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Abstract.—Gene flow often obscures phylogenetic relationships, but the evolutionary significance of introgressed variants
is unclear. Here, we examine the Australasian long-tailed parrots (Psittaculinae: Polytelini) in which an unexpected sister
relationship between Polytelis alexandrae and the genus Aprosmictus, and not the other Polytelis species, has been observed.
Using whole genomes, we tested whether this relationship was due to ancient introgression. We found that the majority of
gene trees had Ap. erythropterus and P. alexandrae as sister taxa, whereas network analysis indicated monophyly of Polytelis,
48% of gene trees being in phylogenetic conflict due to introgression from Ap. erythropterus into P. alexandrae. Further anal-
yses confidently confirmed that 4-8% of the genome of P. alexandrae was introgressed from Ap. erythropterus with signals
of gene flow occurring throughout the genome. These findings indicate that topologies with P. alexandrae and the genus
Ap. erythropterus as sister taxa were biased by gene flow and affirm that Polytelis is monophyletic. Next, we assessed the
evolutionary outcomes for introgressed variants and found that, among introgressed protein-coding genes, only two (0.8%)
were under positive selection, in comparison to 99 (1.7%) of non-introgressed genes. Our results indicate that, despite the
ubiquity of detectable introgression in phylogenies, many genetic variants flowing between species may play a minor role
in molecular adaptations. [Ancient introgression; Australia; birds; gene flow; phylogenetic network; Polytelis; positive se-
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The phylogenomic era can be characterized by two
waves of methodological advancement. The first was
the incorporation of the multi-species coalescent meth-
ods that accounted for the independence of gene trees
in phylogenetic inference to address incomplete lineage
sorting (ILS) (Edwards 2009). Theoretical and empiri-
cal work demonstrated that gene tree discordance is
expected and that coalescent-based approaches should
produce more reliable parameter estimates in a phy-
logeny (Degnan and Salter 2005; Degnan and Rosenberg
2006; Maddison and Knowles 2006), an advance that has
been instrumental in helping resolve challenging evolu-
tionary relationships. The next wave has focused on ad-
dressing the impact of introgression in generating gene
tree discordance by recognizing that the assumption of
no horizontal gene flow does not hold for many sys-
tems (Leaché et al. 2013; Blair and Ané 2020). Recent
empirical studies at varying phylogenetic scales rou-
tinely identify signatures of ancient introgression and
gene flow among non-sister taxa (e.g., Thom et al. 2018;
MacGuigan and Near 2019; Zhang et al. 2021; DeBaun
et al. 2023), which, when not accounted for, can mis-
lead phylogenetic relationships. Ultimately, the extent
of introgression observed in phylogenies is dictated by

the ecological and geographic factors governing the like-
lihood of contact, the degree of reproductive isolation
between lineages, and the adaptive outcomes of intro-
gressed alleles (Runemark et al. 2019).

Characterizing which portions of the genome are in-
trogressed and whether they have been subject to nat-
ural selection is important for understanding both the
sources of phylogenetic conflict and the contributions
of gene flow to diversification. Events involving genetic
introgression encompass a wide range of evolutionary
scenarios and temporal scales. Gene flow could be on-
going between sister or non-sister lineages, the latter
scenario having a large impact on tree topology hetero-
geneity across the genome (Leaché et al. 2013). Alter-
natively, genetic introgression could be ancient, mean-
ing that gene flow involved ancestral and/or now ex-
tinct ghost lineages (Kuhlwilm et al. 2019; Zhang et al.
2019; Durvasula and Sankararaman 2020). The extent of
gene flow can also vary across generations or according
to how much of the genome was exchanged. In addi-
tion, the level of reproductive isolation between taxa,
the frequency of genes that are resistant to gene flow,
the amount of background selection, and the frequency
of crossover events across the genome predict which re-
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gions are more likely to introgress (Burri et al. 2015; Burri
2017; Wang et al. 2022). Collectively, the frequency, tim-
ing, and extent of gene flow will impact phylogenetic
signal and the ability of methods to infer evolutionary
relationships.

There has been progress in simultaneously estimat-
ing gene flow and the phylogeny (Solis-Lemus and
Ané 2016; Wen et al. 2018; Allman et al. 2019), but
the methodological work remains a patchwork of ap-
proaches. Methods include estimating a tree or network
with hybrid edges by summarizing gene trees or al-
lele counts (Hibbins and Hahn 2021). Alternative ap-
proaches include the frequently used D-statistic, which
uses allele-count patterns leading to an excess of de-
rived alleles under scenarios of gene flow (Patterson et
al. 2012). However, the D-statistic does not account for
variation in the genealogical history across the genome
caused by stochastic fluctuations of coalescence and in-
trogression (Ji et al. 2022). As a result, summary statistics
might not accurately capture signatures of ancient intro-
gression or detect gene flow between sister lineages and
can have high error rates (Ji et al. 2022; Frankel and Ané
2023). Alternatively, full-likelihood models (e.g., Flouri
et al. 2020) that presumably do not suffer from the same
error rates, although computationally more demanding,
can be implemented. Network-based approaches using
either allele frequencies or pre-estimated gene trees are
also commonly used to infer phylogenetic relationships
with hybrid edges. A general limitation of introgres-
sion methods is that they provide a single estimate for
the entire genome, making them inappropriate to study
the patterns of more localized gene flow and the factors
shaping introgression.

Although the ubiquity of introgression in phyloge-
nomic data is increasingly apparent (Blair and Ané
2020), the phylogenetic implications of differential pat-
terns arising from which regions of the genome are in-
trogressed are a new frontier of inquiry. Introgression
can occur early in the history of lineages when there
are likely fewer reproductive barriers and genetic in-
compatibilities (Wang et al. 2020). In the absence of ge-
netic incompatibilities, there would be fewer constraints
to which part of the genome could introgress, produc-
ing greater topological homogeneity across the genome.
In contrast, islands of speciation, which contain genes
that mediate reproductive isolation, are less likely to in-
trogress or be introgressed (Ravinet et al. 2017). That
would in turn limit phylogenetic conflict to a narrow
portion of the genome (Ottenburghs et al. 2023). In some
cases, introgression has led to hybrid speciation, where
the adaptive exchange of genes has directly led to re-
productive isolation from parental lineages (Wang et al.
2021; Wu et al. 2023). Introgressed genetic variants could
also play a role in adaptation, even if the genetic regions
are not involved in genetic barriers between species.
Standing genetic variation has been shown to have a
larger role in adaptation than new mutations (Pritchard
et al. 2010; Lai et al. 2019), and newly introgressed al-

leles could serve as new targets for natural selection.
Understanding the role of introgressed genome regions
in adaptation will help elucidate the processes that pro-
duce phylogenetic discordance.

The Australasian long-tailed parrots (Psittaculinae:
Polytelini; Fig. 1a; Supplementary Fig. S1), which ex-
hibit an unexpected pattern of phylogenetic discordance
(Smith et al. 2023), offer an opportunity to test the evo-
lutionary implications of differing levels of gene flow
across the genome. Phylogenetic relationships inferred
from concatenated alignments placed the three species
of Polytelis of Australia as monophyletic, with P. alexan-
drae as sister to the sister pair of P. swainsonii and P.
anthopeplus (Fig. 1b; hereafter Topology 1). In contrast,
the species tree, estimated from gene trees while ac-
counting for ILS, recovered P. alexandrae as sister to the
two species of Aprosmictus (hereafter Topology 2) that
occur in Australia, Papua New Guinea, and Indonesia
(Fig. 1c), a relationship that is unexpected on pheno-
typic grounds (reviewed in Provost et al. 2018; Smith
et al. 2024). The three species of Polytelis share a long-
tailed, highly streamlined general morphology unique
among all parrots, unique black and pink under-tail col-
oration, and very similar vocalizations (Forshaw 2002).
They are otherwise highly dissimilar in plumage pat-
terning and coloration. The genus Aprosmictus, consist-
ing of Ap. jonquillaceus of Indonesia and Ap. erythropterus
of Australia and New Guinea, are less slender, more
compact birds characterized by shorter, broad tails and
prominently red wing-coverts. Aprosmictus and Polytelis
are the sister group to the king parrots, Alisterus. Similar
pink under-tail coloration as in Polytelis is also found in
Aprosmictus and Alisterus (details in Fig. 1a), and blue
rump plumage is shared by Polytelis alexandrae, Alis-
terus, and Aprosmictus albeit much darker and more pro-
nounced in the latter two genera. In captivity, hybridiza-
tion among species within Polytelis and between Apros-
mictus and Polytelis has been recorded (Forshaw 2002;
Sindel and Gill 2003) although no backcrosses have been
reported to our knowledge. Polytelis alexandrae is cur-
rently allopatric with respect to all other species in the
complex, and any overlap with Ap. erythropterus is infre-
quent and geographically restricted to the peripheries of
both species’ ranges (see Forshaw 2002).

