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ARTICLE INFO ABSTRACT

Keywords: The genus Gallus is distributed across a large part of Southeast Asia and has received special interest because the
Cthk_ef_l genomics domestic chicken, Gallus gallus domesticus, has spread all over the world and is a major protein source for humans.
?Zbr‘dlzafmn There are four species: the red junglefowl (G. gallus), the green junglefowl (G. varius), the Lafayette’s junglefowl
ntrogression

(G. lafayettii) and the grey junglefowl (G. sonneratii). The aim of this study is to reconstruct the history of these
species by a whole genome sequencing approach and resolve inconsistencies between well supported topologies
inferred using different data and methods.

Using deep sequencing, we identified over 35 million SNPs and reconstructed the phylogeny of the Gallus
genus using both distance (BioNJ) and maximum likelihood (ML) methods. We observed discrepancies according
to reconstruction methods and genomic components. The two most supported topologies were previously re-
ported and were discriminated by using phylogenetic and gene flow analyses, based on ABBA statistics. Ter-
minology fix requested by the deputy editor led to support a scenario with G. gallus as the earliest branching
lineage of the Gallus genus, instead of G. varius. We discuss the probable causes for the discrepancy. A likely one
is that G. sonneratii samples from parks or private collections are all recent hybrids, with roughly 10% of their
autosomal genome originating from G. gallus. The removal of those regions is needed to provide reliable data,
which was not done in previous studies. We took care of this and additionally included two wild G. sonneratii
samples from India, showing no trace of introgression. This reinforces the importance of carefully selecting and
validating samples and genomic components in phylogenomics.

Domestication

1. Introduction animal protein source, are important to human (Miao et al., 2013) and
also play a significant role in religion, entertainment (e.g. cockfighting),

The domestic chicken, Gallus gallus domesticus, is the world’s most ornamental breeding and in biomedical research (e.g. embryogenesis;
ubiquitous bird and domestic animal; outnumbering humans by a factor Crawford, 1990). Domestication has led to an impressive diversification
of 3 to 1 (Lawler, 2014). Chickens being a cheap and easily available of chicken breeds with more than one thousand local chicken breeds
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across the world (Malomane et al., 2019). Chickens were domesticated
in Asia, where four species belonging to the genus Gallus are identified:
the red junglefowl (Gallus gallus), the grey junglefowl (Gallus sonneratii),
the Lafayette’s junglefowl (Gallus lafayettii) and the green junglefowl
(Gallus varius). Gallus gallus has the widest distribution area from
southeast India and southern China to Indonesia, whereas the three
other species occupy smaller areas, with G. varius in the Java Island and
surrounding islands, G. lafayettii in Sri Lanka and G. sonneratii in a region
spanning from central to south of India. Gallus gallus habitat has an
overlap with G. sonneratii habitat in central east India, and with G. varius
habitat on Java island. Main morphological differences between species
involve the color and structure of plumage, comb and wattles (particu-
larly in males). The phenotype of G. gallus is the closest to the one of the
domestic chicken.

The red jungle fowl (G. gallus) is generally considered as the main
ancestor of the domestic chicken based on mitochondrial analysis
(Fumihito et al., 1994, 1996). However, possibility that different species
of the Gallus genus may have contributed to genetic makeup of the do-
mestic chicken is supported by different molecular studies (Eriksson
et al., 2008; Lawal et al., 2020; Nishibori et al., 2005). In particular, the
yellow skin mutation described in many chicken breeds is thought to
have originated from the grey jungle fowl (G. sonneratii) (Eriksson et al.,
2008). To date several DNA sources and strategies were used to resolve
the relationship among species of the Gallus genus: mitochondrial DNA
(mtDNA) (Fumihito et al., 1996; Kan et al., 2010; Meiklejohn et al.,
2014; Nishibori et al., 2005; Shen and Dai, 2014; Shen et al., 2010; Stein
et al., 2015), UCE (Ultra Conserved Elements) loci (Hosner et al., 2016),
mtDNA and nuclear DNA (Kimball and Braun, 2014; Wang et al., 2013),
whole genome data (Lawal et al., 2020; Tiley et al., 2020). These studies
often produced discordant topologies that can be explained considering
the use of different data sources and/or methods often based on different
hypotheses.

The present study was undertaken to resolve these inconsistencies
and to improve the knowledge of the history of the genus Gallus. A whole
genome approach was used to reveal the phylogenetic histories of the
different genomic components (autosomes, W chromosome and mtDNA)
by comparing classical distance-matrix methods with more compre-
hensive methods such as the maximum likelihood, multispecies-
coalescent and the ABBA-BABA statistics. Using whole genome
sequencing of 26 Gallus individuals (16 wild G. gallus subspecies, 9 other
Gallus species and 1 African village chicken) and one individual from the
close relative Bambusicola thoracicus as an outgroup, we identified more
than 35 million high quality biallelic SNPs that were used to reconstruct
the genetic relationship of these birds. This has allowed us to propose a
reference data set to map the ancestry of the domestic chickens.

2. Material and methods
2.1. Bird collection and sample choice for analysis

We collected 54 samples representing the 4 species (G. gallus,
G. varius, G. lafayettii and G. sonneratii) of the genus Gallus. For G. gallus,
the sampling involved the subspecies: G. g gallus, G. g bankiva, G. g
spadiceus and G. g. murghi but left out the subspecies G. g jabouillei,
restricted to Northern Vietnam and for which no specimen could be
secured. They were obtained either from Zoological Parks located in
France, Japan, Taiwan and Vietnam, or sampled in the forest of North-
ern Thailand in the frame of the AvianDiv collection (Hillel et al., 2003,
Table S1). In the context of a collaboration agreement between INRAE
and the Wildlife Institute of India (WII), WII independently collected 7
samples from wild Gallus in India, including 2 G. sonneratii (1 male, 1
female), 3 G. gallus murghi (males) and 2 G. gallus spadiceus (males).
Finally, we added an African village chicken (Cameroun) to the dataset
to represent a population which had not been submitted to organized
management or selection for industrial purposes.

To validate our first batch of 54 samples, we performed a preliminary
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analysis by genotyping all our samples with the 60 K SNP Illumina
iSelect chicken array (Groenen et al., 2011). The results confirmed the
species assignment of the tested samples, since there were clearly 4
groups, one for each species (Fig. S1). A subset of 18 individuals was
then selected for resequencing according to the following criteria: their
position in the Neighbor-Joining tree for the 54 wild animals, the quality
and quantity of DNA available for sequencing, and the sex, with a pri-
ority given to females in order to collect data on the W chromosome and
to facilitate the phasing of haplotypes on Z chromosome. There were 16
females out of 18 samples retained.

The final set of samples included 16 G. gallus (with 4 G. gallus gallus
(GGg), 7 G. gallus spadiceus (GGs), 2 G. gallus bankiva (GGb) and 3
G. gallus murghi (GGm)), 5 G. sonneratii (GS), 2 G. lafayettii (GL) and 2
G. varius (GV) (Table 1 and S1).

Finally, a Bambusicola thoracicus female sample provided by the Parc
Zoologique de Cleéres, located in France, was sequenced to serve as an
outgroup.

2.2. Library construction and DNA sequencing

High molecular weight genomic DNA was extracted from whole
blood samples.

