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Phylogenetic Conflict Between Species Tree and Maternally Inherited Gene Trees in

a Clade of Emberiza Buntings (Aves: Emberizidae)
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Abstract.—Different genomic regions may reflect conflicting phylogenetic topologies primarily due to incomplete lineage
sorting and/or gene flow. Genomic data are necessary to reconstruct the true species tree and explore potential causes of
phylogenetic conflict. Here, we investigate the phylogenetic relationships of 4 Emberiza species (Aves: Emberizidae) and
discuss the potential causes of the observed mitochondrial non-monophyly of Emberiza godlewskii (Godlewski’s bunting)
using phylogenomic analyses based on whole genome resequencing data from 41 birds. Analyses based on both the
whole mitochondrial genome and ~39 kilobases from the non-recombining W chromosome reveal sister relationships
between each the northern and southern populations of E. godlewskii with E. cioides and E. cia, respectively. In contrast, the
monophyly of E. godlewskii is reflected by the phylogenetic signal of autosomal and Z chromosomal sequence data as well
as demographic inference analyses, which—in combination—support the following tree topology: ([{E. godlewskii, E. cia},
E. cioides], E. jankowskii). Using D-statistics, we detected multiple gene flow events among different lineages, indicating
pervasive introgressive hybridization within this clade. Introgression from an unsampled lineage that is sister to E. cioides
or introgression from an unsampled mitochondrial + W chromosomal lineage of E. cioides into northern E. godlewskii may
explain the phylogenetic conflict between the species tree estimated from genome-wide data versus mtDNA/W tree
topologies. These results underscore the importance of using genomic data for phylogenetic reconstruction and species

delimitation. [Emberiza buntings; gene flow; mitochondrion; phylogenetic conflict; W chromosome.]

There is a wide appreciation in the biological community
for the two major non-exclusive causes of phylogenetic
conflict among orthologous gene trees (hereafter gene
trees is used) or between gene trees and species trees,
namely incomplete lineage sorting (ILS) and interspe-
cific gene flow (Pamilo and Nei 1988; Maddison 1997;
Nichols 2001; Avise and Robinson 2008; Degnan and
Rosenberg 2009). ILS is positively correlated with ances-
tral effective population size and negatively correlated
with internode divergence time (Avise and Robinson
2008; Hibbins and Hahn 2022). Interspecific hybridiza-
tion is pervasive across the tree of life and may lead to
genetic introgression from one species into the other
(Mallet 2005; Rheindt and Edwards 2011; Ottenburghs
et al. 2015; Payseur and Rieseberg 2016). Early phyloge-
netic reconstructions typically used a small number of
genes due to the limitations of sequencing technology
(Felsenstein 2004). Phylogenetic relationships based on
few genes need to be treated with caution due to the
potential sampling bias caused by ILS and gene flow.

Fortunately, the use of whole genome data can over-
come this sampling bias effectively, except in rare cases
where gene flow between non-sister lineages occurs
over a large part of the genome (e.g., Fontaine et al.
2015; Small et al. 2020; Zhang et al. 2021).

Emberiza godlewskii (Godlewski’s bunting) is a pas-
serine bird species widespread in temperate East Asia
(Fig. 1a). Two subspecies groups are often recognized,
a northern one comprising the subspecies godlewskii,
decolorata, and omissa (Central Asia, southern Russia,
Mongolia and northern China) and a southern one
comprising the subspecies khamensis and yunnanensis
(south-central China) (Copete 2020). Three indepen-
dent phylogenetic and population-genetic analyses,
each based on 3 mitochondrial and two nuclear loci,
have suggested that northern populations of E. god-
lewskii are sister to E. cioides (meadow bunting), while
the southern group is sister to E. cia (rock bunting), and
that the divergence time between northern E. godlews-
kii and E. cioides was slightly deeper than that between
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Ficure 1. Distributions and phylogenetic relationships suggested by Péckert et al. (2015) for the 4 Emberiza species under study. (a)
Distribution maps and DNA sampling sites; inset (top left) shows the global distribution of these 4 species, with the dashed box representing
the area covered in the present study; distribution maps are based on BirdLife (https://www.birdlife.org/) and Birds of the World (https://
birdsoftheworld.org). (b) Phylogenetic relationships on the basis of 3 mitochondrial and 2 nuclear loci (from Péackert et al. 2015); the divergence
time between E. cioides and northern E. godlewskii (T1) is slightly deeper than that between E. cia and southern E. godlewskii (T0); this tree
may primarily represent the mitochondrial phylogenetic signal because of mtDNA's faster lineage sorting; “godlewskii North” and “godlewskii
South” represent the northern and southern E. godlewskii populations, respectively.

southern E. godlewskii and E. cia (Fig. 1b), with an orig-
inal divergence between northern and southern popu-
lations at roughly 3 million years (Péackert et al. 2015; Li
et al. 2019, 2023). These findings have prompted taxo-
nomic proposals to divide E. godlewskii into a northern
and a southern species (Li et al. 2023). However, such
a treatment would only be justified as far as the non-
monophyletic placement of populations is not a phylo-
genetic artifact.