Here, we consider alternative hypotheses to explain
these conflicting observed evolutionary histories, in-
cluding one scenario not assessed in earlier studies, that
is, ancient introgression between Ap. erythropterus and P.
alexandrae. Gene flow among these lineages, which are
placed in different genera and share a common ances-
tor some 5-10 Mya (Smith et al. 2023; Smith et al. 2024),
would make these taxa appear to be more closely re-
lated than expected. If gene flow did occur, it may have
been largely neutral or could have facilitated molecu-
lar adaptations over a broader timeframe. We set out
to test alternative phylogenetic relationships and pat-
terns of introgression in the long-tailed parrots using
species-level whole genome data and verify our find-
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Geographic distributions of Australian species of long-tailed parrots and alternative phylogenetic hypotheses for the clade. (a)

Shown are color-coded range maps for each species in Australia. The phylogenetic placement of Polytelis alexandrae varied across data sets and
tree inference methods. Colored tips on the trees correspond to the occurrence of species in Australia. (b) A previously published concatenated
tree using ultraconserved elements UCEs and a single individual per taxon found P. alexandrae as sister to P. anthopeplus and P. swainsonii (modified
from Smith et al. 2024); we refer to this tree as Topology 1. (c) A single individual whole genome species tree, referred to as Topology 2, and (d)
a multi-individual and concatenated UCE tree had P. alexandrae and Ap. erythropterus as sisters. All nodes have 100% ultrafast bootstrap support
(b and d) or (c) 100% local posterior probabilities, unless noted. Bird illustrations and range maps by Julian Teh.

ings with expanded population-level sampling using ul-
traconserved elements. We test whether the unexpected
species tree topology, where P. alexandrae and Ap. ery-
thropterus are sister lineages, is due to high levels of
ancient introgression or whether they are actual sister
taxa. Next, we estimated positive selection along the P.
alexandrae branch and characterized introgressed versus
non-introgressed regions. By modeling the levels of gene
flow, we are able to resolve phylogenetic relationships in
the Australasian long-tailed parrots and show that the
majority of gene flow was non-adaptive.

MATERIALS AND METHODS
Whole Genome Sequencing Protocol

We targeted three individuals from each of the fol-
lowing species: Alisterus scapularis, Aprosmictus ery-
thropterus, Polytelis alexandrae, Polytelis anthopeplus, and
Polytelis swainsonii. Because there are no tissue samples
from wild individuals of P. alexandrae, we used sam-
ples from captivity in this part of the study. We did not
have high-quality genetic samples of Aprosmictus jon-
quillaceus butitis included in a data set of ultraconserved

elements discussed below. Sampling metadata is avail-
able in Supplementary Table S1. To extract and quantify
DNA, we used a Qiagen high molecular weight DNA
kit (MagAttract HMW DNA Kit; Qiagen) and a Qubit
2.0 Fluorometer (Thermo Fisher Scientific), respectively.
First, we did a test run and sequenced the 15 individu-
als at low-coverage (< 5x) on an Illumina HiSeq X Ten
PE150 machine. After data validation, we sequenced the
same individuals on a lane of Illumina 54 NovaSeq 6000
to produce higher coverage genomes that ranged from
15 to 51x (Supplementary Table S2). Library preparation
and sequencing were performed by Rapid Genomics
(Gainesville, Florida).

Read Alignment, Variant Calling, and Filtering

We implemented an existing pipeline from Thom et
al. (2024) to process raw reads and call variant sites.
The pipeline follows a conventional workflow, using
well accepted software and thresholds. To trim and fil-
ter raw reads, we used trimmomatic v0.36 (Bolger et
al. 2014). We mapped raw reads to the chromosome-
scale and annotated genome of Melopsittacus undulatus
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(GCF_012275295.1) as a reference, and this version of the
genome contains 30 autosomes, two sex chromosomes,
and 832 unplaced scaffolds. This reference genome was
the highest quality and most closely related taxon pub-
licly available at the time in which we performed our
bioinformatic analyses. Previous cytogenetic work indi-
cated M. undulatus has 29 chromosome pairs, whereas P.
alexandrae and Alisterus scapularis have 35 and 38 pairs,
respectively (Van Dongen and De Boer 1984; De Lucca
1990; Christidis et al. 2008; Rus et al. 2016). The num-
ber of macrochromosomes varies from the reference M.
undulatus (seven pairs) to P. alexandrae (nine) and Alis-
terus scapularis (eight). Melopsittacus undulatus and the
species in our focal group shared a common ancestor
~28.64 (20.62-33.5) Mya (Smith et al. 2023; Smith et al.
2024), a level of divergence that reduces the efficacy of
mapping. Processed reads were aligned to the M. undu-
latus reference using BWA v0.7.17 (Li and Durbin 2009)
using the mem algorithm and default parameters. Using
Picard v.2.0.1 (Broad Institute, Cambridge, MA; http://
broadinstitute.github.io/picard/) and default parame-
ters, we 1) sorted the SAM files produced by BWA
with SortSam; 2) reassigned reads to groups with Ad-
dOrReplaceReadGroups; 3) identified duplicated reads
with Markduplicates; 4) calculated summary statistics
with CollectAlignmentSummaryMetrics, CollectInsert-
SizeMetrics, and CollectRawWgsMetrics; and 5) cre-
ated indexes with BuildBamIndex. Next, using GATK
v3.8 (McKenna et al. 2010), we 1) called SNPs and in-
dels for each individual with HaplotypeCaller; 2) geno-
typed using GenotypeGVCFs (with heterozygosity set
to 0.05); 3) flagged and filtered variants with Variant-
Filtration. Given the lack of a high confidence SNP
panel, we implemented the hard filtering options rec-
ommended by the Broad Institute’s Best Practices (https:
/ / gatk.broadinstitute.org/). We used the following set-
tings to hard filter SNPs: 1) quality by depth below 2
(QD < 2.0); 2) SNPs where reads containing the alterna-
tive allele were considerably shorter than reads with the
reference allele (ReadPosRankSum < —8); 3) SNPs with
root mean square of the mapping quality lower than
40 (MQ < 40.0); 4) SNPs with evidence of strand bias
(FS > 60.0 and SOR > 3.0); and 5) SNPs where the read
with the alternative allele had a mapping quality that
was lower than the reference allele (MQRankSumTest
< —12.5). We used VCFTOOLS v0.1.15 (Danecek et al.
2011) to export variant sites from VCEF files for bi-allelic
sites with no missing data, a minimum read depth of
4x, a maximum read depth of 150x, and read quality
score > Q20. We estimated the completeness of our
mapped genomes with the Benchmarking Universal
Single-Copy Orthologs (BUSCO) v5.7.0 (Seppey et al.
2019) using the aves_odb10 data set.

Characterizing Genetic Variation

We estimated the fixation index (Fst), the to-
tal divergence index between pairs of species (Dyy),

and the nucleotide diversity index (x) for consecu-
tive 50 SNP windows using the popgenWindow.py
script (https://github.com/simonhmartin/genomics_
general). To evaluate the heterozygosity in our mapped
genomes, we estimated heterozygosity-rich regions,
also known as runs of heterozygosity (ROHet), using
the detectRUNS R package (Biscarini et al. 2018). For
this analysis, we set the window size to 10 kb, and we
only estimated the values in windows with a minimum
of 20 SNPs. Because there are no modern genetic sam-
ples of P. alexandrae from the wild, we used genetic sam-
ples from captive birds in this phase of the study. If any
of our captive samples had admixture due to hybridiza-
tion in captivity over the last few generations, then we
expected to find excess heterozygosity levels in compar-
ison to wild individuals of the other species that do not
have evidence for recent hybridization.

Population-level Sampling and Data Generation

To include broader population-level sampling, we
used a sequence capture approach to target ultracon-
served elements (UCEs; Faircloth et al. 2012), a widely
used marker in avian phylogenomic studies, including
our previous work on the focal system (Smith et al.
2023). We were particularly interested in including addi-
tional wild-collected 19th-century samples of P. alexan-
drae from well before it was a popular species in cap-
tivity. Because there are no modern tissue samples of
wild P. alexandrae, we isolated DNA from wild-collected
and captive-bred individuals from historical museum
specimens. Our sample sizes for UCE sequencing are as
follows (Supplementary Table S1): Alisterus amboinensis
(N = 1); Alisterus chloropterus (N = 1); Alisterus scapu-
laris (N = 6); Aprosmictus erythropterus (N = 11); Apros-
mictus jonquillaceus (N = 3); Polytelis alexandrae (N = 34);
Polytelis anthopeplus (N = 8); Polytelis swainsonii (N = 5);
and an outgroup, Melopsittacus undulatus (N = 1). These
UCE samples include one individual of each ingroup
species from Smith et al. (2023). We followed the same
wet-lab protocol and bioinformatic processing as Smith
et al. (2023) unless noted otherwise.