The samples from the AvianDiv collection and from the French
zoological park were obtained as follows: hemolysis of 80 pl blood was
done at 4 °C followed by incubation with 200 pg/mL proteinase K,
precipitation with 4.5 mL dimethylformamide/acetone (5:95 vxol/vol),
resuspension into TE buffer, and a second precipitation with 100%
ethanol. Genomic DNA was finally resuspended in 2 mL of TE buffer.
DNA samples from Japan were extracted with Phenol/Choloroform as
described by Nishibori et al. (2005). DNA samples from Vietnam were
extracted by the Bioneer kit (AccuPrep® Genomic DNA Extraction Kit)
and stored at —20 °C before shipment. DNA samples from Taiwan were
extracted with a commercial DNA extraction kit (DNeasy® Blood and
Tissue kit) and diluted to 50 ng/pl. At WIL, approximately, 500 pul of
blood sample was collected and stored in DNA zol BD (Invitrogen™,
Carlsbad, CA, USA) and genomic DNA was extracted following Mackey
et al. (1998).

The DNA concentration was determined by spectrophotometer for
each sample and the ratio of OD260/0D280 had to be above 1.8 for

Table 1
Bird sampling information.
D Species (subspecies)  Country Place sex
GGb_04992 G. gallus bankiva France zoological park F
GGb_04322 G. gallus bankiva France zoological park F
GGg 01072 G. gallus gallus Thailand forest, Chiang-Mai F
GGg 02152 G. gallus gallus Thailand forest, Chiang-Mai F
GGg 02172 G. gallus gallus Thailand forest, Chiang-Mai F
GGg 01042 G. gallus gallus Thailand forest, Chiang-Mai F
GGm_46 G. gallus murghi India Jammu & Kashmir M
GGm_67 G. gallus murghi India Dehradun M
GGm_120 G. gallus murghi India Uttar Pradesh M
GGs 01112 G. gallus spadiceus Thailand forest, Chiang-Mai F
GGs_01132 G. gallus spadiceus Thailand forest, Chiang-Mai F
GGs_02211 G. gallus spadiceus Thailand forest, Chiang-Mai M
GGs_03032 G. gallus spadiceus Vietnam zoological park M
GGs_03082 G. gallus spadiceus Vietnam zoological park F
GGs_114 G. gallus spadiceus India Nagaland M
GGs_113 G. gallus spadiceus India Mizoram M
GL_04252 G. lafayetii France zoological park F
GL_04372 G. lafayetii France zoological park F
GS_06012 G. sonneratii Japan zoological park F
GS_04252 G. sonneratii France zoological park F
GS_04572 G. sonneratii France zoological park F
GS_113 G. sonneratii India Andhra Pradesh M
GS_349 G. sonneratii India Andhra Pradesh F
GV_05682 G. varius Taiwan zoological park F
GV_06022 G. varius Japan zoological park F
GGd_Cameroun  G. gallus domesticus Cameroun  village F
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further processing. Prior to sequencing, the quality of the DNA samples
was also checked with a gel picture and with Qubit fluorometer.

2.3. DNA sequencing

The 7 samples collected by WII were sequenced using paired-end
sequencing (2x150 bp) on an Illumina NextSeq, with a mean coverage
of 30X. The paired-end sequencing library was prepared using NEBNext
Ultra DNA Library Preparation Kit. 200 ng g-DNA were fragmented by
Covaris sonication. Covaris shearing generates dsDNA fragments with 3’
or 5' overhangs. The fragments were then subjected to end-repair. This
process converts the overhangs resulting from fragmentation into blunt
ends using End Repair Mix. The 3’ to 5’ exonuclease activity of this mix
removes the 3’ overhangs and the 5’ to 3’ polymerase activity fills in the
5’ overhangs. A single ‘A’ nucleotide is added to the 3’ ends of the blunt
fragments to prevent them from ligating to one another during the
adapter ligation reaction. A corresponding single ‘T’ nucleotide on the 3’
end of the adapter provides a complementary overhang for ligating the
adapter to the fragment. This strategy ensures a low rate of chimera
(concatenated template) formation. Indexing adapters were ligated to
the ends of the DNA fragments, preparing them for hybridization onto a
flow cell. The ligated products were purified using Ampure XP beads.
The product was PCR amplified as described in the kit protocol. The
amplified library was analyzed in Bioanalyzer 2100 (Agilent Technolo-
gies) using High Sensitivity (HS) DNA chip as per manufacturer’s
instructions.

A similar protocol was used for the 19 individuals collected by INRA
except that the paired-end sequencing (2x100b) was performed on an
‘Illumina HiSeq 2000/2500 with a target mean coverage of 25 ~ 30x
(~400 million reads per sample).

Finally the Chinese bamboo-partridge genome (Bambusicola thor-
acicus) was sequenced using three libraries (paired-end, 3 kb and 6 kb
mate-pairs), each targeting a coverage of 50x on the same sequencing
platforms.

Sequences
PRJIJNAS552030).

have been deposited to NCBI-SRA (BioProject

2.4. SNP calling

Joint SNP calling for Gallus samples was performed following GATK
Best Practices (DePristo et al., 2011) from the Broad Institute with default
parameters. Briefly, reads were aligned to the G. gallus reference genome
(galGal5 assembly) using bwa-mem (v 0.7.12) and filtered to remove
PCR-duplicates and low quality reads (MAQ < 20). Reads were then
locally realigned around indels and base quality scores recalibrated
using a set of 600,000 high quality SNPs from the 600 K SNP chip as
known variants (Kranis et al., 2013). Variants were then detected using a
pair-HMM model (HaplotypeCaller). The previous set of 600 K known
variants was then used to train a learning model, with the Variant
Quality Score Recalibration (VQSR) tool, and classify detected variants
into true and false positives. False positives were filtered with option
“ts_filter level = 99.0”, corresponding to a recall rate of 99% for known
SNPs, and only biallelic SNPs were kept.

For the B. thoracicus sample, we used a more complex, three steps
strategy. Reads were first mapped against the chicken genome to
partition them according to the chicken chromosome they had highest
sequence similarity with. More than 95% of the reads aligned with
identity 95% or higher against a chromosome. Bambusicola reads were
then assembled de novo using the MaSuRCA genome assembler (Zimin
et al., 2013) with default parameters within each partition. The resulting
assembly totalizes 920 Mb. of sequences assembled into 1035 scaffolds
(>10 kb) with a N50 scaffold length of 2.5 Mb. Finally, one-to-one
alignments between the B. thoracicus and G. gallus genomes were ob-
tained using LAST software (Frith and Kawaguchi, 2015; Kietbasa et al.,
2011) and all nucleotides within 5 bp of an alignment gap were dis-
carded. The resulting alignments covered 92.5% of the G. gallus
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reference (chromosomes only) with 95.6% identity. Finally, sub-
stitutions were identified based on these alignments, resulting in a total
of 41,150,984 SNPs between G. gallus and B. thoracicus. We used the
assembly-based approach instead of the direct approach because the two
species are more divergent: mapping quality is sufficient for read par-
titioning but below typical scores observed for Gallus samples. The as-
sembly step also allowed us to take advantage of the mate pair libraries
to limit the impact of structural variations, expected to be higher be-
tween the B. thoracicus and G. gallus genomes than between two Gallus
genomes, on SNP calling.

2.5. Additional mitochondrial sequences

Sixty-five additional mitochondrial sequences (from G. gallus,
G. sonneratii and B. thoracicus) were extracted from Nishibori et al.
(2005), Miao et al. (2013) and Meiklejohn et al. (2014). These studies
performed sequence assembly to reconstruct full length mitochondrial
sequences whereas we used a genotyping by sequencing approach and
kept only SNPs with very high quality score. Mitochondrial sequence of
B. thoracicus was produced by Shen et al. (2009). Accession numbers are
shown in Table S2.

