its phylogenetic signal sometimes conflicts with that of the nuclear genome. A thorough under-
standing of the causes and prevalence of cyto-nuclear discordance would aid in reconciling different results
owing to sequence data type, and provide a framework for interpreting megaphylogenies when taxa which lack
substantial nuclear data are placed using mitochondrial data. Here, we examine the prevalence and possible
causes of cyto-nuclear discordance in the landfowl (Aves: Galliformes), leveraging 47 new mitogenomes
assembled from off-target reads recovered as part of a target-capture study. We evaluated two hypotheses, that
cyto-nuclear discordance is “genuine” and a result of biological processes such as incomplete lineage sorting or
introgression, and that cyto-nuclear discordance is an artifact of inaccurate mitochondrial tree estimation (the
“inaccurate estimation” hypothesis). We identified seven well-supported topological differences between the
mitogenomic tree and trees based on nuclear data. These well-supported topological differences were robust to
model selection. An examination of sites suggests these differences were driven by small number of sites,
particularly from third-codon positions, suggesting that they were not confounded by convergent directional
selection. Hence, the hypothesis of genuine discordance was supported.

1. Introduction

(e.g., Faircloth et al., 2012; Jarvis et al., 2014; Prum et al., 2015), some
researchers may question whether mitochondrial data is still useful in

Mitochondrial sequence data have a long history as phylogenetic
markers in animals (Kocher et al., 1989; Lavrov, 2007) and remains the
most extensively sampled type of DNA sequence data in many groups (e.
g., birds; Burleigh et al., 2015). Despite the extensive use of mitochon-
drial sequence data, limitations on its use have been noted (Ballard and
Whitlock, 2004). In particular, since the mitochondrion is completely
(or largely) non-recombining (e.g., Berlin and Ellegren, 2001; Berlin
et al., 2004), it largely represents a single genetic marker. Thus, intro-
gression and incomplete lineage sorting (ILS) may lead to a mitochon-
drial tree that differs from the species tree (Maddison and Wiens, 1997;
Rubinoff and Holland, 2005). Given that next generation sequencing
(NGS) methods have made it straightforward to obtain large sets of
orthologus nuclear data throughout the genome for non-model systems

addressing phylogenetic questions given that more reliable estimates of
species trees can be readily obtained.

However, mitogenomic data can still provide important contribu-
tions to phylogenetic studies for several reasons. First, it is the most
commonly sampled marker for many groups (e.g., Burleigh et al., 2015).
Hence, there is extensive amounts of mitochondrial sequence data
available, including from rare and even extinct taxa (e.g., Mitchell et al.,
2014), as well as from extensive population sampling within species that
is unlikely to replicated soon using NGS approaches. Continued collec-
tion of mitochondrial data, particularly as it can be obtained as a by-
product of some NGS approaches (e.g., Meiklejohn et al., 2014;
Raposo do Amaral et al., 2015; Tamashiro et al., 2019) allows linking of
existing data with newly collected data to provide a broader

Abbreviations: AICc, Akaike information criterion; DNA, deoxyribonucleic acid; ILS, incomplete lineage sorting; ML, maximum likelihood; ND3, NADH dehy-
drogenase 3; ND4, NADH dehydrogenase 4; RF, Robinson-Foulds distances; rRNAs, ribosomal ribonucleic acids; UCEs, ultraconserved elements.
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understanding of evolutionary relationships than might be possible if
only nuclear sampling is used. Additionally, the mitochondrion is a long,
variable region in which the gene tree can also be estimated without
consideration of recombination for many taxa (see Springer and Gatesy,
2016, 2018 for a discussion of the recombination issue). Furthermore,
the mitochondrion has a shorter coalescent time than nuclear loci, so on
average the mitochondrial gene tree is more likely to match the species
tree than phylogenies estimated from nuclear loci (Moore, 1995).