The alleged non-monophyly of E. godlewskii is biolog-
ically surprising in view of the close plumage similar-
ity between the two subspecies groups and the more
divergent appearances of the two other Emberiza spe-
cies (Copete 2020). As these results were only based on
3 mitochondrial DNA (mtDNA) and two nuclear lodi,
the tree is likely to be biased towards the much stronger
phylogenetic signal from the mtDNA loci because of the
much faster rates of lineage sorting of mtDNA in com-
parison to nuclear DNA (Toews and Brelsford 2012). As
mtDNA is known to introgress readily (Rheindt and
Edwards 2011; Toews and Brelsford 2012), the results
may not conform to the evolutionary history of these
taxa. Analysis of a larger nuclear dataset would be
needed to evaluate if the mitochondrial phylogeny is
supported by the entirety of molecular evidence.

Using 40 resequenced genomes of E. godlewskii, E.
cia, E. cioides and E. jankowskii and one resequenced
genome from the outgroup species Emberiza stewarti
(white-capped bunting), we present support for the
monophyly of E. godlewskii and find E. godlewskii to be
sister to E. cia, and these two species sister to E. cioides,

while E. jankowskii is basal to all of them. However,
northern and southern E. godlewskii emerged as sister
to E. cioides and E. cia, respectively, for the maternally
inherited mitochondrion and W chromosome. On the
basis of our genomic datasets, we infer multiple gene
flow events among different lineages and discuss the
potential causes of this observed phylogenetic conflict:
introgression from an unsampled lineage that is sister
to E. cioides or introgression from an unsampled mito-
chondrial + W chromosomal lineage of E. cioides into
northern E. godlewskii. These results underscore the
importance of using genomic data for phylogenetic
reconstruction and species delimitation.

MATERIALS AND METHODS

Sampling, Resequencing, and Variant Calling

The monophyly of the clade comprising E. godlewskii,
E. cia, E. cioides, and their closest relative, E. jankowskii,
hasbeenstrongly supported by previous studies (Fig. 1b)
(Alstrom et al. 2008; Packert et al. 2015; Cai et al. 2021).
We sampled a total of 41 individuals, including 9 E.
godlewskii, 11 E. cia, 10 E. cioides, 10 E. jankowskii, and 1
female E. stewarti (Fig. 2; Supplementary Table S1). The
target sequence data was 15 Gb for each sample. The
raw sequence output was quality-controlled to remove
adapter sequences, low-quality reads, and poly-N reads
in fastp 0.20.0 (Chen et al. 2018). Quality-controlled
reads of all 41 samples were mapped to the reference
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FiGure 2. Phylogenetic and population structure analyses using genome-wide nuclear data. (a) Maximum likelihood tree estimated in
IQ-TREE using 2,654,187 concatenated autosomal SNVs; the tree was rooted with the outgroup (E. stewarti) in FigTree; asterisks represent
100% bootstrap support. (b) Species tree estimated in MP-EST using 20,000 randomly selected 20 Kb sliding-window autosomal gene trees. (c)
Species tree and divergence time estimations in StarBEAST2 using 100 randomly selected 20 Kb windows across the autosomes; divergence
times with 95% highest posterior densities (in brackets) are given below the nodes and indicated by red horizontal bars; time scale in millions
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genome of a congeneric species E. elegans (GenBank
genome assembly accession: GCA_022818055.1; Zhang
et al. 2023) using BWA 0.7.12 (Li and Durbin 2009).
The sequencing depth for each sample was estimated
using BEDtools 2.27 (Quinlan and Hall 2010). Variants
were called in SAMtools 0.1.19 (Li et al. 2009). Single-
nucleotide variants (SN'Vs) were filtered using VCFtools
0.1.12b (Danecek et al. 2011). As the sample of the out-
group species E. stewarti was a female with heterozy-
gous sex chromosomes (ZW) (Supplementary Table S1),
we only called autosomal SNVs in this study. A total of
20,994,339 autosomal SNVs were retained. Information
on specific sampling methods, DNA extraction, library
construction and sequencing, sequence read process-
ing, variant calling, and filtering can be found in the
Supplementary Materials and Methods.

Phylogenetic Analyses Using Genome-wide Data

The concatenated autosomal SNVs were used to
infer a maximum likelihood (ML) tree in IQ-TREE 2.1.3
(Nguyen etal. 2015) with 1,000 bootstraps (-bb 1000) and
E. stewarti as the outgroup. We applied the GTR+ASC
substitution model suggested by the IQ-TREE manual
as the concatenated alignment contained only vari-
ants. Heterozygous sites were removed from the align-
ment because the ascertainment bias correction (ASC)
model treats heterozygous sites as invariants. Out
of 20,994,339 SNVs, a total of 2,654,187 concatenated
homozygous variants were used in IQ-TREE analysis
(Supplementary Table S2).