Mitochondrial sequences for our 26 Gallus samples were obtained by
projecting the mitochondrial SNPs found in the previous step to the
mitochondrial sequence of the G. gallus reference genome (galGal5
assembly).

To make sequences comparable between studies and avoid bias in
genetic distances, we aligned all sequences against the G. gallus refer-
ence using MUSCLE aligner (Edgar, 2004) and used only positions cor-
responding to a variant detected using the mapping approach (n = 810
nucleotides) to compute the haplotype network and the phylogenetic
tree.

2.6. Introgressed regions

Recent genetic flow from G. gallus to any of the other wild species
was assessed using 20 kb sliding windows as shown in Fig. 1. For
example, for G. sonneratii birds, we computed for every bird in every
window (i) the local divergence to the G. gallus population (dg), (ii) the
local divergence to the G. sonneratii population (ds), (iii) the ratio r =
ds/(ds + dg), (iv) the density of heterozygous SNPs (normalized by its
average in the G. sonneratii birds) (Het) and (v) quality metrics (mapping
coverage, number of typed snps).

Windows with low quality metrics (coverage <12x, less than 100
genotyped SNPs) were discarded, as they could not reliably be classified
as introgressed or not. Windows were then classified as Introgressed
whenever the ‘r’ ratio was either high (r > 0.5) or moderately high with
high local heterozygosity (r > 0.38, Het > 1.5) or Normal otherwise. The
values used as thresholds were based on the empirical distribution of (r,
Het) in the 5 G. Sonneratii samples (Fig. S6). Three types of windows
were expected according to the number of G. Gallus haplotypes found in
each window: pure G. sonneratii (two G. sonneratii haplotypes), mixed
(one haplotype of each species) and pure G. gallus (two G. gallus
haplotypes).

Contiguous windows of the same type were then merged into re-
gions, and adjacent or nearly adjacent regions (less than 1 Mb apart)
were manually inspected to assess whether or not they should be
merged. In cases when these adjacent regions were separated by a
stretch of low-coverage sequence, they were merged.

Finally introgressed regions were further classified based on their
normalized heterozygosity as mixed, or heterozygous (Het > 1) if only one
G. gallus haplotype was introgressed and pure gallus, or homozygous (Het
<1) if the two G. gallus haplotypes were introgressed. The threshold
value was once again chosen empirically based on the distribution of
‘Het’ in introgressed regions of introgressed samples (Fig. S7).

The same analyses were also performed on Gallus varius and Gallus
lafayettii samples to find introgressions from Gallus gallus.



M. Mariadassou et al.

Coverage > 12x AND

Yes

Molecular Phylogenetics and Evolution 158 (2021) 107044

r>0.50R

{ 20kb window J—’

# typed SNPs > 100

No
v

Discarded
window

Compute r, Het

r>0.38and Het> 1.5

“Yes

Introgressed
window

]

N
.//N ) Yes\\

Pure
G. sonneratii

} [ Mixed } ‘ Pure G. gallus

Fig. 1. Workflow for detecting introgressed regions. The various thresholds used are justified by the emprical distribution of windows in the (r, Het) space which

shows a clear trimodal distribution.

2.7. Phylogenetic analyses

We considered three distinct genomic components for phylogenetic
analyses mitochondrial DNA, W chromosome and autosomes. Due to the
haploid (female) or diploid (male) status of the Z chromosome in our
dataset, it was discarded in the phylogenetic analyses. Sequence align-
ments were created by projecting SNPs on the G. gallus reference genome
(galGal5 assembly) and include both variant and invariant sites. For the
autosomal compartment, we removed G. sonneratii sequences detected
as introgressed from G. gallus (see Introgressed Regions) and replaced
them with N prior to inference. Since the W chromosome and the
mitochondrial are transmitted as a single block, we conserved them in
introgressed samples.

2.8. Distance-based method

Genetic distances were computed using Nei’s Dxy distance measure
(Nei, 1987) with the R software. The Dyy distance captures the average
number of differences between sequences from two birds (or a bird and a
population) at a random locus. A drawback of Nei’s distance for cross-
species studies is its inability to distinguish between alleles shared
through identity by descent and through homoplasy. We nevertheless
used it here since (i) it accommodates diploid samples, (ii) the genetic
distances considered here are quite small (<1% between any two Gallus
samples) so that homoplasy is unlikely to be a problem and (iii) to make
our results comparable to Lawal et al. (2020). Distances were computed
in a pairwise fashion, meaning that sites were ignored only if they were
missing in one of the two samples being compared.

Phylogenetic trees were reconstructed using BioNJ (Gascuel, 1997)
on the pairwise genetic distance matrices. Bootstrap values were
computed over 100 replicates using either standard bootstrap, for the
mitochondrial and the W tree, or block bootstrap, with 20 kb blocks, for
the autosomal tree.

2.9. Maximum likelihood method

We used the annotation of galGal5 to select the regions corre-
sponding to 20,946 gene sequences, genomic region from the start of the
gene to its end (including the 3’ and 5’ UTR) as defined by the genome
annotation provided by NCBI (annotation 103) and hereafter called GS,
in all chromosomes. We reconstructed a multiple sequence alignment for
each GS by extracting the consensus sequence of each bird from the VCF
file. We then discarded all GS with (i) less than 100 SNPs, (ii) less than
30 of those SNPs genotyped as N for Bambusicola (for example due to low
coverage) or (iii) a genetic divergence between galGal5 and B. thoracicus
lower than 3.5% (chosen based on the genome-wide average divergence
of 4.4%). The later two criteria were used to remove GS that had no
equivalent in Bambusicola or were atypical in terms of divergence be-
tween Gallus-Bambusicola, and thus rooting with an outgroup might fail.

We ended up with 10,574 GS. For all genomic compartments (mtDNA,
W chromosome and autosomes), we considered a supermatrix approach
by concatenating all GS to create a superalignment. For the autosomes,
we performed an additional supertree approach. Our assumption for the
use of GS is that all exons and introns in a gene share the same evolu-
tionary history. We are aware that intra-locus recombination may break
that assumption for some genes but it allows us to keep as many sites as
possible for a single gene and increase the accuracy of gene tree
estimation.

For the autosomal tree, RAXML was run once on the unpartitioned
matrix (n = 420,305,533 sites) with model GTR + CAT and 100 boot-
strap replicates. We also ran RAXML on the partitioned matrix (one
partition per GS) using the same model. In parallel, we used a supertree
approach to infer the species tree from single gene trees using a multi-
species coalescent model. A gene tree was inferred on each of the 10,574
autosomal GS using RAXML (v. 8.2.11) (Stamatakis, 2014) with GTR +
I'model and 100 bootstrap replicates (-m GTRGAMMA -f aT -N 100 -p
1234 -x 1234). The inferred gene trees were then fed to Astral III (v.
5.6.3) (Zhang et al., 2018). Astral IIl was executed once on gene trees, as
inferred by RAXML, and once after collapsing the low support branches
(bootstrap <= 70%) of those trees.

The tree of W chromosome was reconstructed using the same
supermatrix strategy: RAXML with model GTR + I'on the unpartitioned
matrix of the GS (n = 2,066,132 sites). We used GTR + I'instead of GTR
+ CAT because of the low number of alignment patterns (only 732
different patterns) making it hard to accurately fit a GTR + CAT model.