Although the mitochondrial gene tree has a higher probability of
reflecting the species tree than individual nuclear markers, cyto-nuclear
discordance (incongruence between organellar and nuclear topologies)
is regularly observed with species trees (Wang et al., 2017; Tamashiro
et al,, 2019), even when using complete mitogenomes (individual
mitochondrial regions often lack the power to robustly resolve re-
lationships; Meiklejohn et al., 2014). However, to effectively leverage
what we can learn from the mitochondrion, and ensure it facilitates, not
hinders, our overall understanding of evolutionary relationships, it is
important to better understand why we may observe cyto-nuclear
discordance. Observed discordance may be due to biological processes
such as ILS or introgression (“genuine discordance”; Tamashiro et al.,
2019) or to errors in estimation of the mitochondrial tree (“inaccurate
estimation”; Tamashiro et al., 2019), due to factors such as limited taxon
sampling, use of models that have a poor fit to the data (e.g., Braun and
Kimball, 2002), or low statistical power (analyzing loci with too few
variable sites, such as a single mitochondrial region; Cao et al., 1998;
Meiklejohn et al., 2014)).

Testing between the genuine discordance and inaccurate estimation
hypotheses is challenging. A reduction in cyto-nuclear discordance
when analyzing (mostly) complete mitogenomes by use of more com-
plex models, such as partitioned analyses (Leavitt et al., 2013; Wang
et al.,, 2017) or with increased taxon sampling (which can improve
parameter estimation; Cummings and Meyer, 2005) supports the inac-
curate estimation hypothesis (e.g., Tamashiro et al., 2019). However,
there are also cases where using more complex models or adding taxa
does not alter the topology—yet it remains possible that adding even
more taxa (possibly requiring inclusion of long-extinct taxa) or even
more accurate molecular evolution models (which may not have been
developed or be computationally feasible) would remove the incon-
gruence. So when improved taxon sampling or models do not improve
congruence, it remains unclear what drives discordance.

In cases where it can be difficult to support or refute hypotheses, it
can be important to explore the issue using multiple approaches. Here
we explore an alternative approach to understanding cyto-nuclear
discordance by focusing on individual sites within the mitochondrion
that might drive topological differences. When relatively similar tree
topologies are compared, the number of sites that strongly favor one or
the other of those topologies is typically quite small (Evans et al., 2010;
Kimball et al., 2013; Shen et al., 2017; Pandey and Braun, 2020). Kim-
ball et al. (2013) referred to those sites as “decisive sites”. We hypoth-
esized that examining decisive sites might aid in distinguishing between
the genuine discordance and inaccurate estimation hypotheses. Decisive
sites in the mitogenome are expected to primarily favor the mitochon-
drial topology, but they might exhibit different distributions under the
two hypotheses. Specifically, under the genuine discordance hypothesis,
decisive sites in a mitogenomic alignment are likely to be unique to a
single specific incongruent relationship and they are likely to be spread
across the possible site positions (i.e., rRNAs and the codon positions) in
proportion to the variation expected for those site positions. If we
postulate that the sites driving incongruent relationships reflect sites for
which evolution is not adequately modeled, then the same decisive sites
might reappear in multiple comparisons. In addition, an unexpected
distribution of decisive sites relative to site types might be observed, as
this could reflect sites that are challenging to model or convergent
evolution (e.g., nonsynonymous sites). Both of these observations would
corroborate the inaccurate estimation hypothesis.

Using a dataset of 113 galliform mitogenomes (38% of the order,
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including at least 20% from each family; 42 of these from species not
previously represented by a published mitogenome), we assessed which
sites contributed to cyto-nuclear discordance by comparing analyses of
this mitogenomic data with recent multi-locus (primarily phyloge-
nomic) species trees. We then identified seven strongly supported con-
flicts (both within and among genera) between our partitioned
mitochondrial tree and the nuclear tree and used site likelihoods to
identify the decisive sites that strongly supported each of the seven
conflicts.