DNA extractions from modern tissue samples were
done using the standard protocol for the DNeasy tissue
extraction kit (Qiagen, Valencia, CA). For historical sam-
ples from toe pads of museum specimens, we performed
extractions on these samples in a clean molecular lab and
modified the protocol to account for highly fragmented
DNA. To size-select for shorter DNA fragments, we used
the filter columns from the QIAquick PCR kit. DNA
extracts were quantified using a Qubit 2.0 Fluorome-
ter (Thermo Fisher Scientific). Library preparation of
UCEs, enrichment, and I[llumina (HiSeq X Ten) sequenc-
ing were performed by RAPiD Genomics (Gainesville,
FL). The Tetrapod UCE 5K probe set was used to enrich
5,060 UCE loci (Faircloth et al. 2012).

De-multiplexed raw reads (FASTQ files) were
trimmed and filtered for low-quality bases and adap-
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TaBLE 1. Genetic data sets and corresponding analyses.

Data set n Content Analyses
Whole genomes 15 1076,869,200 sites Quality control
Consecutive windows 5 295,503 windows Summary statistics; IQTree2 Gene
Trees
295,503 gene trees Astral; SNaQ; Aphid
14,229 gene trees on Aphid
Z-chromosome
2953 windows BPP; D-statistics
Non-consecutive windows 5 38,662 windows Summary statistics
38,662 gene trees Aphid; SNaQ; Aphid

2347 gene trees on

Aphid

Z-chromosome

493 windows

BPP; D-statistics

Coding sequence 8440 genes PAML
UCEs 72 2108,941 sites IQTree2 concatenated topology
5 3829 UCE loci IQTree2 gene trees

3829 gene trees

Aphid

Each window contained 50 SNPs. Consecutive windows: continuous sliding windows along the whole genome. Non-consecutive windows:
non-continuous sliding windows with a sampling scheme of including one window and then skipping the next five. Coding sequence: single
copy orthologous groups of protein coding sequence. UCEs: ultraconserved elements, and a reduced UCE data set with one individual per
species was also analyzed. The complete whole genome data set consisted of 15 individuals and was partitioned into various subsets with one
exemplar per the five focal species, and in some analyses the Z-chromosome was analyzed separately. The complete UCE data set contained 72

individuals and a subsampled data set with one individual per species.

tor sequences using Illumiprocessor v1 (Bolger et al.
2014). Next, in PHYLUCE (Faircloth 2015), we pro-
duced de novo assemblies of each individual using
SPades (Bankevich et al. 2012) and created a chimera
reference to maximize the number and length of UCE
loci. Reads were aligned to the reference genome using
BWA v0.7.13-r1126 (Li and Durbin 2009) with the mem
algorithm. Resulting SAM files were converted to BAM
format and sorted using SAMtools v1.10 (Li et al. 2009).
Variant calling was performed using SAMtools mpileup
(—C 30; —Q 20) and BCFtools v1.12 (Danecek et al.
2011). Vcfutils was used to retain only variant sites with
aminimum coverage of 5x and a quality score of at least
20. FASTQ files were converted to FASTA format using
seqtk (Li [n.d.]). Heterozygous sites were retained with
IUPAC ambiguity codes. FASTA files were concatenated
and processed using PHYLUCE (Faircloth 2015): loci
with a minimum of 100 base pairs (bp) were aligned
with MAFFT v.7.455 (Katoh and Standley 2013), and
individual UCE alignments were retained if 75% of the
samples were present.

Phylogenetic Inference

We inferred maximum likelihood phylogenies for the
population-level UCEs and the whole genome data sets
(Table 1) using IQ-TREE2 v.2.1.3 (Minh et al. 2020). For
the UCEs, we used a concatenated alignment and esti-
mated the best-fit substitution model for each gene par-
tition using the ModelFinder option (Chernomor et al.
2016; Kalyaanamoorthy et al. 2017). Support values were
assessed with 1000 ultrafast bootstraps for the concate-
nated tree (Hoang et al. 2018). For the whole genome
data set, we randomly included one sample for each of

the five focal taxa and estimated maximum likelihood
gene trees for 50 SNP partitions in IQ-TREE2. We chose
to estimate gene trees from 50 SNP windows instead of a
fixed length to obtain enough signal to resolve phyloge-
netic relationships and to ensure that all windows have
comparable genetic information and to capture signals
of gene flow (Thom et al. 2024). To increase computa-
tional efficiency, HKY (Hasegawa, Kishino, and Yano;
Hasegawa et al. 1985) was specified as the nucleotide
substitution model for all windows. We estimated a
species tree using the 295,503 gene trees in ASTRAL-III
v.5.7.3 (Zhang et al. 2018), where node support was esti-
mated using local posterior probabilities.

Inferring Species Relationships on a Network

We inferred a network using Species Networks apply-
ing Quartets (SNaQ); Solis-Lemus and Ané 2016) from
the 295,503 gene trees estimated in IQ-TREE2 (Table 1)
to determine whether the close sister relationship be-
tween P. alexandrae and Ap. erythropterus could be ex-
plained by introgression. Inheritance probabilities, de-
scribing the proportion of genomic regions inherited by
a hybrid node from each of its parental lineages (y),
were estimated. SNaQ estimates a network, bifurcating
or cyclic, by maximizing the pseudolikelihood for a set
of gene trees. Using Topology 2 as the starting tree, we
tested for the number of reticulation events (h = 0-5) and
selected the value based on the pseudolikelihood score
separately using two separate data sets of gene trees.
One data set contained gene trees from consecutive 50
SNP windows across the genome. The second data set
consisted of gene trees from non-consecutive windows
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where one 50 SNP window was retained and next five
were excluded.

To evaluate the confidence of the best network based
on the pseudolikelihood, we performed a bootstrap
analysis using 100 bootstrapped trees generated for
each of the gene trees. Then, the bootsnaq function was
used to select one of the bootstrapped trees to gener-
ate a data set from which this function estimates a net-
work for each gene tree, for 10 runs and 100 replicates,
resulting in a set of bootstrapped networks. Support
values reflect how many times an introgression edge
was in the bootstrapped network (Solis-Lemus et al.
2017). SNaQ analyses were conducted using PhyloNet-
works (Solis-Lemus et al. 2017) in Julia (Bezanson et al.
2017).

Introgression Summary Statistics

The Dtrios program implemented in the D-suite pack-
age (Malinsky et al. 2021) was used to calculate D-
statistics and the associated estimate of admixture frac-
tion, f, referred to as the f4-ratio (Green et al. 2010;
Durand et al. 2011; Martin et al. 2014). The D-statistic
evaluates the frequency of two types of allele sites,
ABBA and BABA, where A represents the ancestral al-
lele and B the derived allele state in the context of four
taxa analyses. Because our ingroup includes five species,
we excluded two samples (Al scapularis and P. swain-
sonii) that were redundant for the analysis, and we spec-
ified P. anthopeplus as P1, P. alexandrae as P2, Ap. ery-
thropterus as P3, and the outgroup M. undulatus as O
(P4). ABBAssites correspond to derived alleles shared be-
tween P1 and P3, whereas P2 and O share the ancestral
allele (Patterson et al. 2012). If post-divergence gene flow
between P. alexandrae and Ap. erythropterus occurred, we
expect to find a higher proportion of BABA sites, where
P2 and P3 share the derived allele and P1 and O share
the ancestral allele, conflicting with the species tree. We
also employed the f-branch metric, a metric that sum-
marizes f scores (Malinsky et al. 2018). We estimated
D-statistics and the f-branch metric for separate data
sets (Table 1) as follows: 1) a global estimate across all
windows; 2) estimates from 100 consecutive windows
where each individual window contained 50 SNPs; and
3) estimates from 100 non-consecutive windows with a
sampling scheme of “sample one window and exclude
the next five,” an arbitrary distance to reduce linkage
among windows. The continuous and non-continuous
sampling of windows allowed us to assess the impacts
of linkage of sites. The 100 window partitions averaged
688,346 bp, corresponding with the genomic region used
in the BPP analysis. This approach allowed us to exam-
ine gene flow patterns across the genome and to use
comparable windows across the majority of analyses.
We also examined whether using different individuals
and non-consectutive windows impacted our inference
of gene flow patterns using D-statistics.