In addition to the phylogenetic analyses based on the
concatenated dataset, we also conducted species tree
analyses using aligned consensus sequences in MP-EST
2.1 (Liu et al. 2010). MP-EST is a maximum pseudo-
likelihood approach for estimating species trees under
the multispecies coalescent model using a set of rooted
gene trees by maximizing a pseudo-likelihood func-
tion. Using the BAM files with PCR duplicates removed
generated by the previous mapping step in BWA, we
employed SAMtools 0.1.19 (Li et al. 2009) and bcftools
1.3.1 (Li et al. 2009) to generate consensus sequences of
20 kilobases (Kb) sliding windows for autosomes. The
minimum sequencing depth was set to 8 (vcfutils.pl
vcf2fq -d 8). These consensus sequences were aligned in
mafft 7.464 (Nakamura et al. 2018) with the command
“--adjustdirection” and trimmed in Gblocks 0.91b
(Talavera and Castresana 2007) with default parameters.
Only aligned consensus sequences with a length > 10
Kb were used in the downstream analyses, and a total

of 47,547 autosomal consensus alignments of 20 Kb
windows were retained. All the 47,547 sequences were
used to reconstruct ML trees in RAXML 8.1 (Stamatakis
2014) (Supplementary Table S2). We set the substitution
model as GTRGAMMA and designated E. stewarti as
the outgroup. In consideration of computational limits,
bootstrap numbers were set to only 10 with the com-
mand “-x 1234 -# 10.” We randomly selected 20,000
gene trees as the input for MP-EST analysis with 10
independent runs (Supplementary Table S2).

The haploidy of the Z chromosome in female birds
led us to exclude chromosome Z from the SNV-related
analyses. However, the haploidy of the Z chromosome
does not affect the generation of consensus sequences.
Using the same criteria as described above, a total of
3583 consensus alignments of 20 Kb windows on the
Z chromosome were retained. All 3583 alignments
were used to reconstruct ML trees in RAXML-NG 1.2.0
(Kozlov et al. 2019) (Supplementary Table S2). We set
GTR+G as the substitution model and designated E.
stewarti as the outgroup. These 3583 gene trees were
used to reconstruct the species tree for the Z chromo-
some in ASTRAL 5.7.8 (Zhang et al. 2018) with default
parameters (Supplementary Table S2).

We estimated lineage divergence times in StarBEAST2
(Ogilvie et al. 2017) using 100 randomly selected 20 Kb
sliding windows among the 47,547 autosomal consen-
sus alignments (Supplementary Table S2). StarBEAST2
is a method in the BEAST package that infers a species
tree under the multispecies coalescent (Ogilvie et al.
2017). We utilized a GTR model and applied a clock rate
of 0.33% per My for all windows (Zhang et al. 2014).
A total of 50 million iterations were carried out while
sampling every 5000 generations. We used a birth-death
prior and kept the other priors at default. The consen-
sus trees were generated using TreeAnnotator 1.8 with
a 10% burn-in and were visualized in FigTree 1.3.1
(http:/ /tree.bio.ed.ac.uk/software/figtree/). Note that
the estimated divergence time using StarBEAST2 may
be biased to some extent due to the existence of gene
flow among some lineages (see Results). Additionally,
based on the IQ-TREE analysis (see Results), the longer
branch lengths for E. jankowskii may suggest a higher
accumulation of genetic variation compared to other
lineages. Consequently, employing a strict clock for
estimating divergence times in BEAST-related analyses
may have introduced some bias in this analysis.

Among the 47,547 autosomal sliding window trees
reconstructed above, we selected and classified trees
in which all 5 clades (northern E. godlewskii, southern

of years; asterisks represent a posterior probability of 1.00. (d) Population structure estimated in FRAPPE based on 5,407,601 linkage-pruned
autosomal SNVs at K =2, 3,4, 5 and 6. (e) Principal component analysis for the 4 species based on the same SNV data used in FRAPPE analysis.
(f) Principal component analysis for E. godlewskii only. (g) Tree and divergence time estimates in BEAST based on ~16 Kb of mtDNA sequences.
(h) Tree and divergence time estimates in BEAST based on ~39 Kb of concatenated non-recombining W chromosome (NRW) sequences; only
one randomly selected female from each clade was used in the NRW phylogenetic analysis. For (g) and (h), divergence times with 95% highest
posterior densities (in brackets) are given below the nodes and indicated by red horizontal bars; time scale in millions of years; posterior
probabilities are shown above the nodes, with asterisks representing a posterior probability of 1.00. The labels godlewskii North and godlewskii
South represent the northern and southern E. godlewskii populations, respectively.
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E. godlewskii, E. cia, E. cioides, and E. jankowskii) were
monophyletic (monophyletic tree), using the R package
MonoPhy (Schwery and O’'Meara 2016).