2. Methods
2.1. Sequencing, assembly and alignment

Data for newly assembled mitogenomes came from previous
sequence capture studies targeting nuclear ultraconserved elements
(UCEs) across Galliformes (Sun et al., 2014; Hosner et al., 2016a; Hosner
et al., 2016b; Hosner et al., 2017; Hosner et al., 2020; Meiklejohn et al.,
2016; Persons et al., 2016; Wang et al., 2017). Although the majority of
sequence data generated in this way corresponds to targeted nuclear
regions, some off-target fragments are also sequenced. Since mito-
chondria are typically at higher copy than the nuclear genome (partic-
ularly in tissues such as muscle, brain, or liver), mitochondrial fragments
are often obtained in sufficient quantity to allow assembly of complete
or mostly complete mitogenomes (e.g., Meiklejohn et al., 2014; Raposo
do Amaral et al., 2015; Tamashiro et al., 2019). Since sequence capture
approaches also yield many nuclear sequences, they can provide a
unique framework to compare the phylogenetic signal of mitogenomes
with the signal for large numbers of nuclear loci.

We collected sequence data using two approaches from DNA
extracted from fresh tissues (blood, muscle or liver) or toepad clips from
dried museum specimens. For our first method, we prepared Nextera
sequencing libraries using the manufacturer’s protocols (Illumina, Inc.,
San Diego, CA), except we used primers with custom index tags (Fair-
cloth and Glenn, 2012). We pooled 8 samples together, and enriched for
5,060 UCE loci (Mycroarray, Ann Arbor, MI; http://www.mycroarray.
com/mybaits/mybaits-UCEs.html). Enriched libraries were amplified
with 18 PCR cycles, quantified using qPCR (quantitative PCR; Kapa
Biosystems), and 75 bp paired-end reads were obtained from an Illumina
HiSeq 2000 (UC Irvine Genomics High-Throughput Facility). Our second
method targeted the same 5,060 UCE loci. For these samples, library
construction was performed by RAPiD Genomics (Gainesville, FL). We
obtained 150 bp, paired-end reads on an Illumina HiSeq 3000.
Regardless of sequencing procedure, reads were de-multiplexed and
Trimmomatic (Bolger et al., 2014) was used to remove adaptors and
poor quality reads.

To assemble mitogenomes, we mapped cleaned reads onto published
mitogenomes using Geneious 6.1.6. We used several different reference
genomes, so we mapped onto a closely related species (e.g., we mapped
onto a published cracid mitogenome for species in Cracidae). To maxi-
mize coverage over more divergent regions (e.g., the control region) we
used up to 10 iterations (in this process, the results of one iteration are
then used as the reference for the next iteration). Some species (partic-
ularly those where DNA was extracted from blood) had few mitochon-
drial reads (Barker et al., 2015). These were not included in the final
dataset, and only species where complete or nearly complete mitoge-
nomes were assembled were retained for final analyses (all gene regions
were present in all retained species, though in some cases short segments
of unresolved nucleotides remained). After assembly, we examined the
consensus sequence to ensure each protein-coding gene began with an
appropriate start codon and that there were no unexpected frame shifts.
All samples exhibited a single nucleotide frameshift in ND3 (which is
known to be present in other galliform mitogenomes; see Mindell et al.,
1998). Newly assembled mitogenomes are available as GenBank
MW574349-MW574395.

Our final dataset contained 119 species, of which 114 were
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galliforms and five were anseriform outgroups. This was done by
combining our 47 newly assembled mitogenomes (46 galliforms and one
anseriform outgroup) with 72 published mitogenomes (68 galliforms
and four anseriforms). We used only one mitogenome for each species
(using the IOC 10.2; Gill et al., 2020), so when multiple complete or
nearly complete mitogenomes were available, we selected just one of
these (see Supplementary Table S1 for GenBank and voucher details for
each sample included). Published mitogenome sequences were already
available for four of the species we sequenced; we analyzed our mito-
genome assemblies in those cases.

Since the control region did not always assemble completely or
unambiguously, we extracted the 13 protein coding genes and the two
rRNAs for analysis (Alignment in Supplementary File S1). Alignment of
protein coding genes was mostly straightforward, with two exceptions.
First, we excluded from analyses the extra nucleotide in ND3. Second,
there was an additional nucleotide in ND4 near the 3’ end of the pub-
lished Arborophila rufipectus sequence. We observed a likely homologous
nucleotide in Rollulus rouloul, but in our sequence it was preceded by a
stop codon that led to a sequence four amino acids shorter. We excluded
the additional site from analyses, but retained the homologous sites in
Rollulus after the stop codon for phylogenetic estimation. For the rRNA
regions, we aligned using Muscle 3.8.31 (Edgar, 2004) implemented in
Mesquite 3.40 (Maddison and Maddison, 2019).