Approximate Likelihood Estimates of Introgression from
Gene Trees

We used the software Aphid v.0.11 to estimate gene
flow from rooted triplets (Galtier 2024). Aphid distin-
guishes gene flow and ILS from gene trees using the
topology and its branch lengths in an approximate like-
lihood framework. Gene tree conflict where the con-
flicting branch has a long branch is attributed to ILS,
whereas a short branch is attributed to gene flow. The
percentage of gene trees in conflict due to ILS and gene
flow is reported, as well as the probability of phyloge-
netic conflict due to gene flow. We used ([P. anthopeplus,
P. alexandrae], Ap. erythropterus) as the triplet rooted with
M. undulatus. We ran Aphid on three separate data sets
that comprised maximum likelihood gene trees of (Table
1): 1) 295,503 gene partitions across the autosomes and
the Z chromosome; 2) 14,229 gene partitions across the Z
chromosome; and 3) 4373 UCE loci that included a his-
torical sample of a wild individual of P. alexandrae. Be-
cause Aphid analyses are conducted on the gene trees
of single windows, we also present results similar to the
noncontinuous window data sets by plotting one win-
dow and excluding the next five windows resulting in
49,200 across the whole genome and 2347 on only the
Z-chromosome. The aim of conducting the analysis on
only the UCE data set was to assess if we detected a dif-
ferent pattern using a wild caught individual. The auto-
somal and Z chromosome data sets were based on the
same individuals using the single exemplar per taxon in
the gene trees estimated in IQ-TREE2.

We used SnpEff (Cingolani et al. 2012) to summa-
rize the M. undulatus genome annotation along each ge-
nomic window. Specifically, we calculated the propor-
tion of each window assigned to introns, downstream or
upstream of regulatory regions, exons, 3’-UTR, 5-UTR,
and intergenic regions. We classified the effect of each
variant into four categories: 1) modifier, that is, vari-
ants with very low or unknown impact on protein func-
tion, often located in non-coding regions; 2) low impact,
that is, variants in coding regions that do not change
the protein function, such as synonymous mutations; 3)
moderate impact, that is, variants that might change the
amino acid sequence producing changes in protein ef-
fectiveness, but are unlikely to cause complete loss of
protein functions; and 4) high impact, that is, variants
that have a significant effect on protein function or gene
structure, including a switch or loss of the function, gen-
erally located in coding or splicing regions. The aim of
this approach was to determine whether gene trees in
conflict with the species tree due to gene flow showed
different frequencies in these categories compared with
gene trees not in conflict. Under non-adaptive introgres-
sion, we do not expect to find differences between the
mutational categories. In contrast, under adaptive in-
trogression we expect to find a higher frequency of re-
gions of the genome subject to positive selection (e.g.,
exons). We used a probability threshold of 0.70 from
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the Aphid analyses for determining which regions were
introgressed as per the recommendation of the soft-
ware author. To assess whether there were significant
differences in the number of SNPs located in different
genomic regions determined by SnPeff, we performed
x? tests between introgressed versus non-introgressed
windows for each category. Additionally, we calculated
the effect size using Cohen’s d to evaluate the poten-
tial effect of the large sample size of SNPs. These tests
were performed using native libraries in R v4.2.1 (Team
2020).

Inferring Introgression Probabilities Using Full Likelihood

To further estimate patterns of gene flow, we used a
full likelihood method in BPP v.4.7 (Flouri et al. 2018,
2020, 2023), allowing us to compare signatures of gene
flow inferred from different methods (BPP; D-statistics;
and Aphid). We estimated introgression probabilities
between P. alexandrae and Ap. erythropterus using the AOO
analysis. The AQ0 analysis performs a Bayesian analysis
under the MSC with fixed species topology and fixed
species assignment. Thus, the AQ0 analysis only esti-
mates divergence times and population sizes (scaled by
mutation rates). Using the MSC-M model, the tree topol-
ogy was fixed to have a monophyletic Polytelis following
Smith et al. (2024), where only one individual was used
per taxon. We assigned gamma priors to 0 ~ (2100) and
70 ~IG(2, 10). We ran BPP independently on the previ-
ously described data sets (Table 1): 1) continuous win-
dows over 100 consecutive windows, producing 2953
partitions; and 2) non-continuous windows where 100
windows were produced by sampling one window and
excluding the next five windows producing 493 parti-
tions. As with previous analysis, each individual win-
dow was delimited by having 50 SNPs The continuous
2953 and 493 non-contiguous partitions were run sep-
arately in BPP. Each partition was run for 500,000 gen-
erations, sampling every 2, and with a burn-in period
of 250,000 generations. Partitions on the Z-chromosome
were run separately with an inheritance scalar of 0.75.

We also used BPP to estimate the time to the most
recent common ancestor (TMRCA) for P. alexandrae
and Ap. erythropterus for each 50 SNP window along
the genome. We were specifically interested in the
depth of TMRCA values between introgressed and non-
introgressed regions. Introgressed regions were deter-
mined using the Aphid gene flow probability threshold
of 0.70. We used the A00 model and included only P.
alexandrae and Ap. erythropterus in the analysis in which
we were only interested in the TMRCA for these two
taxa. We also wanted to avoid biasing ages due to gene
tree heterogeneity among loci. We assigned gamma pri-
ors to t ~ (21,000) and 0 ~ 1G(22,000) and ran each win-
dow separately. Each partition was run for 10,000 gener-
ations, sampling every two, and with a burn-in period
of 2000 generations.

Tests of Positive Selection

Introgressed loci can evolve neutrally or be subject to
natural selection, with selection leaving different adap-
tive signatures on the genome at macro- versus micro-
evolutionary scales. At micro-evolutionary scales, pos-
itive selection frequently operates via selective sweeps
that produce regions of high differentiation and low di-
versity in linked sites (Pritchard et al. 2010), a pattern
that is expected to erode over time due to new muta-
tions and recombination. At macroevolutionary scales,
positive selection is predicted to produce an excess of
nonsynonymous substitutions in protein-coding genes
(Yang and Bielawski 2000). Given the level of diver-
gence between P. alexandrae and Ap. erythropterus, we
expect signatures of molecular adaptations to be de-
tectable in the ratio of nonsynonymous to synonymous
substitutions in the coding sequences (CDSs). If intro-
gression contributed to adaptive divergence at a macro-
evolutionary scale, we expect that introgressed loci will
be subject to high rates of positive selection in P. alexan-
drae (e.g., Ma et al. 2019). We specifically test whether
introgression led to adaptive versus non-adaptive di-
vergence both cumulatively and at the individual locus
level.

To predict the CDS regions for each species, we used
Gene Model Mapper (GeMoMa) v1.8 (Keilwagen et
al. 2019), a software package that uses a homology-
based approach. As references for the CDS pre-
diction, we used three bird genomes (Melopsitta-
cus undulatus: GCF_012275295.1; Strigops habroptilus:
GCF_004027225.2; and Gallus gallus: CF_016699485.2)
that were annotated with RNAseq data.

We conducted a number of tests of positive selec-
tion for each P. alexandrae gene. To identify ortholo-
gous groups across Psittaculidae, we used the protein
sequences of all five Polytelini species included in our
study (P. alexandrae, P. swainsonii, P. anthopeplus, Ap. ery-
thropterus, and Al. scapularis) plus M. undulatus as in-
put for OrthoFinder 2.5.5 (Emms and Kelly 2019). We
identified 8440 orthologous groups with a single copy
in each species found on chromosomes 1-30, including
Z-chromosome (Table 1). For each of these groups, we
aligned the protein sequences using PRANK v.170427
(Loytynoja 2014). The resulting alignments were filtered
in three ways: 1) we used Gblocks 0.91b (Castresana
2000) to remove poorly alignable regions; 2) we used
a sliding-window approach to identify and remove re-
gions of 15 amino acids for which one of the sequences
presented 10 or more singleton amino acids (not present
in any of the other five sequences); and 3) we used a
similar approach to remove regions of five amino acids
for which one of the sequences presented five singleton
amino acids. The original CDS sequences, the protein
alignments, and the results of the filtering were used to
generate CDS alignments.