Gene trees in which all 5 clades were monophy-
letic accounted for only ~4% of the autosomes (see
Results). Therefore, we selected one male individual
with the highest sequencing depth from each clade
to explore the distribution of phylogenetic topologies
across both the autosomes and the Z chromosome.
The female individual of E. stewarti was used as the
outgroup species. Using the same criteria as described
above, we obtained 47,562 consensus alignments of
20 Kb windows for autosomes and 3732 consensus
alignments for the Z chromosome. All these consen-
sus sequences were used to reconstruct ML trees in
RAXML-NG 1.2.0 (Kozlov et al. 2019) (Supplementary
Table S2).

Testing for the Most Likely Phylogeny Using fastsimcoal2

The phylogeny estimated from genome-wide data
may not always accurately represent the true species
tree (Fontaine et al. 2015; Small et al. 2020; Zhang et al.
2021). The sliding window tree analyses for both the
autosomes and Z chromosome jointly revealed 3 antag-
onistic tree topologies with the highest proportions
(see Results). To determine which of the 3 gene trees
represents the most likely species tree, we conducted
coalescent-based demographic inference in fastsim-
coal2 2.6.0.3 (Excoffier et al. 2013). SNVs with high
linkage disequilibrium (LD) were pruned in Plink 1.9
(www.cog-genomics.org/plink/1.9/; Chang et al. 2015)
with “-indep-pairwise 50 10 0.2.” A total of 5,407,601
variants were retained. We generated the joint site fre-
quency spectrum (SFS) using these LD-pruned SNVs
in the Python script easySFS.py (https://github.com/
isaacovercast/easySFS) (Supplementary Table S2). A
total of 12 models were tested (Supplementary Fig. S1).
Details of model and parameter settings can be found in
the Supplementary Materials and Methods.

Population Structure Analyses

On the basis of the 5,407,601 LD pruned SNVs, we
used FRAPPE 1.1 (Tang et al. 2005) to analyze popula-
tion structure for the 4 ingroup species with a K value
setting ranging from 2 to 6 (Supplementary Table S2).
The step number and maximum iterations were set
to 200 and 10,000, respectively. Principal component
analysis (PCA) was performed in Plink using the same
dataset with “--pca” (Supplementary Table 52). We also
conducted a PCA for E. godlewskii only.

Phylogenetic Analysis of Mitochondrial DNA and W
Chromosomal Sequences

We assembled the mitochondrial genomes for all 41
samples in MITObim 1.8 (Hahn et al. 2013) using default
parameters. We conducted phylogenetic inference and
divergence time estimation in BEAST 2.4.5 (Bouckaert
et al. 2014) based on the whole mtDNA sequences.

Details on the mtDNA phylogenetic analysis can be
found in the Supplementary Materials and Methods.

The maternally inherited W chromosome and
mtDNA are known to be co-segregated in birds (Smeds
et al. 2015). Therefore, they may show the same phy-
logenetic topology. To test this, we conducted a phylo-
genetic analysis of DNA from the non-recombining W
chromosome (NRW). As only one female was available
for the northern E. godlewskii population and for the
outgroup species (Supplementary Table S1), in order to
obtain longer homologous NRW sequences, we selected
the female with the highest sequencing depth from each
clade for this analysis. The female-specific NRW typi-
cally has a nearly zero coverage when mapping the male
sequences to the female genome assembly (Chen et al.
2012). We first assembled the scaffold-level genome
sequences using SOAPdenovo 2.04 (Luo et al. 2012) for
female individuals only. We then mapped male reads
to the female genome assemblies to detect potential
NRW sequences. We conducted phylogenetic infer-
ence and divergence time estimation in BEAST 2.4.5
(Bouckaert et al. 2014) based on 38,994 base pair (bp)
NRW sequences. Details on NRW detection and phy-
logenetic analysis can be found in the Supplementary
Materials and Methods.

Gene Flow Test Using D-statistic

On the basis of the phylogenetic topology estimated
from genome-wide data ((((southern E. godlewskii,
northern E. godlewskii), E. cia), E. cioides), E. jankowskii)
(Fig. 2), we conducted D-statistic analysis in Dsuite
(Malinsky et al. 2020) using the “Dtrios” function
across all possible combinations on the basis of autoso-
mal SNVs (n =20,994,339), with E. stewarti as the out-
group, and 20 Jackknife blocks for P-value estimations
(Supplementary Table S2). D-statistics is also known
as the ABBA-BABA test (Green et al. 2010). Under a
4-species phylogenetic framework ([{P1, P2}, P3], out-
group), a deviation from zero for a D-statistic value
indicates significant gene flow between P1 and P3 or P2
and P3. However, D-statistics is unable to detect gene
flow between P1 and P2, and it would fail to detect a
minor gene flow event if gene flow occurred between
P3 and P1 and between P3 and P2 at unequal ratios.