2.2. Analyses

We estimated the maximum likelihood (ML) topology in RAXML
8.2.10 (Stamatakis, 2014) using GTRGAMMA and 25 start trees as
implemented on CIPRES (Miller et al., 2010). Support was estimated
using 1000 rapid bootstrap replicates. We conducted both unpartitioned
and partitioned analyses. To identify partitions, we ran PartitionFinder2
using the greedy algorithm (Lanfear et al., 2012; Lanfear et al., 2017;
Guindon et al., 2010) on CIPRES. The input file separated the two
rRNAs; each protein coding gene was separated into codon positions (for
a maximum of 41 partitions). Based on the AICc, the best partitioning
strategy included 28 partitions.

To ensure our mitochondrial topology was robust, we also estimated
the ML topology and ultrafast bootstrap support using multiple different
approaches in IQ-TREE 2.0.6 (Chernomor et al., 2016; Hoang et al.,
2018; Minh et al., 2020). For the unpartitioned dataset, we implemented
two analyses: 1) “standard model set” analysis where IQ-TREE identified
the best model from the set of models examined by JModelTest (Posada,
2008); and 2) “complete model set” analysis where IQ-TREE identified
the best model from a set that includes all implemented models
(including free rate models); we refer to those analyses as. IQ-TREE
Standard and IQ-TREE Free, respectively. We also had IQ-TREE esti-
mate best partitioning strategies for partitioned analyses, using 1) to the
set of models used by PartitionFinder and 2) using all models imple-
mented in IQ-TREE; we refer to these as IQ-TREE Standard partitioned
and IQ-TREE Free partitioned, respectively.

No single published nuclear topology matched the taxon sampling
included in our analyses. The majority of taxa were included in the
phylogenomic study of Hosner et al. (2017), but we supplemented this
with other phylogenomic and multi-locus studies (Hosner et al., 2015;
Hosner et al., 2020; Wang et al., 2017) to generate a nuclear topology for
the taxa we sampled. Most relationships in these studies were strongly
supported (typically 100% bootstrap support), there were no clear
conflicts between species trees estimated under the multi-species coa-
lescent versus concatenation, and there were no topological disagree-
ments among these studies for taxa included in this analysis. Thus we
deduced that our consensus nuclear topology (see Supplementary
Fig. S1 and File S2) was a credible estimate of the species tree.

We compared the mitochondrial RAXML partitioned ML topology
with the nuclear topology to identify strongly supported differences
(where the mitochondrial topology showed at least 80% support for an
alternative relationship in partitioned analyses). For each difference
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identified, we then generated a modified topology in which the parti-
tioned mitochondrial ML tree was rearranged to match one of the con-
flicting nuclear relationships (i.e., the minimum number of
rearrangements were made so that, with the exception of one set of
relationships, the mitochondrial tree was unchanged). For one node
(non-erectile clade), the modification was to cluster into a clade, rather
than a grade. However, relationships were not modified within that
clade, so the modified tree contained relationships within the non-
erectile clade that differed from the nuclear species tree (though con-
flicting relationships were not well supported within this clade). All
topologies, including modified topologies, are available in Supplemen-
tary File S2. After generation of the modified topologies, we estimated
site likelihoods for the partitioned ML tree, and each of the modified
topologies.

We extracted the site likelihoods from the partitioned topology, and
subtracted the site likelihood from the modified topologies (so positive
values reflected sites supporting the mitochondrial topology, while
negative values indicated stronger support for the nuclear topology). To
identify sites that appeared to make strong contributions to the differ-
ences (“decisive sites”; Kimball et al., 2013) we identified sites where the
difference in log likelihood scores was greater than 5 standard de-
viations from the mean (based on differences at all sites for a specific
modification). We then determined the gene region and codon position
for each of the decisive sites identified in each of our seven comparisons.