Each CDS alignment was subjected to a number of
analyses using the codeML program in the PAML pack-
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age 4.4d (Yang 2007). First, we used the MO model to
calculate a single dy, ds, and dyn/ds ratio for each gene
(in this analysis, dn/ds is assumed to be constant across
all sites and branches). Second, we used the free-ratios
model to calculate a separate dy, ds, and dx/ds ratio
for each gene and branch in the phylogeny. Third, we
tested for the presence of sites under positive selection
in each gene by comparing the fit of models M2a and
M1a using a likelihood ratio test—twice the difference
in the likelihood of both models, 2A¢ =2 x ({ymg — Iny)
was assumed to follow a x? distribution with two de-
grees of freedom (Whelan and Goldman 1999). Model
2a allows for the presence of a class of codons with
dn/ds > 1 (indicative of the action of positive selection),
whereas model 1a does not; thus, a significantly better fit
of model 2a indicates that the gene has been subjected
to positive selection. Fourth, for each gene and branch
(8440 genes x 9 branches), we tested for the presence
of sites under positive selection by comparing the fit of
model A (MA) and null model A1 (MA1). Model A al-
lows for the presence of a class of codons with dy /ds > 1
whereas null model Al does not; thus, a significantly
better fit of model A indicates that the gene has been sub-
jected to positive selection. In these comparisons, 2A¢
=2 x (pma — ¢ma1) was assumed to follow a 50%:50%
mixture of a point of mass 0 and a x? distribution with
one degree of freedom (Yang et al. 2005; Zhang et al.
2005). For genes in regions predicted to be introgressed
by Aphid, we used a tree in which P. alexandrae was the
sister taxon to Ap. erythropterus. For all other genes, we
used a tree in which P. alexandrae was the sister group to
the P. swainsonii/ P. anthopeplus clade.

REsuULTS
Whole Genome Characterization

The whole genome data set, including Melopsittacus
undulatus, contained 14,785,561 SNPs with 10,505,270
transitions and 4280,291 transversions. Statistics for
the genomes of each individual are reported in
Supplementary Table S2. The average coverage and
standard deviation and BUSCO scores for each species
were Alisterus scapularis (41x; 9.4; 94.4%), Aprosmic-
tus erythropterus (35.9x; 0.2; 94.4%), Polytelis alexandrae
(26.6x; 15.9; 92%), Polytelis anthopeplus (20.2x; 13.3;
92.9%), and Polytelis swainsonii (29.8x; 7.6; 93.6%). We
mapped reads up to chromosome 30, including the
Z-chromosome. Reads mapped to microchromosomes
above chr 21 and the W-chromosome, including un-
placed scaffolds, were often short regions and were
discarded in most downstream analyses.

The five focal taxa had similar patterns of genetic
diversity as measured by Fsr (Supplementary Table
S3), Dxy (Supplementary Table S4), and runs of het-
erozygosity except for one individual of P. alexan-
drae (Supplementary Tables S5-56). Fsr values varied
across the genome (Supplementary Fig. S2). The sam-

ple ale_ZMUC140801 had a higher number of runs of
heterozygosity (35 vs. 2-9 for the other samples), pos-
sibly due to its lower coverage. This sample was re-
moved, and re-calculated summary statistics were sim-
ilar across species. For downstream analyses, which
entailed using a single exemplar per taxon, we used
ale_PRS4773 for P. alexandrae. Polytelis alexandrae had the
highest & value (0.077), and P. anthopeplus the lowest
(0.034; Supplementary Table S7).

UCE Phylogeny

The concatenated alignment contained 72 individu-
als, 2108,941 sites, 21,590 parsimony-informative sites,
11,743 singleton sites, and 2075,608 invariable sites.
The concatenated tree had high support (ultrafast boot-
straps = 100%) for relationships among Polytelis and
Aprosmictus (Fig. 1d). Polytelis alexandrae and Apros-
mictus were sisters, which in turn were sister to the
sister taxa P. anthopeplus and P. swainsonii (Topology
2). All species were monophyletic. Evidence of phylo-
geographic structuring was observed between Ap. ery-
thropterus samples from Australia and New Guinea.
Within P. anthopeplus, however, and pending further
sampling and closer analysis, we tentatively note that
no phylogeographic structure was evident between its
disjunct southeastern and southwestern Australian pop-
ulations. Structuring among the P. alexandrae appeared
to reflect mainly differences in information content of
samples (Fig. 1b; Supplementary Fig. S3). Captive and
wild-caught individuals did not exhibit a different phy-
logenetic pattern. The three individuals for which we se-
quenced genomes formed a well-supported clade.

Phylogenetic Tree and Network Estimation

The ASTRAL species tree (Fig. 1c) constructed us-
ing ML gene trees shows discordance with the concate-
nated tree estimated in previous studies (Smith et al.
2023; Smith et al. 2024), specifically for the placement of
P. alexandrae (Fig. 1b). Different triplet topologies were
found throughout and among chromosomes (Fig. 2a).
Topology 2 was the most frequent (37.6% of the trees),
followed by Topology 1 (25.4%), then an alternative mi-
nor topology where P. anthopeplus and Ap. erythropterus
were sister (20.6%), and 16.4% of trees had an unresolved
topology. The ASTRAL tree places P. alexandrae as sis-
ter to Ap. erythropterus (Topology 2) whereas the previ-
ously estimated concatenated tree places it as sister of
the clade formed by the other two species of Polytelis
(Topology 1).

When inferring relationships using a network ap-
proach, pseudolikelihood scores from SNaQ found that
one hybridization event was optimal for the network (-
log pseudolikelihood = 0.2039 (consecutive windows)
and 0.0254 (non-consecutive windows); Supplementary
Table S8). For simplicity, we will lead with results from
the consecutive window data set and summarize at the
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FIGURE 2. Topological variation across the genome, network relationships, and introgression proportions. (a) Each color corresponds with a
triplet topology. Topology 1 (T1; 25.4% of trees) has a monophyletic Polytelis. Topology 2 (T2; 37.6%) P. alexandrae and Ap. erythropterus are sister.
Topology 3 (T3; 20.6%) P. anthopeplus and Ap. erythropterus are sister. 16.4% of the topologies were unresolved, Topology 4 (T4). (b) The best-fit
phylogenetic network shows a hybrid edge connecting P. alexandrae and Ap. erythropterus. The proportion of the genome contributed (y) to P.
alexandrae from Ap. erythropterus was 0.48. (c) The f-branch matrix shows pairwise introgression proportions from gene tree counts, with darker
colors indicating higher introgression. The tree to the left of the matrix shows ancestral branches among species, and the tree on the top shows
the expected relationships among species. Bird illustrations by Julian Teh.

end how the non-consecutive window data set differed.
In the best-fit network, a proportion of the genome was
contributed to P. alexandrae from Ap. erythropterus (y =
0.48). After placing the introgression event and root-
ing the network using M. undulatus, the network topol-
ogy matches Topology 1, that is, monophyly of Poly-
telis was restored, and P. alexandrae was sister to P. an-
thopeplus and P. swainsonii (Fig. 2b). The network had
highly supported values for all nodes except for the
placement of P. alexandrae as sister to P. anthopeplus and
P. swainsonii (bootstrap = 0.23). The bootstrap values of
the hybrid edge averaged 2% across the entire genome
and ranged from 0% to 10% at the chromosome level
(Supplementary Table S9; Supplementary Fig. S4). These
bootstrap values reflect the number of times in which a
network edge, including hybridization edges appears in
the set bootstrapped trees. In the non-consecutive win-
dow data set, the best-fit network had the sample rela-
tionships as the consecutive window network except the
hybridization edge was from a ghost lineage into Ap. ery-
thropterus (Supplementary Table S9; Supplementary Fig.
S5).

Introgression Statistics

Introgression tests using a genome-wide estimate of
the D-statistic found significant evidence of gene flow

between Ap. erythropterus and P. alexandrae. Results were
similar when either P. anthopeplus (D-stat = 0.18; z-
score = 80.47; P-value = 2.3 x 107') or P. swainsonii
(D-stat = 0.19; z-score = 88.32; P-value = 2.3 x 107'°)
was used as P1 in the triplet. Window-based esti-
mates of D-statistics showed high variation in z-scores
across the genome (Consecutive windows mean =0.173;
standard deviation = 0.094; range = 0.000-0.806; %
of loci with z-score > 2.5 = 47%; Non-consecutive
windows mean = 0.189; standard deviation = 0.090;
range = 0.001-0.656; % of loci with z-score > 2.5 = 53%).
Using the f-4 ratio, which was also similar across data
sets, we estimated the introgression proportion between
Ap. erythropterus and P. alexandrae to be ~8%, whereas
all other comparisons were < 1% (Supplementary Table
510). Using Topology 1, the f-branch statistic indicated
that the highest introgression in the clade was between P.
alexandrae and Ap. erythropterus. D-statistic and f-branch
statistic results were robust to which individual we used
(Supplementary Fig. 56).