Demographic Inference Based on the Phylogenetic Topology
Estimated from Genome-wide Data

Multiple gene flow events were revealed by
D-statistics: gene flow between E. jankowskii and
both northern and southern E. godlewskii; gene flow
between E. cioides and both northern and southern
E. godlewskii; gene flow between E. cia and south-
ern E. godlewskii; gene flow between E. cioides and
E. jankowskii (see Fig. 3 and Supplementary Table S3
in Results). Ancestral gene flow between E. jankowskii
and the ancestral population of northern and south-
ern E. godlewskii, as well as between E. cioides and the
ancestral population of E. godlewskii, would also lead
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Ficure 3. Dsuite and fastsimcoal2 analyses. (a) Heatmap of D-statistic values in Dsuite; values in the colored boxes represent average
D-statistic values (see details in Supplementary Table S3); the colors of the D-statistic values are shown on the scale bar: D-statistic values
increase from blue to red; a D-statistic value greater than zero indicates significant gene flow (P-values = 0). (b) The best-fit model (model ¢ in
Supplementary Fig. S2) among the 6 tested models in fastsimcoal2 analysis; estimated parameters included gene flow events (blue arrows),
population size (0) and divergence times (T); bidirectional arrows indicate bidirectional gene flow; 0s, On, Ocia, Ocio, and 6jank represent
population sizes of southern and northern E. godlewskii, E. cia, E. cioides, and E. jankowskii, respectively; Osn, Osnc, Osncc, and 0a represent the
ancestral population sizes before lineage splits; T10, T20, T30, and T40 represent divergence times between southern and northern E. godlewskii,
between E. godlewskii and E. cia, between E. cioides and the former two species, and the root divergence time, respectively; values below each
parameter were estimated from the best run with the highest likelihood values of model c.

to the detection of certain gene flow events between
terminal lineages using D-statistics. To disentangle
these confounding demographic models, we con-
ducted demographic inference in fastsimcoal2 using
the same SFS data generated above (Supplementary
Table S2). Based on the phylogenetic topology esti-
mated from genome-wide data (Fig. 2), we tested six
competing models. Model (a) included all gene flow
events between the terminal lineages as revealed
by D-statistics (Supplementary Fig. S2a). Model (b)
(Supplementary Fig. S2b) assumed gene flow between
E. jankowskii and the ancestral lineage of E. godlews-
kii in addition to the other gene flow events between
the terminal lineages as revealed by D-statistics.
Model (c) (Supplementary Fig. S2c) assumed gene
flow between E. cioides and the ancestral lineage
of E. godlewskii in addition to the other gene flow
events between the terminal lineages as revealed by
D-statistics. As the D-statistics analysis had indicated
the possibility of a higher level of gene flow between
E. cioides and northern E. godlewskii as compared to
that between E. cioides and southern E. godlewskii
(Supplementary Table S3), model (d) (Supplementary
Fig. 52d) incorporated an additional gene flow event
between E. cioides and northern E. godlewskii in con-
trast to model (c). Model (e) (Supplementary Fig. S2e)
assumed ancestral gene flow between E. jankowskii
and the ancestral lineage of E. godlewskii, as well as
ancestral gene flow between E. cioides and the ances-
tral lineage of E. godlewskii, in addition to the other
gene flow events between the terminal lineages as
revealed by D-statistics. Model (f) (Supplementary
Fig. S2f) assumed no gene flow among any terminal
and ancestral lineages.

We ran fastsimcoal2 with 300,000 simulations
(—n = 300,000) and 20 cycles (-L = 20) and performed 20
independent runs for each model to obtain the best run
with the highest likelihood values. We ran each model
with the best parameter values from the best run 100
times to achieve the likelihood distributions for each
model. The likelihood values will slightly differ among
these 100 repeats because fastsimcoal2 approximates
likelihood values with simulations. As the number of
parameters differed among these models, we compared
values of the Akaike information criterion (AIC) of
these 100 runs of each model to determine the best-fit
model. Additional parameter settings are explained in
the Supplementary Materials and Methods.