The tree of the mtDNA genome was reconstructed using RAXML with
model GTR + I'. The alignment was obtained by projecting our 26
samples and the additional 65 mitochondrial sequences to the reference
genome on the 810 SNPs detected with the mapping approach to obtain
full length sequences, as explained in Section 2.5. GTR + I" was used
instead of GTR + CAT because of the low number of sites in that
alignment (n = 16,813).

2.10. Mitochondrial haplotype network

A haplotype network for the mitochondrial genome was recon-
structed for all G. gallus and the G. sonneratii from zoological parks, using
the HaploNet function from the Pegas R package (Paradis, 2010).

2.11. ABBA statistics and gene flow

Gene flow between the different gallus species was evaluated using
the f4 (Martin et al., 2014) statistic on all SNPs with no missing value and
MAF > 5% (n = 23,276,367). f; was used instead of the original Pat-
terson’s D-statistic (Green et al., 2010) as it is more robust to variation in
nucleotide diversity across the genome. f; evaluates unidirectional gene
flow from A to C by evaluating the number of SNPs with pattern ABBA
and BABA in species related by the tree (((Pop1, Pop2), Pop3), O) where
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O is an outgroup, here B. thoracicus. Due to uncertainties in the phylo-
genetic tree of the Gallus species, f; was evaluated for the two scenarios
obtained from the two phylogenetic methods tested. For each gene flow,
the variance of f; was computed using block-jackknife with blocks of size
5 Mbp.

2.12. Genetic differentiation of G. gallus subspecies

Fgr for all pairs of subpecies were computed on the autosomal
genome using PopGenome (Pfeifer et al., 2014).

SNP of the G. gallus samples were extracted and filtered according to
the following criteria: (i) at most 5% of missing data, (ii) MAF > 5%. The
SNPs were then clumped to keep only SNPs with weak Linkage
Disequilibrium: we forced all pairs of SNPs within 500 bp of each other
in the subset to have R? < 0.2. The 12,496,171 remaining SNPs were
then used to examine the genetic structure of the subspecies using PCA
with bigsnpr (Privé et al., 2018).

2.13. Demographic history

Effective population sizes were estimated backward in time based on
individual whole genome sequences under the Pairwise Sequential
Markovian Coalescent (psmc) model (Li and Durbin, 2011). Briefly, the
analyzed individual whole genome sequences were obtained from the
bam files following the requirements of psmc, i.e creating mpileup files
that were processed (individually) with bcftools using the —c option
before being passed on to the vcf2fq utility of samtools, discarding sites
covered by less than 10 or more than 60 reads (-d 10 -D 60 options). The
resulting fastq files were then converted to psmcfa files, a reduced
version of (autosomal) genomes, using the fq2psmcfa utility of psmc.
Consecutive sites were grouped into consecutive bins of 30 nucleotides
and marked as “K” (at least one heterozygote), “T” (no heterozygote site)
or “N” (less than 27 called sites). Effective population sizes were esti-
mated from psmcfa files using psmc with default parameters except for
the pattern of atomic time intervals (-p option) that was set to “4 + 50 *
1 + 4 + 6”. This pattern was chosen to have low resolution for both the
recent and distant past, as demographic history is notoriously difficult to
infer in those zones. Finally, psmc scales all quantities to 2Np. To
transform them back to effective sizes and real time (in years), we
considered a generation time of T = 1 year and a mutation rate per year
of 4 =1.91 x 10~° (Nam et al., 2010).

In addition to the psmc analysis, we also estimated population sizes
using smc++ (Terhorst et al., 2017) based on unphased whole-genome
sequence data. Unlike psmc, smc++ can analyze genotyped sequences
from multiple individuals at the same time. Briefly, the population level
data of autosomal chromosomes were obtained from the vcf file using
the vef2smc utility of sme+-+. To avoid spurious runs of homozygosity
caused by large uncalled regions, we masked all regions where the
median coverage was lower than 7x using the -m option. We then ran
smc+-+ with default parameters and a per generation mutation rate of
u=1.91 x 10~° (Nam et al., 2010), like in the psmc analysis. Finally, we
used smc++ in split mode to estimate divergence times between
G. sonneratii, G. lafayettii and G. gallus. G. varius was left out of split-
analyses as there are only two samples including the one with lowest
coverage and highest fraction of missing data.

3. Results
3.1. Sequencing data

The average sequencing depth was 34.5X (20.5-41.6). We obtained
34X coverage on all autosomes, 68X for the mitochondria, 20X for the Z
chromosome and 7X for the W chromosome (Table S1). We identified
more than 35 million high quality biallelic SNPs. The total number of
SNPs is shown per species and per genomic component in Table 2 and
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Table 2
Number of samples and SNPs in each Gallus species for autosomes, chromo-
somes W and Z and mitochondrial genome.

Species Size Auto (Snps) W (Snps) Z (Snps) MT (Snps)
G. varius 2 9,954,704 3,252 695,496 213
G. lafayettii 2 8,890,248 3,886 635,316 375
G. sonneratii 5 11,743,067 4,305 718,759 402
G. gallus 16 17,463,031 1,904 879,872 127
All 25 33,552,454 8,625 2,028,872 810

the number of segregating sites for each species can be found in
Table S3. The fraction of missing (non-genotyped due to insufficient
depth) SNPs varied from 0.029% to 3.995%. The only sample exceeding
0.5% of missing data was a G. varius, which also showed the lowest
depth (20.5X, Table S1).

The SNP density varied from ~ 3.64/100 bps for autosomes to 4.83/
100 bps for the mitochondria. The 20 kb windows contained on average
728 + 203 SNPs for the autosomes, 505 + 191 in the Z chromosome Z
and 46.9 + 38.6 in the W. Most windows had at least 93 SNPs.

The high number of high quality SNPs and their high density along
the genome (~3.64/100 bp in the autosomes and >0.46,/100 bp in 99%
of the 20 kb windows) justifies both the mapping strategies and the
computation of local statistics on sliding windows to detect local
introgressions.

The assembly of B. thoracicus reads and alignment of resulting scaf-
folds against the G. gallus reference ended up with a 92.5% coverage of
the reference with 95.6% identity. Among the 41,150,984 SNPs found
between galGal5 and B. thoracicus, 1,803,275 were also variable in at
least one Gallus sample.

The high coverage and identity of B. thoracicus scaffolds aligned
against galGal5 also justify the pseudo-mapping strategy to find variants
and their coordinates in the reference galGal5, although some regions
were poorly covered (only 7 positions for the mitochondrial genome) by
that strategy.

The high nucleotide divergence of B. thoracicus with G. gallus on the
covered regions (~4.4%) is in line with its position relative to the Gallus
genus in the tree of galliforms (Hosner et al., 2016).

3.2. Phylogenetic analysis

3.2.1. Distance-based method

The neighbor joining tree obtained from the autosomal data (Fig. 2a)
revealed a first separation of G. varius from the other species and a
second separation that divided the G. sonneratii and G. lafayettii from the
G. gallus. All nodes were well supported with bootstrap values (BP) of
100% and each Gallus species formed a monophyletic clade. The three
G. sonneratii samples issued from zoological parks clustered with the
wild ones. The phylogenetic trees of the W chromosome (Fig. 2b) and of
the whole mitochondrial genome (Fig. 2c¢) both differed from the
autosomal tree with the G. varius branching with the G. gallus cluster
(100% BP). The trees revealed also that in our dataset the three
G. sonneratii samples collected in zoological parks were clustered with
the G. gallus, while the wild G. sonneratii birds branch on a separate
clade.

