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We produced a high-quality de novo genome assembly of the red-legged partridge A. rufa, the first reference
genome of its genus, by utilising novel 10x Chromium technology. The estimated genome size was 1.19 Gb with
an overall genome heterozygosity of 0.0022; no runs of homozygosity were observed. In total, 21,589 protein
coding genes were identified and assigned to 16,772 orthologs. Of these, 201 emerged as unique to Alectoris and
were enriched for positive regulation of epithelial cell migration, viral genome integration and maturation. Using
PSMC analysis, we inferred a major demographic decline commencing ~140,000 years ago, consistent with

forest expansion and reduction of open habitats during the Eemian interglacial. Present-day populations exhibit
the historically lowest genetic diversity. Besides implications for management and conservation, this genome
also promises key insights into the physiology of these birds with a view to improving poultry husbandry

practices.

1. Introduction

The genus Alectoris Kaup, 1829 (Phasianidae) consists of seven
closely related polytypic game species exhibiting either allopatric or
parapatric distributions across the Palaearctic. The phylogeny of this
genus is not fully resolved as previous studies have been constrained by
the use of only single mitochondrial DNA markers and limited sample
sizes [1,2]. The relatively recent inception of this radiation (6 to 2 MYA:
[1]) may account for the porous nature of interspecific reproductive
barriers [3-5]. This lack of complete reproductive isolation (which is a
quite common phenomenon in birds: [6]) is evident from the capability
of hybrids to produce not only viable but also fertile offspring, both in
the narrow zones between parapatric Alectoris species in the wild [7] as
well as during human-mediated hybridisation associated with wildlife

relocation for hunting purposes (e.g., [8-11]). These circumstances
render the genus an ideal model to address micro- and macro-
evolutionary questions spanning adaptive radiation, species diversifi-
cation and ecological adaptation. Although Alectoris partridges have
been the focus of a plethora of evolutionary studies since the 1990s (e.g.,
[1,2,12,13]), much of this work has been tentative as neither their
phylogenetic relationships nor their adaptive radiation have been
comprehensively addressed.

Recent scientific attention to Alectoris has been mainly propelled by
commercial interests. The red-legged partridge A. rufa (Linnaeus, 1758),
in particular, is a game species of considerable socio-economic impor-
tance in southwestern Europe and one of the most iconic birds in the
traditional heritage of hunters and gourmets of the Old World. It may be
the most valuable among Europe's small game species [14-16], with
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more than four million farm-reared birds/year released in Spain for
hunting over the last four decades [17,18]. Commonly found among the
archaeozoological remains in human settlements dating back to the
Palaeolithic [19-22], the red-legged partridge has been renowned since
the times of the Roman Empire as a prized delicacy and was later por-
trayed in a number of still life paintings in 17th century Europe typically
alongside other valuable game species (e.g., Supplementary Fig. 1).

The red-legged partridge currently occurs in scrublands and other
open and well-drained terrestrial habitats [23,24] from the Iberian
Peninsula across central and southern France to northwestern and cen-
tral Italy, including Mediterranean islands (the Balearics, Corsica and
the Tuscan Archipelago). It was introduced into Macaronesia (Azores,
Madeira and the Canaries) over the last centuries [25] and into the
United Kingdom in the second half of the 18th century as a valuable
courtly gamebird [26-28], while attempts to establish self-sustaining
populations occurred in Greece, Algeria, United States of America and
New Zealand during the 20th century [29]. Nowadays, the red-legged
partridge is harvested and reared by the millions every year [30,31]
and its management has attracted massive funding by governmental
agencies. Molecular investigations with a conservation management
perspective began in the early 2000s [9,32-35] and were followed by
numerous studies dealing with the species' ecology (e.g., [36-41] and
husbandry [42,43]. More recently, the analysis of individual-based
overall immune response [44] and transcriptome characterisation of
genes expressed in different immune tissues [45] marked the advent of
comparative genomics in this popular game species.