Approximate Likelihood Estimates of Introgression

The Aphid analyses show that the high frequency of
Topology 2 across the genome was due to both ILS and
introgression between P. alexandrae and Ap. erythropterus
(Supplementary Table S11). This pattern was observed
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in all data sets except for the Z-chromosome, which
showed lower topological heterogeneity and reduced
gene tree conflict due to gene flow.

For the consecutive window data set across the whole
genome, the most frequent gene tree (87,100 gene trees;
37.6%) was ([P. alexandrae, Ap. erythropterus], P. anthope-
plus), consistent with the species tree topology (Topol-
ogy 2; Fig. 2a). The next frequent topology (58,876 gene
trees; 25.4%) was ([P. anthopeplus, P. alexandrae], Ap. ery-
thropterus), consistent with Polytelis being monophyletic
(Topology 1; Fig. 2a). The other two topologies were
([P. anthopeplus, Ap. erythropterus], P. alexandrae) and (P.
anthopeplus, Ap. erythropterus, P. alexandrae), represent-
ing 20.6% (47,703) and 16.4% (37,861) of gene trees, re-
spectively. Posterior estimates of no-event = 0.001, no-
conflict ILS = 0.257, and no-conflict gene flow = 0.04.
The posterior estimate of conflict due to ILS was 0.484,
and for gene flow it was 0.217. The posterior imbal-
ance for the dominant topology for ILS was 0.506 and
0.971 for gene flow. Of the gene flow-conflicted loci with
threshold values > 0.70, there were 8120 triplets consis-
tent with Topology 2 ([P. alexandrae, Ap. erythropterus],
P. anthopeplus), 560 with Topology 1 ([P. anthopeplus, P.
alexandrae], Ap. erythropterus), and 120 with the alterna-
tive triplet ([P. anthopeplus, Ap. erythropterus], P. alexan-
drae).

Of the 14,229 gene trees on the Z-chromosome, 31.4%
(3082 gene trees) supported Topology 2 ([P. alexandrae,
Ap. erythropterus], P. anthopeplus) and 25.7% (2526 gene
trees) supported Topology 1 ([P. anthopeplus, P. alexan-
drae], Ap. erythropterus). The two other triplets, ([P. an-
thopeplus, P. alexandrae], Ap. erythropterus) and (P. anthope-
plus, P. alexandrae, Ap. erythropterus), were supported by
22.1% (2169 gene trees) and 20.8% (2044 gene trees) of
the genes, respectively. Posterior estimates were of no-
event = 0.003, no-conflict ILS = 0.317, and no-conflict
gene flow = 0.002. The posterior estimate of conflict due
to ILS was 0.656, and for gene flow it was 0.022. The pos-
terior imbalance for the dominant topology for ILS was
0.506 and 0.971 for gene flow.

The non-consecutive and consecutive window
data sets showed similar tree topology frequen-
cies and posterior estimates (Supplementary Table
S11). The Z-chromosome non-consecutive window
data set showed higher gene tree conflict due to
gene flow than the consecutive window (0.116 vs.
0.022), an estimate still lower than that of the whole
genome.

For the 3829 UCE loci, where we used a single ex-
emplar of the focal taxa, including a wild-collected P.
alexandrae from a historical museum specimen, similar
topological patterns were observed except that the
most dominant topology was the unresolved triplet (P.
anthopeplus, P. alexandrae, Ap. erythropterus), supported
by 65.6% of the genes (1653 gene trees). Topology 2 ([P.
alexandrae, Ap. erythropterus], P. anthopeplus) was the next
most frequent triplet at 16.1% (405 gene trees), followed
by the triplet matching Topology 1 ([P. anthopeplus, P.

alexandrae], Ap. erythropterus) at 9.4% (237 gene trees).
The remaining triplet ([P. anthopeplus, P. alexandrae], Ap.
erythropterus) was observed in 224 gene trees (8.9%).
Posterior estimates were of no-event = 0.001, no-conflict
ILS = 0.241, and no-conflict gene flow = 0.040. The pos-
terior estimate of conflict due to ILS was 0.486, and for
gene flow it was 0.232. The posterior imbalance for the
dominant topology for ILS was 0.561 and 0.842 for gene
flow.

Full-Likelihood Introgression Probabilities

We found high heterogeneity in introgression proba-
bilities among windows but in general, along each chro-
mosome there were windows with high and low intro-
gression probabilities (Supplementary Table S13). The
average introgression probability for each chromosome
ranged from 0.52 to 0.85, the small chromosomes (Chr20:
0.54; Chr21: 0.52) and Z-chromosome (0.66) having the
lowest values, and other small chromosomes (Chrl8:
0.85; Chr19: 0.82) having the highest. Larger chromo-
somes tended to have lower introgression probabilities
than smaller chromosomes in both average values and
minimum introgression probabilities. All chromosomes
had regions with introgression probabilities > 0.95 ex-
cept Chr18 and Chr19, which consisted of a single BPP
run. For the BPP analyses on non-consecutive windows,
we found similar introgression probabilities for chro-
mosomes 1-9, 15, 18, and 20-21, and often higher val-
ues for the other chromosomes than those estimated
for consecutive windows (Supplementary Table(?PMU
?) 513).

We found that t estimates of the TMRCA for P.
alexandrae and Ap. erythropterus for each 50 SNP win-
dow were significantly different between introgressed
and non-introgressed windows (Mann-Whitney U test:
W = 4.7 x 10%; P-value < 2.2 x 107'%; Fig. 3a—). Mean
7 values were lower for introgressed (0.0011) than for
non-introgressed (0.0016) regions, as were the ranges of
t values (introgressed: 0.0001-0.0060; non-introgressed:
0.0001-0.0073; Fig. 3a—c). The distribution of t estimates
had the lowest values for windows that introgressed
and had Topology 2 (T2), indicating that the coales-
cent times were more younger than other sections of the
genome.

Comparing Introgression Analyses

Comparisons across the introgression analysis (BPP,
D-statistics, and Aphid) are limited because thresholds
for delimiting strong support for introgression are not
directly comparable (e.g., P-values vs. posterior proba-
bilities). We present Manhattan plots of the results of the
three methods used to estimate introgression to show
how gene flow inferences vary across methods and the
comparability of findings (Fig. 4a—c; Supplementary Fig.
S7). Instead, we estimated the frequency at which re-
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FIGURE 3. Histograms of t estimates for Ap. erythropterus and P. alexandrae from introgressed (a) and non-introgressed (b) windows. The
distribution of windows that were inferred to be introgressed and had Topology 2 (T2) had the lowest values. Each plot contains distributions
of  values for windows with Topology 1 (T1), where Polytelis is monophyletic, Topology 2 (T2), where Ap. erythropterus and P. alexandrae are
sister, or an alternative topology, Topology 3 (T3), where Ap. erythropterus and P. anthopeplus are sister. Windows that had significant gene tree
conflict due to introgression are plotted (left) separately from those not inferred to be introgressed (right). Each point from the distribution was
estimated from a 50 SNP window. Introgressed windows had gene flow probabilities > 0.70 from Aphid analyses. Dotted lines indicate mean

values of each distribution.

gions significantly inferred to have gene flow were iden-
tified in multiple analyses. BPP, D-statistics, and Aphid
similarly identified regions of the genome with a high
probability of introgression. The D-statistics identified
significant gene flow in the most windows and Aphid
the least. From the D-statistic analysis, 1392/2953 (47%)
with z-scores > 2.5; Aphid, 8157/231541 (3.5%) win-
dows probabilities > 0.70; and BPP, 318/2953 (8%) win-
dows had high posterior probabilities (> 0.95). Com-
parability among these analyses was limited because
the BPP analysis was conducted on multiple windows
where Aphid provides a global estimate and for individ-
ual gene trees. 178/318 (56%) windows estimated with
posterior probabilities with > 0.95 in BPP also had D-

statistic z-scores > 2.5. 15% (1224 /2953) of windows es-
timated by Aphid to have gene flow (Probability > 0.70)
also had z-scores > 2.5. The 8157 high probability win-
dows inferred from Aphid were found on 270/318
(85%) of the high probability introgression windows in
BPP and 1332/1392 (96%) on windows with z-scores
>2.5.