3.2.2. Maximum-Likelihood method

The ML phylogenetic analyses of the autosomal genome (i.e. parti-
tioned and unpartitioned analyses of the supermatrix and supertree of
the gene trees) all resulted in the same species-level topology and we
only show results from the unpartitioned RAXML analysis (Fig. 2d). The
phylogeny showed a separation of the G. gallus from the other three
species among which the G. lafayettii and G. sonneratii appeared as sister
species and G. varius as a more distant relative. Each Gallus species
formed a monophyletic clade and inner branches had extremely high
non-parametric boostrap values (>99).



M. Mariadassou et al.

a) BioNJ - Autosomal Tree

b) BioNJ - W chromosome tree
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Fig. 2. Phylogenetic tree of the autosomal genome (left), the W chromosome (middle) and the mitochondrial genome (right) reconstructed using distance-based (top,
BioNJ) and maximum likelihood (bottom, RAXML with GTR + CAT for the autosomal tree and GTR + GAMMA for the others) methods. All trees are rooted using
Bambusicola as an outgroup. G. sonneratii individuals from zoological parks are highlighted with a triangle (a). Bootstrap values higher than 95% are replaced by a
star (%) and values lower than 50% are omitted. Branches marked with || were shortened for legibility purposes. Regions identified as introgressed (see text for

details) were removed prior to tree construction.

The W chromosome phylogenetic tree (Fig. 2e) also identified the
separation of the G. gallus from the other three species with the excep-
tion that the three G. sonneratii samples from zoological parks clustered
together with G. gallus (91% BP).

The mitochondrial tree (Fig. 2f) showed a different topology from the
autosomal tree with the first node separating the wild G. sonneratii and
G. lafayettii from the G. varius and G. gallus. The three G. sonneratii
samples from zoological parks formed instead a clade with G. gallus, in
accordance to what observed for the W chromosome tree.

3.2.3. Haplotype network

To further explore this discrepancy among the G. sonneratii samples,
we reconstructed the mitochondrial haplotype. The network (Fig. 3)
revealed that the most frequent haplotype cluster among domestic
chickens also contained all the G. sonneratii sequences.

3.3. Gene flows between gallus species

We estimated the gene flow among species for the topologies ob-
tained with the two phylogenetic methods: the BioNJ one (B. thoracicus,
(G. varius, (G. gallus, (G. sonneratii, G. lafayettii)))) and the ML one
(B. thoracicus, (G. gallus, (G. varius, (G. sonneratii, G. lafayettii)))). Results
are summarized in Table S5 and Fig. 4. Both topologies suggested direct
gene flow from G. gallus and G. varius to G. lafayetti (1.8% and 2.8%
respectively). In addition, the ML topology (G. gallus basal) suggested a
gene flow of 2.7% from G. gallus to the common ancestor of G. lafayetti
and G. sonneratii whereas the BioNJ (G. varius basal) topology suggested
a gene flow of 27.6% from G. varius to the same branch.
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Fig. 3. Haplotype network of the mtDNA of G. gallus birds (including addi-
tional mtDNA from the literature) and G. sonneratii birds from zoological parks.
Each circle corresponds to a haplotype. Haplotype surface is proportional to the
number of sequences in that haplotype, and the color pie corresponds to pop-
ulation of origin of those sequences. Edge lengths are proportional to the
number of mutation between haplotypes.

3.4. Analyses of autosomal introgression from G. gallus to the other
species

We analyzed 20 kb sliding windows to look for local introgression.
We identified three types of introgressed regions (example in Fig. 5). The
first (top panel) were the mixed regions (one G. gallus haplotype and one
G. sonneratii haplotype) characterized by a very high density of het-
erozygous SNPs and similar local distances to both G. gallus and
G. sonneratii. The second (middle panel) were the pure G. gallus regions
(two G. gallus haplotypes) characterized by a very low density of het-
erozygous SNPs and genetic distance to G. gallus lower than or similar to
G. sonneratii. The third (bottom panel) were the composite regions,
characterized by a succession of mixed and pure regions.

Dozens of Mb-long introgressed regions were identified in the
G. sonneratii samples from zoological parks (Table 3, Table S4 and
Fig. S4). Detected introgressed regions contribute between 6.5 and
13.4% of the total genome of these samples.

Two regions were introgressed in all three G. sonneratii individuals
from parks: Chr4:46,540,001-46,880,000 (Region 1) and
Chr19:2,200,001-2,700,000 (Region 2). Region 1 overlaps 20 genes
with unknown functions whereas Region 2 overlaps no gene. Region 1 is
pure G. gallus, with no heterozygote SNPs and almost identical se-
quences in individuals GS_06012 and GS_04252. The corresponding
haplotypes have an average nucleotide diversity of 5.81 x 1077.
Assuming a mutation rate of y = 1.91 x 10~° per site per year (Nam
et al., 2010), the haplotypes started diverging 150 years ago.

Nine short regions were flagged as introgressed in the two wild
G. sonneratii samples. They are all small in size (all but one <160 kb) and

G. varius

G. lafayettii

G. gallus B. thoracica
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contribute less than 0.05% of the total genome of GS_113 and GS_349.
Two of the nine regions found in GS_113 (Chr4:46,540,001-46,640,000
and Chr4:46,780,001-46,880,000) fall inside Region 1 mentioned
above. This can be explained considering that the consensus G. sonneratii
sequence used to compute the summary is heavily biased in this region
by the triple introgression to GS_06012, GS_04572 and GS_04252.
Considering their size distribution, and the number of windows
analyzed, the other regions can be considered as false positive and do
not constitute evidence of recent gene flow from G. gallus to GS_113 and
GS_349.

Likewise, no evidence of recent genetic flow from G. gallus to
G. varius or G. lafayettii birds conserved in zoological parks was found.

3.5. Nucleotide divergence within the genus gallus

Upon removal of introgressed regions in G. sonneratii individuals
from zoological parks, the different species exhibited mean heterozy-
gosity (Ho) and average nucleotide diversity (n) ranging from 0.08% to
0.35% and from 0.1% to 0.4%, respectively (Table 4). G. lafayettii and
G. varius exhibited the lowest diversity and the unselected domestic
Cameroun chicken had similar genetic diversity to its wild G. gallus
counterparts.

The autosomal nucleotide divergence between galGal5 and the three
Gallus species (lafayettii, sonneratii and varius) ranged from 0.82% for
G. sonneratii to 0.95% for G. varius. It was markedly higher in all cases
than the intra-species genetic diversities (as measured by ).

Finally, the nucleotide divergence was 9.5 times smaller for W
chromosome than for autosomes and 2.2 smaller for autosomes than for
the mitochondrial genome.

3.6. Demographic history

The demographic histories reconstructed using psmc analysis
(Fig. S5) showed similar trends for all individuals of the same species,
with one exception for the G. gallus where the subspecies G. g. murghi did
not show the same pattern as the other subspecies. The population sizes
estimated by PSMC for the different species (Fig. S5) converged toward
each other around 2-5 MYA.