Since the second half of the 20th century, the red-legged partridge
has experienced a sharp global demographic decline across 95% of its
distribution range [46] due to the synergistic effects of overhunting,
agricultural mechanisation, use of pesticides and rural abandonment
[47-52]. These factors have warranted the inclusion of the red-legged
partridge in the list of threatened species under European Union legis-
lation (79/409 CEE Ap.2/1, 3/1; BERN Ap.3) and the status of Species of
European Conservation Concern category 2 (“Vulnerable™ [53]).
Moreover, the International Union for the Conservation of Nature and
Natural Resources has recently upgraded the species' conservation status
from Least Concern to Near Threatened [54]. More recently, an
increasing and possibly more treacherous threat has been posed by
human-mediated introgressive hybridisation with the congeneric but
geographically disjunct chukar partridge (A. chukar) through captive
breeding and illegal release of hybrid birds for restocking purposes
[9,16,17,32,33,55-62]. This practice became widespread to supplement
local populations and mitigate the effects of unsustainable “put-and-
take” hunting [63]. On the other hand, chukar releases have often been
accompanied by disease outbreaks [64-68] through parasite [69-71]
and pathogen (e.g., [72,73]) transmission. Moreover, by spreading
maladaptive traits selected for in captivity [16], the release of farm-
reared birds can impair the evolutionary potential of wild populations
to cope with present and future changes through the erosion of local
gene pools [74]. In the easternmost part of the red-legged partridge's
mainland distribution, drastic declines of native self-sustaining pop-
ulations [11,34] have promoted the expansion of A. rufa captive-
breeding and related restocking. As such, the species has been exposed
to intense introgressive hybridisation and to the infiltration of non-
native alleles through translocations from hetero-subspecific stocks of
uncertain origin and admixed genetic identity [10,75]. In this context,
the virtual extinction (sensu [74]) of the nominate A. r. rufa subspecies
native to France and Italy has been mooted in the literature [9,34,56],
while a further progression of biotic [76] and genetic [77] homogeni-
sation also seems to compromise the integrity of the two Iberian sub-
species [16,17,60,78]. Overall, this adulteration of native populations
may have occurred to such an extent that the molecular identification of
traditional subspecies on a geographic basis seems no longer possible
([11,59,79] but see [80,81]).

In this study, we produced a novel high-quality genome assembly
(96x coverage) of the red-legged partridge, representing the first
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complete genome for the genus Alectoris. We then used publicly avail-
able and fully annotated avian genomes for comparative purposes
including genome size estimation, gene annotation and functional
assignment. Moreover, we reconstructed the demographic history of the
red-legged partridge using the pairwise sequentially Markovian coales-
cent (PSMC) model to estimate changes in effective population size, thus
inferring declines or expansions in the context of palaeoclimatic events
which may have acted as drivers of these processes. Overall, our results
demonstrate the utility of the first Alectoris genome in advancing our
knowledge of the ecology and evolution of this genus in general and the
red-legged partridge in particular. We also present important genomic
conclusions regarding the physiology of this species that may have a
positive bearing on poultry husbandry practices.

2. Materials and methods
2.1. Biological sampling

We captured a male red-legged partridge (nominate subspecies A. .
rufa) on the eastern slopes of Monte Maolo (730 m a. s. L:
42°46'24.34"N, 10°11'19.01"E), located in the western part of Elba Is-
land (Tuscan Archipelago National Park, Tuscany, central Italy), on 7
January 2004. The local partridge population is of undisputed national
value because of its comparatively long persistence (i.e., since it was
officially recorded it has never gone extinct unlike other Italian pop-
ulations), self-sustainability and lack of restocking in the last decades
[75]. During trapping efforts, which were managed by personnel of the
former “Corpo Forestale dello Stato” (Italian Forest Service: Marciana
Marina and Lucca), we used a wooden box covered with evergreen fo-
liage and baited with commercial poultry feed (Supplementary Fig. 2).
We collected a few drops of blood (ca. 0.5 ml) via puncture of the
brachial vein and preserved them in a citrate-dextrose solution (ACD, 44
mM Citric Acid trisodium salt, 25 mM Citric Acid, 71 mM Glucose)
before the bird was released less than 48 h later (Supplementary Video
1). The biological sample was stored at —40 °C upon arrival at the
laboratory of the University of Pisa. Blood collection was carried out by
former Italian Forest Service staff members (Lucca) in accordance with
institutional ethics and upon issuance of due permits (Commissioner
Resolution n. 307, 31 December 2003, Tuscan Archipelago National
Park).

2.2. DNA isolation and library preparation

We extracted total genomic DNA using the King-Fisher™ Duo Prime
Magnetic Particle Processor (Thermo Fisher Scientific, Waltham, MA,
USA) and the King-Fisher Cell and Tissue DNA Kit (Thermo Fisher Sci-
entific) following the manufacturer's protocol. 10x Chromium library
preparation (adding location barcodes to fragments originating from
single long DNA molecules by means of bead-in-emulsion barcoding,
thus allowing post sequencing re-assembly of short reads into pseudo
long-reads: [82]), sequencing on one Illumina HisegX lane and subse-
quent de novo genome assembly were carried out by Science for Life
Laboratory (SciLifeLab) in Stockholm.