Introgressed Windows and Positive Selection

Mutational categories of all windows were simi-
lar between introgressed and non-introgressed regions:
high-impact mutations were the rarest (~1%), and low-
impact mutations were the most frequent (Figs. 5a and
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FIGURE 4. Manhattan plots showing different measures of introgression across the genome from consecutive windows. (a) z-scores for the
D-statistic where values > 2.5 indicate significant departures from 0 indicating introgression between Polytelis alexandrae and Aprosmictus ery-
thropterus. (b) Probabilities from Aphid of gene tree conflict where probabilities above 0.7 were considered evidence of gene flow. (c) Introgression
probabilities from BPP for 100-loci windows. Dotted red lines denote thresholds of significance where points above the dotted line are deemed
to have strong statistical support for being introgressed: (a) z-scores > 2.5; (b) probabilities > 0.70; and (c) posterior probabilities > 0.95.

b). x? tests showed that there were significant differ-
ences within each annotation category (P-value < 0.05)
except for 3’-UTR (P-value = 0.24). The effect sizes
were low for all comparisons (Supplementary Table
S12). The largest effect sizes as determined by Co-
hen’s d were within 5-UTR (0.3913), intergenic re-
gions (—0.3128), and exons (0.2660). Combined, re-
gions located downstream and upstream of regula-
tory regions and exons represented less than 10% of
regions in the gene trees. Although some differences
were detected in mutational categories, there were
clear trends in introgressed versus non-introgressed
windows.

A test of purifying selection was done on each of the
8440 protein-coding genes for which we could identify
a single ortholog in P. alexandrae, P. swainsonii, P. an-
thopeplus, Ap. erythropterus, Al. scapularis, and M. undu-
latus. Out of these genes, 237 were inferred to be intro-
gressed based on our Aphid analysis (probability thresh-
old > 0.70), 5755 were inferred to be non-introgressed. A
further 2448 were categorized as of unknown introgres-
sion state because Aphid failed to calculate their gene
flow probabilities due to unexpected branch lengths. For
each gene, we first computed a single dy/ds ratio for

all codons and branches using PAML’s MO model. The
median dy/ds was 0.141, indicating that strong puri-
fying selection acted on most genes. The dy/ds ratios
of introgressed genes were significantly lower than the
dn/ds ratios of non-introgressed genes (median dy/ds
for introgressed genes = 0.137; median dn/ds for non-
introgressed genes = 0.151; Mann-Whitney’s U test, P-
value = 0.041; Supplementary Table S514), indicating that
introgressed genes evolved under stronger purifying se-
lection. We next used the free-ratios model to compute
a separate dn/dg ratio for each gene and branch. Re-
sults for the P. alexandrae branch also indicated a pre-
dominance of purifying selection, and that introgressed
genes (median dy/ds = 0.137) were under stronger pu-
rifying selection than non-introgressed genes (median
dn/ds = 0.151; Mann-Whitney’s U test, P-value = 0.034;
Supplementary Table S514).

We then conducted tests of positive selection on each
gene. Comparison of models M2a and M1la, which al-
lows testing for the presence of a fraction of codons
under positive selection without focusing on any spe-
cific branch, identified signatures of positive selection
in 583 genes (P-value < 0.05). Our branch-and-site
tests of positive selection in the P. alexandrae branch
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FIGURE 5. Categorization of introgressed regions. Patterns of mutational categories for introgressed (a) and non-introgressed regions (b)
are similar. Mutational categories: (1) low impact variants are in coding regions that do not change the protein function; (2) moderate impact
variants are those that might change the amino acid sequence producing changes in protein effectiveness but are unlikely to cause complete loss
of protein functions; and (3) high impact variants have a significant effect on protein function or gene structure, including the switch or loss of
the function. High impact mutations were the rarest, and low impact ones were the most common. (c) The percentage of introgressed versus
non-introgressed regions differed within and among variant functional categories. (d) Manhattan plot showing log P-values for tests of positive
selection on the P. alexandrae lineage. The dotted line represents a P-value of 0.05, and all points above the line are considered as having statistical
support for selection. Introgressed regions are shown with larger points and non-introgressed regions are smaller. The majority of introgressed
regions were not under positive selection. Only two genes were found to be both under positive selection and introgressed (FAM175A and
C150rf40). A non-introgressed region with a log P-value of 8.7 on chromosome 8 was removed from the plot to reduce whitespace.

identified signatures of positive selection in 146 genes
(P-value < 0.05), including two introgressed genes
(FAM175A and C150rf40; Fig. 5d, Table 2, Supplementary
Table 514) and 99 non-introgressed genes. A Fisher’s ex-
act test showed that introgressed and non-introgressed
genes did not significantly differ in the fraction of genes
under positive selection (P-value = 0.440).

DiscussioN

We found that the non-monophyly of Polytelis was
caused by recovery of a close sister-group relationship
between the highly divergent species Aprosmictus ery-
thropterus and Polytelis alexandrae and that this was due
to ancient introgression. Thus, Polytelis alexandrae should
remain in Polytelis. Phylogenetic placement of P. alexan-
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TaBLE 2. Introgressed regions under positive selection.
Gene z-score
symbol Gene name Gene function Chr BPP Post Prob ~ Aphid Prob P-value
FAM175A Family with sequence Cell cycle regulation 7 0.80 0.81 0.031
similarity 175 Member A
C150rf40 Chromosome 15 open Cell signaling 9 0.68 0.76 0.002

reading frame 40

Shown are the loci in windows that were both under positive selection in P. alexandrae and introgressed from Ap. erythropterus. Selection tests
were conducted using the species tree topology (Topology 2). Included is the gene symbol, gene name, function based on the chicken genome,
chromosome (Chr), introgression posterior probability from BPP (BPP Post Prob), the probability of gene tree conflict due to gene flow from
Aphid (Aphid Prob), and the P-value of z-scores from D-statistics (z-score P-value).

drae outside its nominal genus Polytelis has been unsta-
ble across data sets and inference methods (Schweizer et
al. 2010; Schweizer et al. 2011; Provost et al. 2018; Smith
et al. 2023, 2024), and our results show that this was due
to the predominance of gene trees containing, unexpect-
edly, Ap. erythropterus and P. alexandrae as sister taxa. We
found that up to 20% of the gene trees were in conflict
due to gene flow (Aphid analyses, Supplementary Table
S11), with allele frequency patterns indicating that 8-
20% of P. alexandrae’s genome was inherited from Ap.
erythropterus. These findings favor the retention of P.
alexandrae in the genus Polytelis and highlight how para-
phyletic groups may be due to introgression and not tax-
onomic misclassification. Much of the genetic exchange
did not lead to detectable molecular adaptations over
time because 1% of protein-coding genes had signifi-
cant evidence of positive selection in P. alexandrae. Fur-
ther, of those 146 genes (Supplementary Table S14), only
two had a high probability of being introgressed from
Ap. erythropterus (Table 2). For ancient introgression sce-
narios, such as the one between Ap. erythropterus and
P. alexandrae, where there is a high degree of pheno-
typic and ecological divergence and absence of intro-
gressed traits, genetic exchange may produce high levels
of topological heterogeneity while not being subject to
strong levels of selection. This suggests that these intro-
gressed regions are likely not contributing to an adapta-
tion nor reproductive isolation.

Genome-wide Introgression

We employed a range of methods that varied in in-
put data, resolution, and statistical complexity, consis-
tently finding evidence for ancient introgression. Re-
cent work has shown that methods using allele count
patterns suffer from power issues when there is substi-
tution rate variation (Frankel and Ané 2023), and full
likelihood approaches for estimating introgression have
been shown to improve accuracy (Ji et al. 2022). How-
ever, we found that our results were largely stable across
methods, samples, and the degree of linkage in data
sets, but the extent of inferred gene flow varied among
software packages. It is unclear how our results may
have been biased by the finding that the major topol-
ogy across the genome did not match the “true” phy-

logeny. Even though the most frequent gene tree topol-
ogy placed P. alexandrae as sister to Ap. erythropterus,
the majority of discordance observed in individual gene
trees was attributed to ILS for the majority of genomic
windows, whereas a smaller proportion of discordant
gene trees could be attributed to ancient introgression.
The stability in detecting ancient introgression across
methods may reflect that we examined a single intro-
gression event among highly divergent lineages. Signif-
icant z-scores (P-values < 0.05) from allele frequency
counts and gene tree conflict due to gene flow (Aphid;
Prob. > 0.70) were found in the majority of windows
with a high probability of introgression in the full like-
lihood method, BPP (posterior probability > 0.95). A
key distinction between the software packages was the
computation time for running our data sets. BPP (~5
days on 30 CPUs) was more computationally intensive
than D-suite (1-2 days 7 CPUs), followed by Aphid (~12
hours on 40 CPUs, excluding the estimation of input
gene trees). SNaQ, the network based method that we
used, was the most computationally intensive, particu-
larly during bootstrapping (~10 days on 40 cores) and
detected the highest proportion of introgression. The
network had a hybrid edge between P. erythropterus and
P. alexandrae, and the former contributed 48% to the lat-
ter (Fig. 2), a value we found varied across runs and
whose support for this relationship was low. It is unclear
how generalizable our results are to other empirical sys-
tems. We could assume, however, that taxa with diver-
sification histories similar to the long-tailed parrots will
show stable introgression signals across methods even if
the percentage of the genome found to be introgressed
varies.