At the species level, smc++ identified pronounced differences
among species (Fig. 6) with G. gallus displaying a 3 to 5 folds higher
effective population size than the other species. The result also sug-
gested a much smaller population size for G. varius compared to G. gallus.
Population sizes fluctuation did not appear to be related with recent
glaciation periods, except maybe for G. lafayettii during the last two ice
ages (Fig. 6). Steep increase (viewed backward in time) in population
size for G. gallus were observed starting at 30 KYA reaching a maximum
around 400 KYA with 900 000 individuals before decreasing.
G. sonneratii and G. varius experienced a similar dynamic, with overall
moderate changes in effective population sizes throughout time. The
G. lafayettii is the only species with fluctuating population sizes with two

G. varius B.thoracica

G. lafayettii

G. gallus

Fig. 4. Unidirectional introgression levels estimated using the statistic on the two competing topologies of the Gallus genus, obtained following (a) maximum

likelihood and (b) distance-based methods.
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Fig. 5. Examples of a mixed (top), pure G. gallus (middle) and composite (bottom) introgressed regions. Red and grey points correspond to distances to either G.
gallus (red) or G. sonneratii (grey) populations, and thick lines to smoothed version of those (running medians). Black bars are scaled density of heterozygote SNPs.
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Table 3

Summary of introgressed regions in G. sonneratii samples. ID: animal identifier,
Fraction: percentage of introgressed genome, Count: number of introgressed
regions, Total: total length of introgressed regions, Mean: average introgressed
region size.

D Fraction (%) Count Total Mean
GS_04252 13.4 37 139,596,603 3,772,881
GS_04572 9.17 29 96,916,775 3,341,958
GS_06012 6.52 24 68,216,775 2,842,366
GS_113 <0.1 5 560,000 112,000
GS_349 <0.1 4 840,000 210,000

episodes of population size increase at 36 KYA and 190 KYA.

The split analysis (Fig. S6) suggested divergence time as recent as
300 KYA between G. sonneratii and G. lafayettii, and 900 KYA between
G. sonneratii and G. gallus.

3.7. Genetic structure in gallus gallus subspecies.

The PCA showed that the first axis (17.6%) separated the G. g murghi

Table 4

from the others while the second axis (15%) separated G. g. bankiva from
the others (Fig. 7). No clear separation was observed between G. g. gallus
and G. g. spadiceus. The values observed between all pairs of subspecies
(Fig. 7) ranged from 0.04 to 0.30. The subspecies Fsr pairwise values
confirmed the PCA results with G. g. bankiva and G. g murghi being more
differentiated (Fsr with all others subspecies higher than 0.17) than G. g.
gallus and G. g. spadiceus (Fsy = 0.037).

4. Discussion

Out of the 15 possible topologies for the four Gallus species, no less
than seven have been reported with good support over the past 20 years
as reviewed by Tiley et al. (2020). Here, we report that the most likely
topology is a G. gallus-basal topology, first reported by Kimball and
Braun (2014). Our strong argument relies on the high gene flow (above
27%) from G. varius to the common ancestor of G. lafayetti and
G. sonneratii that was estimated with the ABBA statistics when applied to
the G. varius-basal topology. This high value is extremely unlikely and
leads to invalidate the G. varius-basal topology. In addition to this
argument, we are confident in our results because we have corrected for

Summary statistics of diversity in each species. From left to right: average nucleotide diversity (), average heterozygosity (Ho), average nucleotide divergence to the
G. gallus reference in autosomes (Div Auto), in the Z sexual chromosome Z (Div Z), in the hemizygous sexual chromosome W (Div W) and in the mitochondrial genome

(Div MT). Male samples were excluded when computing Div W.

Species n Ho Div Auto. Div W Div Z Div MT

G. g domesticus 3.06e—03 3.99e—-03 1.70e—04 2.49e—03 9.54e—04
G. gallus 4.12e-03 3.53e—03 4.33e—03 1.74e—04 2.67e—03 8.64e—04
G. lafayettii 1.10e—03 1.05e—03 8.56e—03 1.01e-03 7.54e—03 2.24e—02
G. sonneratii 2.60e—03 1.70e—03 8.35e—03 9.98e—04 7.33e—03 2.31e—02
G. varius 1.02e—03 8.04e—04 9.50e—03 8.09e—04 7.68e—03 1.24e—02
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an important source of error by removing the genomic regions found to
be introgressed from G. gallus to the G. sonneratii birds sampled in the
parks, representing 10% of the genome on average. At the same time, we
could clarify the status of four putative subspecies of G. gallus: G. g
murghi and G. g. bankiva form well delineated subspecies with low ge-
netic diversities, whereas G. g. gallus and G. g spadiceus do not differ-
entiate clearly, which may be partly due to their large within-population
diversity. This is the first time that these subspecies are compared with
all types of genetic information, i.e. from autosomes, mitochondria and
sexual chromosomes. Finally, the demographic history showed that
effective population sizes reflected quite well the distribution area of the
four species, at the exception of G. lafayettii, and supported the hy-
pothesis that G. varius speciated by isolation whereas G. gallus retained
most of the genetic variability of the genus.

Considering the fact that the most recent studies favored a G. varius-
basal topology (Hosner et al., 2016; Lawal et al., 2020; Tiley et al.,
2020), we will now discuss the possible factors explaining this
discrepancy between these studies and our conclusion.

4.1. Inferring the whole genome gallus topology

4.1.1. Autosomal compartments

The three main factors to be considered when comparing topologies
obtained by different studies are (1) sampling strategy, (2) methodology
and (3) type of molecular data.

Most phylogenetic studies of Galliforms using genomic data in

addition to mitochondrial DNA data included only one individual to
represent a species (Hosner et al., 2016; Kimball and Braun, 2014; Tiley
et al., 2020). Furthermore, samples often came from private collections,
rather than from the wild or from zoological parks. Only Lawal et al.
(2020) and more recently Wang et al. (2020) used several individuals to
represent each of the 4 wild species. In both studies, G. sonneratii sam-
ples came either from private collection or from unspecified locations.
Shallow taxon sampling will result in longer branches in the intree and
amplify potential misplacement of the outgroup, especially since the
crown branch of G. sonneratii and G. lafayettii is very short compared to
branch leading to the outgroup (Holland et al., 2003), To test this effect,
we randomly selected one sample from each species and estimated the
phylogeny on the 5 samples subset using both BioNJ and unpartitioned
RAxML strategies. Repeating the process 100 times consistently returned
the same topology: G. varius basal for the BioNJ tree and G. gallus basal
for the RAXML tree. BioNJ trees all had perfect bootstrap support
however, the RAXML bootstrap values (Table S6) for the (G. sonneratii,
G. lafayettii) was only 50 (a random coin flip) for 12 subsets. In 10 of
those, the G. sonneratii sample came from the zoological parks and the
G. gallus sample was either a murghi or a spadiceus from Thailand.
Likewise, the bootstrap values for the (G. sonneratii, G. lafayettii, G.
varius) clade went down to 50 for 27 of the 100 subsets (all distinct from
the previous 12). Note that for those subsets, the G. varius and G. gallus
basal topologies have equal bootstrap support. In 20 out of the 27 sub-
sets, the G. gallus sample was again a wild murghi or spadiceus sample but
no similar peculiarity was identified for other species. Overall, in those
39 subsets, the best scoring RAXML tree coincides with the full topology
but is very sensitive to small differences in the input super matrix. This
seems to be especially true when using samples from zoological parks as
G. sonneratii representative.