REsuLTSs

Phylogeny and Population Structure Based on Genome-
wide Nuclear Data

The ML tree using 2,654,187 concatenated autosomal
SNVs estimated in IQ-TREE reconstructed E. godlewskii
as monophyletic, with the southern and northern popu-
lations forming separate clades; E. godlewskii was sister
to E. cia, with E. cioides sister to these, and E. jankowskii
basal to these 3 species (Fig. 2a). Using 20,000 randomly
selected 20 Kb sliding-window autosomal gene trees,
the species tree analysis in MP-EST was consistent
with the IQ-TREE analysis (Fig. 2b). StarBEAST2 anal-
ysis using 100 randomly selected consensus sequences
of 20 Kb windows of autosomes uncovered the same
tree topology as IQ-TREE and MP-EST (Fig. 2c). The Z
chromosomal species tree estimated in ASTRAL, using
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3583 gene trees, exhibited concordance with the afore-
mentioned autosomal trees (Supplementary Fig. S3).
We estimated a divergence time of 0.38 My (95% height
posterior density (HPD): 0.33-0.43 My) between north-
ern and southern E. godlewskii, 1.02 My (95% HPD:
0.97-1.07 My) between E. cia and E. godlewskii, 1.71 My
(95% HPD: 1.64-1.77 My) between E. cioides and the for-
mer two species, and 2.35 My (95% HPD: 2.27-2.42 My)
between E. jankowskii and the former 3 species (Fig. 2c).

Based on the sliding window phylogenetic analysis
using all individuals, the 5 groups emerged as mono-
phyletic in a total of 1881 out of 47,547 20 Kb autoso-
mal window trees (~4%). Ten main tree topologies
accounted for 94.7% of these 1881 trees (Supplementary
Fig. 54). As expected, the tree in agreement with the
whole genome phylogeny (Fig. 2) was the most numer-
ous (n=764; tree 1 in Supplementary Fig. S4). The
tree consistent with the mitochondrial tree (as shown
in Fig. 1b) ranked fifth in percentage (1 = 64; tree 5 in
Supplementary Fig. 54).

Based on the sliding window phylogenetic analysis
using one single individual from each clade, we explored
the distribution of topologies across the autosomes and
Z chromosome. The most numerous gene tree on both
the autosomes and Z chromosome, consistent with the
whole genome phylogeny, accounted for 27.6% of auto-
somes and 48.0% of Z chromosome (Supplementary
Fig. S5). The fourth-ranked tree in agreement with the
mitochondrial tree accounted for 5.6% on autosomes
(tree 4 in Supplementary Fig. S5). However, this same
mitochondrial-consistent tree accounted for only 0.4%
on the Z chromosome.

One of the gene trees with the highest proportion on
both the autosomes and Z chromosome should repre-
sent the true species tree. To determine the most likely
species tree, we tested 12 simplified models in fastsim-
coal? (Supplementary Fig. S1). The results showed that
two models derived from tree 1, model 1-1 and model
1-2, generally had the highest likelihood and lowest
AIC values (Supplementary Fig. S1; Supplementary
Table S4), suggesting that tree 1 (concordance with the
phylogenetic topology estimated from genome-wide
data) should represent the most likely species tree.

Population structure analysis in FRAPPE using
5,407,601 LD pruned autosomal SNVs found E. godlews-
kiiand E. cialargely forming one group and E. cioides and
E. jankowskii forming another group at K =2 (Fig. 2d).
At K =3, FRAPPE placed E. cioides and E. jankowskii in
different groups, and inferred a proportion of E. cioi-
des ancestry (19.1%) in E. godlewskii (Fig. 2d). At K =4,
FRAPPE divided the samples into 4 groups, adding E.
godlewskii as a separate group, and with one sample from
thenorthernE. godlewskiipopulationshowingevidence of
minor shared genetic variation with E. cia (3.8%) (Fig. 2d).
At K =5 and 6, FRAPPE further revealed substructure
of E. cia and E. jankowskii (Fig. 2d).

Similarly, PCA using the same dataset revealed 4
clusters corresponding to each species (Fig. 2e). A sepa-
rate PCA for E. godlewskii only revealed a clear division

between northern and southern E. godlewskii along
PC1, while the individual of northern E. godlewskii that
showed evidence of shared genetic variation with E. cia
in the FRAPPE analysis clustered separately from the
remaining northern E. godlewskii samples along PC2
(Fig. 2f).

Phylogeny and Divergence Times of mtDNA and NRW
Sequences

The phylogenetic analysis in BEAST using ~16.3 Kb
of mitochondrial sequences recovered northern E. god-
lewskii as sister to E. cioides with an estimated diver-
gence time at 2.2 My (95% highest posterior density
[HPD]: 1.9-2.4 My), and southern E. godlewskii as sister
to E. cia with an estimated divergence time at 1.9 My
(95% HPD: 1.7-2.2 My) (Fig. 2g). The divergence time
of these 3 species was estimated at 2.6 My (95% HPD:
2.3-2.9 My), and the divergence time between these 3
species and E. jankowskii was estimated at 3.6 My (95%
HPD: 3.2-4.0 My) (Fig. 2g). The outgroup species E.
stewarti diverged from the ingroup species at 5.7 My
(95% HPD: 5.1-6.3 My) (Fig. 2g).