Gene flow was not localized to particular regions of
the genome, being widespread across chromosomes, a
pattern that has emerged in other systems. For example,
Anopheles mosquitoes (Fontaine et al. 2015), Lonchura
munias (Stryjewski and Sorenson 2017), and Phyllosco-
pus leaf warblers (Zhang et al. 2021) all show pervasive
gene flow across the genome. In Amazonian birds, in-
trogression was shown to be genome-wide but more fre-
quent in high recombination regions and on microchro-
mosomes (Thom et al. 2024). These examples speciated
sometime in the last three million years and so dif-
fer from our results in the degree of divergence be-
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tween taxa. Gene flow in these examples is presum-
ably well before major genetic incompatibilities evolved.
In contrast, previous molecular dating has placed the
split between Ap. erythropterus and P. alexandrae at 4.7—
10.3 Mya (Smith et al. 2024). Our estimates of intro-
gressed regions indicate that gene flow occurred ~1-2
million years ago (Fig. 3; r of 0.001 corresponds to 1
million years, assuming a generic substitution rate of
1 x 10~ substitutions/site/year), which is well after the
estimated divergence between Ap. erythropterus and P.
alexandrae. It is worth pointing out that the Aphid soft-
ware distinguishes gene tree conflict due to ILS versus
gene flow due to the depth of the node, where younger
nodes are considered to be due to gene flow. This ap-
proach necessarily biases toward younger ages. Exam-
ples of speciation-with-gene flow often report genetic in-
trogression during the early stages of speciation (Wang
et al. 2020). The literature also has numerous cases of an-
cient introgression detected deeper in phylogenies (e.g.,
Fontaine et al. 2015; Liu et al. 2022; Suvorov et al. 2022;
Zhou et al. 2022; DeBaun et al. 2023), indicating that phy-
logenetic signal due to introgression persists over long
time scales, even if occurring early in the speciation pro-
cess. In some cases, signals of introgression appear not
to persist (Gardner et al. 2023). The relationship between
the origin, extent, and persistence of introgressed signals
across phylogenetic scales warrants further inquiry.

One unique finding among our introgression tests
was the lower introgression probabilities found on the
Z-chromosome (Fig. 4; Supplementary Table S11). Gene
flow probabilities were much lower on the sex chromo-
some, and the frequency of triplet topologies was more
uniform than on the autosomes. The Z-chromosome
also had one of the lowest introgression probabilities
according to BPP (Fig. 4c). This pattern is consistent
with Haldane’s Rule (Haldane 1922; Muller 1940, 1942;
Dobzhansky 1982), which indicates that the lower fit-
ness of hybrids of the heterogametic sex will result in
lower introgression of sex chromosomes. Reduced in-
trogression of the Z-chromosome is consistently found
in avian hybridization studies (Ottenburghs 2022), and
our results provide evidence that this also occurred
in P. alexandrae. Interestingly, the species tree for the
Z-chromosome (not presented) still supported the P.
alexandrae and Ap. erythropterus sister relationship. This
is presumably because the gene trees with this relation-
ship were informative, and these gene trees reflected an
unexpected topology due to rampant ILS. On autoso-
mal regions the most predominant topology was the P.
alexandrae and Ap. erythropterus sister relationship, but
the majority of this discordance was due to ILS. Thus,
in the face of high levels of ILS and reduced gene flow,
the Z-chromosome could be biased towards harboring
an inaccurate topology.

Differential selection on introgressed loci.— We also asked
whether introgressed loci, should they be detected, were

under positive selection. We identified only two such
genes with known functions in the chicken genome,
FAM175A and C150rf40, which involve cell cycle regula-
tion and signaling, respectively. We were unable, how-
ever, to directly link these loci to known phenotypic
changes that may have contributed to speciation in these
birds. Adaptive introgression studies often involve both
a phenotype and a candidate gene (Pardo-Diaz et al.
2012; Jones et al. 2018; Garg et al. 2019) and often fo-
cus on systems that occur across strong environmen-
tal gradients (e.g., Ma et al. 2019). The most significant
ecological distinction between P. alexandrae and Ap. ery-
thropterus is that the former occurs in the arid interior
of central and Western Australia, whereas the latter in-
habits more tropical and subtropical open woodlands
across northern and eastern Australia and New Guinea.
Polytelis anthopeplus and P. swainsonii also occur in more
mesic open woodlands in temperate and semi-arid habi-
tats. However, we had no a priori target genes to focus
on in Polytelis / Aprosmictus, nor are there any apparently
introgressed external phenotypic traits. We know of no
characters that are uniquely shared between P. alexan-
drae and Ap. erythropterus and that do not occur in the
other members of Polytelis or Alisterus (e.g., blue rump
color albeit lighter in P. alexandrae and female Ap. ery-
thropterus).

The degree of genetic exchange between Ap. ery-
thropterus and P. alexandrae raises the question of
whether this is consistent with a scenario of homoploid
hybrid speciation. Recent research has highlighted a
number of cases of hybrid speciation (e.g., Wang et al.
2021; Wu et al. 2023), where an emphasis has been placed
on the role of introgression in reproductive isolation
(Schumer et al. 2014; Long and Rieseberg 2024). Speci-
ation genes in birds are often associated with plumage
genes in recently diverged taxa that are morphologi-
cally similar (Toews et al. 2016; Turbek et al. 2021). In
contrast, Ap. erythropterus and P. alexandrae share a com-
mon ancestor some 4.7-10.3 Mya (Smith et al. 2024), ex-
hibit highly differentiated morphologies and plumage
colors, and their present distributions essentially do not
overlap. Although we cannot discard the possibility that
the introgressed genes under selection may have con-
tributed to speciation in P. alexandrae, we have no spatial,
behavioral, or phenotypic context in which to interpret
the results. Hybrid speciation is not compelling in this
case.

We also explored whether there was asymmetry
within variant functional categories between intro-
gressed versus non-introgressed regions. In all func-
tional categories, there were significant differences be-
tween introgressed and non-introgressed loci in those
regions but the effect sizes were typically small (Co-
hen’s d < 0.2). Collectively, this suggests that there
were plenty of potential targets for positive selection
in P. alexandrae from Ap. erythropterus, but few regions
were actually subject to selection, a pattern mirrored
in other studies (e.g., Ma et al. 2019). Interestingly, in-
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trogressed genes were subject to significantly stronger
purifying selection. Proportionately, positive selection
acted at similar frequencies on non-introgressed regions
within P. alexandrae versus regions introgressed from Ap.
erythropterus; however, a larger number of existing vari-
ants were subject to selection. This parallels a finding,
albeit inferred from allele frequencies at the population
level, where selection was more likely to act on standing
variation than on new mutations (Lai et al. 2019). Our
selection tests were conservative in that they focused on
selection on protein-coding sequences, which are rele-
vant given the temporal divergences between P. alexan-
drae and Ap. erythropterus. However, there are numer-
ous tests of selection on allele frequencies that can in-
clude non-coding regions and that require population-
level sampling (Vitti et al. 2013). These non-tested sig-
natures of selection may capture patterns of adaptive
introgression that could have increased the fitness of P.
alexandrae.

CONCLUSION

The phylogenomic toolkit is now well-suited to dis-
tinguish the causes of gene tree heterogeneity across
the genome by accounting for ILS and gene flow dur-
ing phylogenetic inference, as we have done here for
the long-tailed parrots of Australia. Previous studies
on the complex found a close relationship between
two species (Polytelis alexandrae and Aprosmictus ery-
thropterus) placed in disparate genera due to their mor-
phological and behavioral distinctiveness. We found ro-
bust support that this unexpected relationship was due
to ancient introgression and that taxonomically P. alexan-
drae should remain in Polytelis. Although genomic data
have shown that signals of introgression are ubiquitous
in phylogenetic studies, what is less clear is the evo-
lutionary outcomes of the gene flow beyond causing
discordance in phylogenetic signals. Despite high lev-
els of ancient introgression between P. alexandrae and
Ap. erythropterus, we found that the majority of intro-
gressed loci played a limited role in molecular adap-
tations. A small proportion of protein-coding markers
were introgressed, and only two were under positive
selection, a pattern consistent with the idea that new
variants are not frequent targets of directional selec-
tion. The expansion of the phylogenomic toolkit to more
broadly incorporate additional approaches, such as as-
sessing neutral versus adaptive evolution, now provides
the opportunity to infer both the evolutionary relation-
ships and the process that gave rise to the phylogenetic
pattern.
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