Obviously, the method used to establish the phylogenetic tree is of
key importance, since we obtained very different trees according to the
method used. Using both ML and distance methods on several genomic
compartments (autosomes, W chromosome, mtDNA), we recovered to-
pologies with well supported inner nodes that corresponded to three
conflicting phylogenetic situations: G. varius and G. gallus as sisters
species according to BioNJ tree with W and mtDNA (Fig. 2b and 2c) and
to ML tree with mtDNA (Fig. 2f), a G. varius-basal topology according to
BioNJ tree with autosomal data (Fig. 2a) and a G. gallus-basal topology
according to ML tree with autosomal data (Fig. 2d). Our autosomal
BioNJ topology was also found by Lawal et al. (2020) using distance
methods, and by Hosner et al. (2016) and Tiley et al. (2020) using ML
methods, whereas our ML topology was also found by Kimball and Braun
(2014) using ML methods. In all instances, those topologies had close to
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perfect support for their respective inference methods. In fact, high
bootstrap values become irrelevant as the sheer size of the dataset means
that systematic errors dominate stochastic and sampling errors (Young
and Gillung, 2020). There are some modeling differences between our
approach and Lawal et al. (2020). First, Lawal et al. (2020) reconstruct a
neighbor joining tree on whole-genome data after doing SNP thinning
(at most 1 SNP/kb). Note that we find the same topology when using the
same method without SNP thinning (Fig. 2a). Second their ML tree is
reconstructed using the GTR model on exon SNPs whereas we use GTR
+ CAT on full gene sequences. The CAT variant of GTR models rate
heterogeneity across sites (RAS) and downweights rapidly evolving
sites. With a parameter o estimated equal to 0.02, the sites evolve at
markedly different rates. Using models without RAS often results in the
same trees as distance method and may explain why Lawal et al. (2020)
reconstructed the same topology with ML and NJ methods. Differences
with Tiley et al. (2020) are more suprising as we used the same inference
strategy (RAXML with no partitions and GTR + CAT models) but they
could be due to differences in sample types and number.

The type of molecular data also plays an important role. Most pre-
vious studies used only mitochondrial or a combination of mitochon-
drial and nuclear markers. We relied instead on whole genome
sequencing, like Lawal et al. (2020) and Tiley et al. (2020). We however
used a different processing pipeline and set of base pairs. Tiley et al.
(2020) used shallow sequencing, genome assembly, ab initio gene pre-
diction and blastN to extract GS and used only exon/intron per GS. This
resulted in smaller alignments (32 Mbp vs 420 Mbp) and less gene trees
(3,406 vs 10,574) than our study. To test the effect of shorter align-
ments, we randomly selected 1000 genes (from the full set of 10,574)
and ran an unpartitioned RAXML analyses on the resulting supermatrix.
Repeating the process 100 times with different sets of regions consis-
tently returned the same G. varius basal topology, with 100% bootstrap
for the nodes corresponding to speciation events. The 100 corresponding
supermatrices were in the range 34-44 Mbp in line with the one used by
Tiley et al. (2020). This suggests that, past a certain point, the data
processing pipeline has more impact on phylogenomic inference than
the alignment length. Lawal et al. (2020) used the same “deep-
sequencing and direct mapping” approach as us but performed SNP
thinning (down to a density of 1 SNP / kb) prior to phylogenetic infer-
ence, whereas we used all SNPs. Note also that the gene tree spectrum
reconstructed by Lawal et al. (2020) [Fig. 3] identified the two topol-
ogies discussed here (G. varius-basal and G. gallus-basal) as the most
likely along the genome with almost equal frequencies (~close to 20%
for each). Their ML tree favored the G. varius-basal tree in the end but
they only used 3 G. sonneratii samples from a private collection. This is
problematic as these samples suffered from recent G. gallus to
G. sonneratii introgression, as shown by their position in the mtDNA
topology. We found in this study that recent introgression accounts for
around 10% of the genome, which can pull G. gallus closer to
G. sonneratii. The addition of wild samples (like GS_113 and GS_349)
could lead to a larger fraction of the genome favoring the G. gallus-basal
and tip the balance towards our autosomal-ML tree. To test this hy-
pothesis, we removed the non-introgressed G. sonneratii from the ana-
lyses and computed the ML tree again using an unpartitioned RAXML
analyses.

In view of these results, including multiple samples per species and
cleaning recent footprints of introgression appear to have a strong
impact on phylogenomic inference. All methods used in Tiley et al. and
Lawal et al. favored the G. varius-basal tree but the G. gallus-basal one
was always a close second when looking at signal heterogeneity along
the chromosome or when using different subsets. Since bootstrap values
are uninformative in that context, we looked for further clues supporting
one or the other topology. We estimated gene flows from G. varius to
G. sonneratii and G. lafayetti under both topologies using the ABBA-BABA
statistics. We found estimates in the 4.5-5.5% range for the ML topology
and 29.4-30.4% for the BioNJ topology. The latter are not realistic es-
timates and constitutes strong evidence against the BioNJ topology and
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in favor of the ML one. This is further corroborated by results from the
ASTRAL multispecies-coalescent analysis, based on results from indi-
vidual gene trees, which led to the same topology with all inner branches
having posterior probabilities equal to or close to 1.

Since we used whole genome sequencing, we could separately study
the phylogenetic trees according to the genetic origin of the poly-
morphism and not surprisingly, each of them tells a different story.

4.1.2. Other compartments

Differences between nuclear trees and mitochondrial trees have been
observed in Lawal et al. (2020) and can arise from many mechanisms,
including introgression and inadequate taxon sampling (illustrated here
by the location of the G. sonneratii samples from parks among the
G. gallus birds), incomplete lineage sorting (ILS) or on the different
properties of the mtDNA compared to autosomes. The mtDNA sequence
represents one unique haplotype that does not recombine and that is
maternally transmitted. It has higher mutation rates, as well as a smaller
effective population size, than typical autosomal loci and hence has a
shorter coalescence time, thus telling evolutionary histories that can
differ from those obtained from autosomal data. Furthermore, the
mitochondrial genome has a complex secondary structure that can affect
mutation rates along the molecule (Meiklejohn et al., 2014) and would
require dedicated models of sequence evolution, not available in RaxML.
It is remarkable that ML and BioNJ trees for mtDNA consistently posi-
tioned G. varius as a sister species to G. gallus with perfect bootstrap
support. Such a discrepancy was described previously and could be
explained, beyond the error in phylogenetic reconstruction due to poor
model fit as aforementionned, by two alternative hypotheses: intro-
gressive hybridization or retention of ancestral mtDNA through ILS
(Avise, 1993; Maddison, 1997; Funk and Omland, 2003).

In the first scenario, we can hypothesize the complete replacement of
mtDNA of one species by that of another species. Natural introgressive
hybridization has been described within birds (Grant and Grant, 1992;
Ottenburghs et al., 2015, 2017). Following this hypothesis, the discor-
dance between mitochondrial and autosomal genomes could be
explained by mtDNA transfer from G. gallus to G. varius. This would be
possible since Sawai et al. (2010) described interfertile hybrids between
G. gallus domesticus and G. varius in Java Island. Yet, if such introgression
took place, it must have occurred quite a long time ago, since we found
no evidence for such an event at the whole genome level, as we did for
G. sonneratii.

In the last scenario, we can hypothesize the existence of several
mtDNA lineages present in the ancestral species of the Gallus group that
do no segregate according to the species tree. Note that Tiley et al. (2020
Fig. 5) reported that ~15% of gene trees reconstructed from the auto-
somal genome had a topology where G. gallus and G. varius were sister
species, in line with prediction from a multispecies coalescent. Similarly,
Lawal et al. (2020) found a high proportion of trees (~15%) supporting
a (G. gallus, G. varius) clade using a sliding windows approach along the
chromosome. The discrepancy between the mtDNA and the full auto-
some therefore merely reflects the diversity of phylogenetic signals
encoded in the autosome and is compatible with ILS. Cases of peripheral
speciation have previously been shown to favor such a situation (Funk
and Omland, 2003).