2.3. Quality control, reference genome sequencing and assembly

We demultiplexed raw sequencing data and converted them from Bel
to FastQ files using bcl2fastq v.2.19.1.403 implemented in the CASAVA
suite before transfer to the Uppsala Multidisciplinary Center for
Advanced Computational Science [UPPMAX] (http://www.uppmax.uu.
se/) for delivery. To ensure that all sequenced data met the guaranteed
basic quality and quantity, we performed standardised bioinformatic
control checks including assessments of yield, sequence read quality and
cross-sample contamination before delivery. The quality scale used was
Sanger/phred33/Illumina 1.8 + .

We used 10x Genomics Chromium Supernova v.2.1.1 [83] for read
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processing, including the removal of low quality and clonally duplicated
reads as well as adaptor trimming and genome assembly. This latter task
relied on the statistics implemented in BUSCO (Benchmarking Universal
Single-Copy Orthologs) v.3.0.2 [84] and QUAST v.5.0.2 [85] in the nf-
core/neutronstar pipeline (https://github.com/nf-core/neutronstar).
We obtained a 96x coverage of paired-end sequence data for de novo
scaffold assembly of the red-legged partridge genome from the genomic
DNA libraries. Genome redundancy was further reduced following [86]:
we first pinpointed identical scaffolds using the sequniq function in
GenomeTools v. 1.6.1 [87], which led to the removal of 479 elements.
Next, we identified scaffolds <2 Mb in size and with >99% identity
using CD-HIT v. 4.8.1 [88,89], discarding 925 additional elements.
Finally, we used LAST v.1111 [90] to pinpoint scaffolds with >99%
identity and > 95% coverage, corroborating that prior steps had already
removed highly identical scaffolds falling under this criterion. After all
these clean-up steps we retained 10,598 scaffolds for downstream ana-
lyses. We assessed quality and completeness of the new genome as-
sembly by checking for read pair coverage information and the
associated standard contiguity metrics as inferred with BUSCO v.4.1.4.
We used avian OrthoDB v.10.1 [91] for identifying single copy orthologs
in BUSCO.

2.4. Genome size estimation

We used kmer analysis to estimate genome size by generating a
frequency distribution of 17-mers with JELLYFISH v.2.2.6 [92]. Genome
size was estimated as the ratio of k_num/k_depth, wherein k_num is the
total number of k-mers and k_depth is the frequency of the most common
k-mer. We estimated average autosomal coverage from clean reads using
SAMtools 0.1.19-96b5f2294a [93] and overall genome coverage from
the total number of reads obtained by following [94].

2.5. Genome-wide heterozygosity estimation and runs of homozygosity

We quantitatively assessed global genome-wide heterozygosity as
well as runs of homozygosity (ROH) using the Bayesian framework
implemented in ROHan [95]. We performed two different runs using
ROHan assuming a transition to transversion rate of 2.1 (default esti-
mate) and 2.5 (as estimated for the domestic chicken, Gallus gallus:
[96]). We used default settings to define a ROH and considered a region
as such if the average heterozygosity was below 0.00001 across a win-
dow size of 1 Mb.

2.6. Repeat masking

We used RepeatMasker v.4.1.0 [97] to identify and mask repeats
across the genome. We employed the domestic chicken repeat library
and performed a hard mask for further downstream processing.

2.7. Gene annotation and functional assignment

Unless otherwise stated, default parameters were applied for the
different software used for downstream analyses. The ab initio gene
prediction tool AUGUSTUS v.3.2.2 [98] was employed to identify genes
using the repeat-masked partridge genome. We allowed recourse to
hints from the chicken genome for gene predictions on both strands.
Moreover, we performed functional annotations for the predicted
protein-coding genes using eggNOG-mapper v.2.0.0 [99,100] along
with the KEGG (Kyoto Encyclopedia of Genes and Genomes) automatic
annotation server 2.1 (KAAS: [101]). The tool eggNOG-mapper enables
a fast annotation of novel protein-coding genes based on orthology
assignment as inferred from precomputed clusters and phylogenies [99],
while KAAS performs gene annotation by using BLAST and by
comparing the protein-coding genes to the manually curated KEGG
database [101]. We also performed Gene Ontology (GO) functional
enrichment analysis using the Pannzer2 web-based server, which carries
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out annotation using SANSparallel for homology search [102]. Finally,
we compared the predicted protein coding genes across domestic
chicken, zebra finch (Taeniopygia guttata) and Japanese quail (Coturnix
japonica) proteomes using OrthoVenn2 [103]. We used a 0.00001 E-
value cutoff in protein similarity comparisons and set the inflation value
to 1.5 for generating orthologous clusters.