The phylogenetic tree using ~39 Kb of concatenated
NRW sequences was topologically identical to the
mtDNA tree (Fig. 2h). Although the absolute divergence
times based on NRW sequences were approximately
half those of mtDNA, the divergence time between E.
cioides and northern E. godlewskii (1.0 My; 95% HPD:
0.8-1.2 My) was slightly deeper than between E. cia and
southern E. godlewskii (0.9 My; 95% HPD: 0.7-1.1 My)
(Fig. 2h).

Dsuite Analysis and Refined Demographic Inference in
fastsimcoal?

Dsuite analysis revealed significant gene flow
between E. jankowskii and E. cioides (average
D-statistic = 0.085 with admixture proportion between
2.84% and 4.46%), between E. jankowskii and southern
E. godlewskii (average D-statistic = 0.034 with admixture
proportion of 1.11%), and between E. jankowskii and
northern E. godlewskii (average D-statistic = 0.033 with
admixture proportion between 0.56% and 1.66%) (Fig.
3a; Supplementary Table S3). In addition, Dsuite analy-
sis revealed significant gene flow between E. cioides and
southern E. godlewskii (average D-statistic = 0.093 with
admixture proportion of 7.18%), between E. cioides and
northern E. godlewskii (average D-statistic = 0.122 with
admixture proportion between 6.75% and 13.44%),
and between E. cia and southern E. godlewskii (average
D-statistic = 0.031 with admixture proportion of 2.5%)
(Fig. 3a; Supplementary Table S3). Note that, due to the
inherent drawback of D-statistics as described above,
other undescribed gene flow events are possible. In
addition, significant D-statistics values do not necessar-
ily represent direct hybridization between certain lin-
eages but may reflect indirect gene flow events.

Based on the most likely phylogenetic topology and
the results of Dsuite analysis, a total of 6 models were
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tested in fastsimcoal2 (Supplementary Fig. S2). Model
(c), which assumed gene flow between E. jankowskii
and both northern and southern E. godlewskii, gene
tlow between E. cioides and the ancestral population
of E. godlewskii, gene flow between E. cia and southern
E. godlewskii, as well as gene flow between E. cioides
and E. jankowskii, had the highest likelihood and low-
est AIC value (AIC = 273,828,954) among the 6 models
(AIC of other models higher than 275 x 10°) (Fig. 3b;
Supplementary Table S5). Each model was compared on
the basis of the best parameter values from the best run.
The AIC value of model (c) was significantly lower than
those of other models (all comparisons with P < 0.001
estimated by Wilcoxon rank sum test) (Supplementary
Fig. 56). See Supplementary Table S6 for details on the
estimated parameters of model (c).

DiscussioN

Using 3 mitochondrial and two nuclear mark-
ers, Pdckert et al. (2015) recovered unexpected
non-monophyly between southern and northern pop-
ulations of E. godlewskii: southern E. godlewskii emerged
as the sister of E. cia and the northern population as the
sister of E. cioides, although the relationships were not
fully supported by all loci. The non-monophyly of E.
godlewskii was also supported by a recent study using a
different set of 3 mitochondrial and two nuclear mark-
ers (Li et al. 2023). Our analysis of sequences represent-
ing the whole mitochondrion recovered the same sister
relationship between southern E. godlewskii and E. cia
with a divergence time of 1.9 My, and the sister relation-
ship between northern E. godlewskii and E. cioides with
a divergence time of 2.2 My (Fig. 2g). In addition, the
phylogenetic analysis of the non-recombining W chro-
mosome is topologically congruent with the mitochon-
drial tree (Fig. 2h), supporting co-segregation between
the maternally inherited W chromosome and mtDNA in
birds (Smeds et al. 2015). However, contrary to predic-
tions of co-segregation, the divergence time estimates
between mtDNA and NRW are markedly different,
which might be caused by our use of a strict clock.

In stark contrast, phylogenetic analyses based on
genome-wide data strongly supported southern and
northern E. godlewskii forming a monophyletic clade
(Fig. 2a—c), with an estimated divergence time between
the two populations of only 0.38 My (Fig. 2c), as would
be expected from traditional phenotype-based tax-
onomy. Furthermore, the monophyletic E. godlewskii
emerged as sister to E. cia, and the clade containing
these two species was sister to E. cioides (Fig. 2a—c).
Population genomic analyses (Fig. 2d—e) based predom-
inantly on autosomal SNVs additionally corroborated
the sister relationship between northern and southern
populations of E. godlewskii.

The analysis based on Z chromosomal data revealed
a topology concordant with that of the autosomal data-
set (Supplementary Fig. S3). Previous research has
shown that the true species tree is disproportionately

represented on the X chromosome due to reduced gene
flow (Fontaine et al. 2015). The Z chromosome of birds
is akin to the X chromosome in that it exhibits faster
lineage sorting and lower gene flow when compared to
autosomes (Irwin 2018). This characteristic may render
it more suitable for accurately predicting the true spe-
cies tree in the context of incomplete lineage sorting and
gene flow. Although recent studies have suggested that
the accuracy of phylogenetic topologies estimated from
genome-wide data may be compromised by interspe-
cific gene flow (Fontaine et al. 2015; Small et al. 2020;
Zhang et al. 2021), our analyses combining autosomal
and Z chromosomal data with fastsimcoal2 inference
(Supplementary Fig. S1; Supplementary Table S4)
invariably supports the most frequent tree topology
(i.e., the topology estimated from genome-wide data)
as the most likely species tree.