3. Results

The estimate of mitochondrial genealogy from the partitioned
RAxML analysis was largely well supported and it identified the five
recognized families as monophyletic clades (Fig. 1). Symmetric dis-
tances (i.e., twice the Robinson-Foulds [RF] distance [Robinson and
Foulds, 1981]) between the RAXML partitioned tree with IQ-TREE
Standard and Free partitioned trees was 10 for both comparisons
(since these were fully resolved trees this distance corresponds to five
differences). Among the unpartitioned analysis, the two IQ-TREE to-
pologies were identical (though the best-fitting model differed) and had
an RFx2 distance to the RAXML unpartitioned tree of 2. Differences
between partitioned and unpartitioned analyses were slightly greater
(RFx2 distances 12 or 14), although all estimates of the mitogenomic
tree were quite similar overall.

Differences between the nuclear topology and the mitochondrial
topologies were larger than among the trees that resulted from analyses
of mitochondrial data (RFx2 distances of 32 or 34), though the majority
of nodes were still identical. We identified seven nodes that were well-
supported (>80% bootstrap support in the RAXML partitioned anal-
ysis; Table 1) that conflicted with the nuclear topology (Fig. 2). For these
discordant nodes, all of the mitochondrial analyses matched the re-
lationships of the RAXML partitioned topology, typically with strong
support (Table 1). Thus, these discordances were robust to method of
analyzing the mitochondrial data.

In comparing the site likelihoods of the modified topologies with the
unmodified RAXML partitioned ML tree, a total of 407 sites were iden-
tified as “decisive”, in that the difference in site likelihoods (partitioned
ML - modified tree) was greater than 5 standard deviations from the
average for a particular tree comparison. There were a total of seven
comparisons and the majority of decisive sites (383 of. 407; 94%) were
identified in a single comparison (Table 2); the remaining 24 decisive
sites (6%) were identified in more than one comparison. Of the shared
sites, all but one was shared by only two comparisons (the remaining
decisive site was shared by three comparisons). Decisive sites were
found in all types of partitions (rRNA or codon position). Although more
decisive sites occurred in 3rd positions, this likely reflected greater
variability for 3rd positions (nearly 50% of variable sites in the align-
ment were 3rd position sites and just over 50% of decisive sites were at
3rd positions).

As expected, we found more positive differences (positive site
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Fig. 1. Partitioned RAXML tree with bootstrap support. The members of the Non-erectile “clade” are monophyletic in the best available estimates of the galliform
species tree (e.g., Hosner et al., 2016a; Hosner et al., 2016b; Hosner et al., 2017), but they form three lineages that are successive sister groups of the erectile clade in
the mitogenomic tree. Nodes without values had 100% support. Images based on 19th century drawings are used to illustrate major groups within galliforms (see
Supplementary File S3 for details).
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Table 1
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Bootstrap support for different analyses for nodes that differed from nuclear topology; in some cases one node changed while in others the rearrangement involved two

nodes. See Fig. 2 for node identities.

Partitioned Analyses

Unpartitioned Analyses

RAxXML IQ-TREE Standard IQ-TREE Free RAxML IQ-TREE Standard IQ-TREE Free
Lophura-1 100 100 100 100 100 100
Lophura-2 100 100 100 97 99 100
Pucrasia-1 91 98 100 97 98 99
Grouse-1 92 99 99 99 100 99
Gallus-1 100 100 100 100 100 100
Gallus-2 100 99 99 66 94 93
Non-Erectile-1 85 97 94 95 98 96
NWQ-1 94 85 80 83 98 98
Guinea-1 97 100 100 92 100 100
Guinea-2 98 100 99 98 100 100

Mitochondrial Topology
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Fig. 2. Strongly supported differences between the mitogenomic topologies
and the rearrangement based on the nuclear topology that was used in each tree
comparison. The non-erectile clade comparison involves the rearrangement of
major lineages (see Fig. 1). In the comparison we used a tree with the minimal
rearrangement to yield monophyly of the non-erectile clade; for the nuclear
topology, the Polyplectron clade nests within N1 (represented by dotted lines).
Numbers at nodes refer to focal nodes referred to in Table 1. Information about
the approximate positions of these conflicts in the overall phylogeny is provided
using the illustrations used in Fig. 1.