Yet, the specific situation of W chromosome phylogeny in the Gallus
genus also deserves a specific analysis as the ML-W tree coincides with
the ML-autosomal tree (albeit for the 3 introgressed sonneratii) but the
BioNJ-W tree coincides with the BioNJ-mitochondrial tree, although the
differences correspond to some branches with medium support, We
expected the W-tree to have the same topology as the mtDNA tree as
both are inherited maternally and do not recombine, except for the
pseudo-autosomal region (PAR) of the W chromosome. This is indeed
the case for the BioNJ trees but not for the ML ones, although the dif-
ferences are not well supported (~60% bootstrap values). The difference
between mtDNA and W trees could stem from the presence of genes in
the PAR, bringing the W tree closer to the autosomal tree. However, our
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estimates suggest that the PAR is only 5 Mb long (Tixier-Boichard et al.,
2016) and the PAR should affect both the BioNJ and the ML tree. The
difference could also arise from different evolutionary pressures on the
W and the mtDNA. This was suggested by Smeds et al. (2015) in the
flycatcher, where W genes are under stabilizing selection pressure, but it
was not enough to obtain different topologies for the W-tree and the
mtDNA-tree in their studies. Finally, the discrepancy between the ML-W
tree and the ML-mtDNA tree on our data could also be due to a relatively
low amount of data, as compared to the autosomal tree.

4.2. Evolutionary dynamics of gallus

The smc++ and psmec results suggested a much smaller population
size for G. varius compared to G. gallus, in agreement with a scenario of
speciation by isolation. The lack of correlation between population sizes
fluctuations and glaciation periods, usually observed for domestic spe-
cies, can be related to the tropical nature of Gallus species habitats,
making them impervious to glaciations. Overall, effective population
sizes are ordered according to the distribution area of species, with the
notable exception of G. lafayettii for which both smc++ and PSMC
estimated large population sizes, up to twice higher than for
G. sonneratii.

At least two explanations can be proposed to explain it. First, we used
the same value, extracted from the literature and computed from
G. gallus sequences (Nam et al., 2010), and generation time (1 year) for
all Gallus species, whereas species-specific values might be more
appropriate and give different scalings. Second, and more likely, it is
possible that G. lafayettii suffers from population fragmentation when
compared to G. sonneratii. Indeed, Mazet et al. (2016) showed that in the
presence of structured population and decreased gene flow between
subpopulations, psmc/smc++ will reconstruct increased N, and cannot
distinguish between genuine changes in the effective population size
and population fragmentation. The rapid increase in effective popula-
tion size of G. lafayettii during the last ice ages, when the sea level
decreased and birds could cross the Palk Strait is also reminiscent of
changes in habitat size.

Finally, the speciation times estimated by smc++ are much lower
than those reported in the literature. All estimates of speciation times
based on fossil (Kan et al., 2010), molecular (Jetz et al., 2012) or
geological evidence (Sawai et al., 2010) suggest speciation times in the
2-5 MYA range. Smc++ is based on an idealized two-population split
model after which effective migration between populations becomes
negligible. It is thus expected to underestimate divergence times when
post-divergence gene flow has taken place. The discrepancy between
fossil estimates and smc++ estimates suggests significant post-
speciation gene flow between the Gallus species, in line with the re-
sults of the ABBA-BABA analyses.

It must be noticed that the trajectory of G. gallus murghi exhibited
early divergence from the other G. gallus, supporting its classification as
a sub-species.

4.3. Gallus sonneratii from zoological parks

Introgression from domestic chickens to G. sonneratii individuals
from zoological parks was documented in Nishibori et al. (2005) and
recovered in our mtDNA tree (Fig. 2c, 2f). Our results suggest that
G. sonneratii individuals from zoological parks are in fact hybrids be-
tween G. sonneratii and G. gallus, in contrast to individuals sampled in
the Indian rainforest and to the one individual kept in the zoological
park of New Delhi. This is corroborated by the evidence of recent genetic
flow from G. gallus to those samples. The length of those regions (up to a
few Mb) and their composite nature (succesion of windows with two
G. gallus haplotypes and windows with only one G. gallus haplotype) is
also suggestive of cross-over events breaking the G. gallus genetic ma-
terial initially transferred.

The haplotype network (Fig. 3) suggests that the original mating
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event leading to hybrids took place between a male G. sonneratii and a
domestic female G. gallus followed by backcross of the female progeny to
G. sonneratii males. This is compatible with previous findings that (i) to
mate G. gallus males with G. sonneratii females seems harder than the
reverse (Danforth, 1958; Ghighi, 1922; Morejohn, 1968), (ii) back-
crosses are vigorous (Crawford, 1990) and (iii) backcrosses with G.
sonneratii are morphologically similar to pure G. sonneratii due to re-
appearance of the phenotypic traits (Danforth, 1958; Ghighi, 1922).
Furthermore, experimental crosses showed a better hatchability for
backcross chicks obtained from an F1 dam mated to a G. sonneratii male,
than for F2 chicks (Morejohn, 1968), as observed more generally within
Galliform species (Arrieta et al., 2013).

Considering the high similarity of the mitochondrial haplotypes
found in G. sonneratii park birds (3 are identical and the other 2 differ by
a single nucleotide) and their high frequency among G. g. domesticus, a
single cross-species mating event could be responsible for the intro-
gression observed. Indeed, Region 1 (Chr4:46,540,001-46,880,000) was
introgressed in all three individuals, and pure G. gallus in GS_06012 and
GS_04252. Since these two individuals were sampled in different
zoological parks (France and Japan), it is likely that there was only one
G. sonneratii to G. gallus mating and that hybrid individuals were then
exchanged between parks. Most G. sonneratii samples from previous
studies, with the notable exception of the sample from the New Delhi
park used in Nishibori et al. (2005) and then later in Meiklejohn et al.
(2014), also possess a G. gallus mtDNA haplotype. Since those samples,
when documented, come from private collections, breeding facilities or
zoological parks, the problem appears no be limited to our two parks but
rather widespread. We estimate that the haplotypes of Region 1 in
GS_06012 and GS_04252 started diverging 150 years ago and that the
original mating therefore took place before that, and possibly before
G. sonneratii started being conserved in parks and samples exchanged
between conservation sites.

Our results highlight the utmost importance of taxon sampling and
careful validation of the taxa for phylogenetic analyses.

5. Conclusions and perspectives

Our study highlight the importance of verifying the genetic status of
samples which originate from zoological parks or private collections to
avoid using animals that have undergone some level of hybridization, as
for G. sonneratii. Considering that the zoological parks (at least the ones
reported in genetic studies) do not own G. sonneratii birds that are not
pure representative of the species, its preservation in the wild in India is
of utmost importance. The other two wild species (G. varius and
G. lafayettii) appear not to suffer from the same problem.

Although conflicting, all topologies discussed in this work had strong
support, which is a predictable by-product of the huge number of
markers used in each inference procedure. Differences arise not so much
from weak phylogenetic signal and uncertainty in the sequence data
(variance) rather than from systematic error induced by invalid
modeling assumptions, inadequate evolution models and insufficient
taxon sampling. This highlights once again the need to use enough loci
and enough taxa of high quality when performing phylogenomics
inference (Shen et al., 2017). We can add that the ABBA statistics was
very useful to discriminate between two possible topologies and we are
fairly confident that the G. gallus-basal topology is the most likely ac-
cording to our whole genome data.
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