Our analyses indicate that the mito-nuclear discor-
dance in our results can be explained by secondary gene
flow and introgression among Emberiza lineages, in
concordance with findings of mitochondrial introgres-
sion between E. cioides and E. jankowskii (Huang et al.
2022). We discovered multiple introgression events
between different lineages (Fig. 3), indicating pervasive
introgressive hybridization within this clade.

There are 4 mutually non-exclusive hypotheses that
could explain the incongruence between the species tree
estimated from genome-wide data and mtDNA /NRW
tree topologies. First, the mtDNA and W chromosome
of northern E. godlewskii may have been the product of
genetic introgression from an unsampled lineage that
is sister to E. cioides (Fig. 4a,b). Because our sampling
does not cover the full range of E. cioides, we are unable
to rule out the possibility that E. cioides comprises addi-
tional deeply diverged extant (hypothesis a) or extinct
lineages (hypothesis b; Fig. 4). Second, the mtDNA and
W chromosome of northern E. godlewskii may have
arisen from introgression of an unsampled mitochon-
drial + W chromosomal lineage within E. cioides (Fig.
4c,d). ILS (deep coalescence) may theoretically lead to
deep mtDNA and W chromosomal divergence within
E. cioides (hypothesis ¢, Fig. 4c). Alternatively, deep
divergence observed in maternally inherited markers
may arise from female-specific selection (hypothesis
d; Fig. 4d). For example, research on brood-parasitic
birds has demonstrated deep divergence in mtDNA
and the W chromosome within a single species due to
differential host choice (Spottiswoode et al. 2011). These
aforementioned hypotheses may also lead to certain
genomic regions on the autosomes and Z chromosome
exhibiting the same phylogenetic topology as the mito-
chondrial tree.

Future comprehensive sampling of E. cioides may
prove or disprove hypotheses (a), (c) and (d) (Fig. 4). As
for hypothesis (b), ghost introgression from an extinct
lineage (Zhang et al. 2019) is challenging to demonstrate
due to the general unavailability of genetic material
from extinct songbirds. Considering the pervasiveness
of interspecific gene flow across different stages of lin-
eage divergence (Mallet 2005; Rheindt and Edwards
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FIGURE 4. Four hypotheses potentially explaining the observed phylogenetic conflict between the species tree and mtDNA/NRW trees.
The mtDNA and W chromosome of northern E. godlewskii may have introgressed from an unsampled (a) extant or (b) extinct lineage that is
sister to E. cioides. The mtDNA and W chromosome of northern E. godlewskii could have introgressed from an unsampled mitochondrial + W
chromosomal lineage within E. cioides (c) due to incomplete lineage sorting or (d) female-specific selection. The species tree is shown in black,
with the yellow lines representing mtDNA + W chromosomal lineages. The divergence time between different lineages of mtDNA + W
chromosome within E. cioides (TO) would be around the root divergence time (c) or shallower than the root (d). Note that the presence of gene
trees on the autosomes and Z chromosome that align with the mitochondrial tree can also be accounted for by these hypotheses.

2011; Payseur and Rieseberg 2016; Ottenburghs et al.
2017) and frequent lineage extinctions (Novacek 2001;
Barnosky et al. 2011), the incidence of introgression
from extinct into extant species might be greatly under-
estimated (Zhang et al. 2019; Ottenburghs 2020).

Maternal inheritance and haploidy render lineage
sorting an order of magnitude more rapid in mtDNA
than in most nuclear DNA (Avise 2000; Toews and
Brelsford 2012). Because of these properties, mtDNA has
been the traditional workhorse of phylogenetic research
on recently diverged species (Zink and Barrowclough
2008). However, phylogenetic reconstruction using
mtDNA may only represent the genic evolutionary
history per se, not the species tree, as indicated in this
study (Fig. 2). Therefore, the use of genome-wide data
is critical for phylogenetic reconstruction and species
delimitation. Only when the true biological branching
order is known, and we have insights into the direction
and magnitude of post-speciation gene flow events, will
it be possible to explore the underlying causes of phylo-
genetic conflicts. The results of this study challenge the
previous over-reliance on datasets of limited genomic
extent within taxonomy and species delimitation and
call for a new research paradigm that acknowledges the
importance of comprehensive chromosomal sampling
in the genomic era.

SUPPLEMENTARY MATERIAL

Data available from the Dryad Digital Repository:
https:/ /doi.org/10.5061/dryad.wstqgjq2r1l
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