Nuclear Topology

differences support the optimal topology for the mitogenome) in the
unique sites (71% overall). This was true for all comparisons except the
rearrangement in the New Word Quail. For that comparison, just over
50% of decisive sites that were unique to that comparison (37 of 72)
were negative, and all types of sites (those in each codon position and
those in rRNAs) had either more or the same number of negative as
compared to positive values.

4. Discussion

We obtained a phylogeny that was largely congruent with nuclear
phylogenies (e.g., Hosner et al., 2016a; Hosner et al., 2016b; Hosner
etal., 2017). We also found very similar results to other studies that have
focused on analysis of complete galliform mitogenomes (e.g., Kan et al.,
2010a; Kan et al., 2010b; Shen et al., 2010; Shen et al., 2014; Meiklejohn
et al., 2014). However, by combining all available galliform mitoge-
nomes, our analysis included more than twice the number of galliform
species as any previous study. Most of the differences between our re-
sults and previous studies involved relationships that were not strongly
supported in those studies. Our results were more congruent with the
nuclear topology than previous mitogenomic studies, such as for the
position of Phasianus and Chrysolophus, which form a clade in earlier
mitogenomic studies (e.g., Meiklejohn et al., 2014; Shen et al., 2014).
This suggests that taxon sampling can be important when analyzing
mitogenomic data (e.g., Braun and Kimball, 2002; Tamashiro et al.,
2019).

In spite of the improved taxon sampling and use of more complex
models than in earlier mitogenomic papers of galliforms (Kan et al.,
2010a; Kan et al., 2010b; Shen et al., 2010; Shen et al., 2014; Meiklejohn
et al., 2014), there were still some relationships that were discordant
with our best understanding of the underlying species tree as determined
by multilocus (primarily phylogenomic) studies (Hosner et al., 2016a;
Hosner et al., 2016b; Hosner et al., 2017; Hosner et al., 2020; Persons
et al., 2016; Wang et al., 2017). Some of these differences were poorly
supported in the mitogenomic tree (e.g., some relationships within the
non-erectile clade), and thus may reflect cases where the mitogenome
lacked the signal to robustly resolve relationships. These were often
nodes that differed among our analyses, indicating that they were sen-
sitive to the model and highlighting that there was little signal in the
data to reliably resolve relationships. Excluding those weakly supported
relationships, there still remained the seven discordant nodes (~6% of
all nodes in the tree) that we focused on in our analyses.

Our observations that these nodes were consistently and strongly
discordant across all of our analyses make it unlikely that the observed
incongruences were due to inaccurate estimation. We hypothesized that
examining decisive sites might be reveal several signatures of inaccurate
estimation. If a subset of sites were poorly modeled, this might lead to
the case where those sites are associated with multiple cases of incon-
gruence. If strong selection led to convergent changes (e.g., Castoe et al.,
2009), first and second codon positions would be likely to dominate the
decisive sites supporting the mitogenomic tree with more decisive third
codon positions supporting the nuclear tree. In contrast to these ex-
pectations, our results were more consistent with the genuine discor-
dance hypothesis for all of the conflicts that we observed, with most
decisive sites being unique, and occurring commonly at third codon
positions. The one possible exception was the New World quail, where
there was a slight majority of decisive sites supporting the nuclear
topology.
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Table 2
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Numbers of decisive sites for each modified topology. Unique sites were also separated by type of site (rRNA or codon position). Numbers in parentheses are the sites
that were positive (greater likelihood value in partitioned ML tree than for nuclear topology).

Shared Total Total Unique rRNA Position 1 Position 2 Position 3
Lophura 12 67 (59) 55 (49) 10 (9) 503 54 35 (33)
Pucrasia 2 23 (21) 21 (19) 3(2) 44 33 11 (10)
Grouse 5 55 (48) 50 (43) 9(8) 17 (15) 1) 23 (19)
Gallus 10 99 (65) 89 (59) 21 (15) 26 (14) 6 (6) 36 (24)
Non-Erec 4 53 (32) 49 (29) 6(3) 14 (9) 5013) 24 (14)
NWQ 7 79 (39) 72 (35) 16 (7) 17 (7) 7 (5) 32 (16)
Guinea 8 55 (45) 47 (39) 6 (5) 4(3) 1() 36 (30)
TOTAL 24 sites 383 (273) 71 (49) 87 (55) 28 (23) 197 (146)

Genuine discordance is most likely due to either mitochondrial
introgression (i.e., hybridization) or to incomplete lineage sorting. Hy-
bridization has been observed among many extant galliforms (McCar-
thy, 2006). In all cases, our mitochondria exhibited many differences
from each other, which suggests recent hybridization (which might be
particularly common in captivity) is not likely, even though a number of
the sequenced samples were from captive individuals. However, hy-
bridization in the past is also likely to have occurred, and there are
examples of galliform phylogenies where the nuclear genome exhibits
signatures of historical introgression (e.g., whole-genome phylogenies;
Tiley et al., 2020). Although mitochondrial introgression might be
selected against over time, as it may lead to mitonuclear incompatibility,
there are situations in which mitochondrial introgression may persist
even if there is some fitness loss due to incompatibilities (Hill, 2019).
Thus, it is possible that historical introgression underlies some or all of
the discordances we observed.

However, we cannot rule out incomplete lineage sorting as an
alternative explanation. While galliform species trees estimated using
approaches that incorporate the multi-species coalescent have not sug-
gested that any relationships are within the anomaly zone (Degnan and
Rosenberg, 2006), different loci will still have distinct evolutionary
histories, which could drive some or all of the discordance we observed.
Although the shorter coalescent time for mitochondria may mean that
the mitogenomic tree is more likely, on average, to match the species
tree than a nuclear gene tree (e.g., Zink and Barrowclough, 2008), sto-
chastic variation may lead to cases where the mitogenome differs
(McKay and Zink, 2010). Unfortunately, our results provide no specific
suggestion as to whether hybridization or lineage sorting may be more
likely as an explanation for the observed discordances.

Overall, it is challenging to identify the source of cyto-nuclear
discordance. However, a first step is to identify whether it is more
likely due to inaccurate estimation or genuine discordance. Some cases
of inaccurate estimation are easy to identify because they resolve upon
addition of taxa or the use of improved models (e.g., Tamashiro et al.,
2019). However, inaccurate estimation always remains a possible for
apparent cyto-nuclear discordance even if the observed incongruence
remains after improvements to taxon sampling and model fit. For
example, it remains possible that complete taxon sampling (possibly also
including extinct taxa) could remove at least some of these in-
congruences, as might use of even more complex models (once those are
developed). Thus, in cases such as this, using an alternative approach to
explore the data may be important before simply concluding genuine
discordance exists. Indeed, an approach similar to the one we employed
did provide evidence for inaccurate estimation driven by convergent
evolution in squamates (Castoe et al., 2009). Thus, we view the exam-
ination of decisive sites as a tool that will help further refine our un-
derstanding of whether cyto-nuclear discordance exists in specific cases
and allow us to make inferences regarding the basis for the discordance.

This approach could be applied in other groups to further our un-
derstanding of evolution and phylogenetic history of many groups of
organisms as well as to better understand the limitations in the use of
mitochondrial data. For example, our results highlight that, in groups
like galliforms, over 5% of relationships identified in mitochondrial

phylogenies may disagree with the species tree. Given that inaccurate
estimation may lead to additional discordance in studies with sparse
taxon sampling, insufficient models, or the use just one or a few mito-
chondrial regions, phylogenies based exclusively on mitochondrial data
may exhibit an even greater disagreement with the underlying species
tree than we observed here. Thus, while the majority of relationships are
the same, it will still be important to revisit mitochondrial-only studies
when feasible.
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