2.8. Demographic analysis

The demographic history of the red-legged partridge was recon-
structed by means of the PSMC method [104], which is becoming
increasingly popular by virtue of its power to deliver insights into the
temporal fluctuations of a species in terms of effective population size
(N,) based on recombination and heterozygosity information from a
single genome [94,105-107]. For details about this analytical pipeline,
see [94]. In brief, we cleaned raw reads by removing adapter contami-
nation with Trimmomatic 0.38 [108] and excluding any read that
mapped to the chicken sex chromosomes (GenBank Accession ID:
CMO000121.5, CM000122.5) as well as to the mitogenome of the Japa-
nese quail (GenBank accession code: AP003195.2). We mapped clean
reads to the partridge genome using BWA-MEM 0.7.7-r441 [109],
retaining only those with a high mapping score (> 20). We used sam-
tools mpileup and beftools to identify variable sites using the following
parameters: -C 50, —d 20 and —D 130. The PSMC analyses consisted of
the following parameters: -t 15 -r 5 -p 4 + 25*2 + 4 + 6 and comprised
30 iterations for parameter optimisation and 100 bootstraps to obtain a
measure of uncertainty around parameter estimates. Effective popula-
tion size was calculated using a mutation rate of 1.91 x 10~° sub-
stitutions per site per year from the chicken genome [110]. We allowed
for a generation time of 1 year (the time needed to reach sexual maturity
in the red-legged partridge) and 2 years, which is conventionally used
for many avian species [111,112].

3. Results
3.1. Sequencing results

A total of 378.59 million reads (Mreads) was generated, with 83.54%
of bases exhibiting a quality score > Q30 (Illumina Q-value > Q30). The
average fragment size of the library was 614.57 bp.

3.2. Basic genome statistics

The estimated A. rufa genome size as inferred from k-mer analysis
was 1.19 Gb. The overall genome coverage based on the sequencing
effort was 96 x, while the estimated coverage for autosomes was 67 x.
For the final assembly, the N50 was 11.577 Mb and total genome length
1.028 Gb with a largest contig length of 47.55 Mb. Based on BUSCO
analysis, we identified 94.9% of single copy avian orthologs (7913 single
copy orthologs out of 8338 proteins) in our genome, thus providing
evidence for the good quality of our assembly. Overall genome hetero-
zygosity was 0.0022 and no runs of homozygosity were detected on the
basis of different transition to transversion ratios. We found few repet-
itive elements (5.58%: Table 1), while the overall GC content was

Table 1
Percentage of various repetitive elements detected within the red-legged par-
tridge genome.

Repetitive element Percentage of the genome

Short-interspersed nuclear elements 0.04%
Long- interspersed nuclear elements 3.96%
DNA transposons 0.11%
Simple repeats 1.17%
Small RNA 0.02%
Low complexity regions 0.26%
Unclassified 0.03%
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41.44%.
3.3. Genome annotation

We detected 21,589 protein coding genes within the A. rufa genome.
For 77.69% of these (n 16,772), we identified orthologs using
eggNOG-mappers. We further assigned GO terms to 12,013 protein
coding genes and KEGG identifiers to 9049 proteins. When we compared
the genome of the red-legged partridge to that of domestic chicken,
zebra finch and Japanese quail, we observed 9171 common orthologous
gene families and 201 gene families unique to the red-legged partridge,
including a total of 1166 genes (Fig. 1). Finally, GO enrichment analysis
across the unique gene families suggested the involvement of some of
them in the positive regulation of processes such as epithelial cell
migration, DNA recombination, viral genome integration and procapsid
maturation (Table 2).

3.4. Demographic history

PSMC analyses revealed the demographic history of the red-legged
partridge over the Quaternary. Results were consistent across both re-
constructions (using a 1 and 2 year generation time). We observed signs
of major cycles of population fluctuation over the last million years
(Fig. 2). However, we restricted our interpretations to more recent
events as deeper historical estimates are deemed to be less reliable with

Taeniopygia guttata

Gallus gallus

11,638
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Table 2

Gene ontology (GO) enrichment for the 201 gene families (consisting of 1166
genes) unique to the red-legged partridge genome and isolated from an initial
dataset of 21,589 protein coding genes. For the sake of clarity, GO terms were
assigned to 54 gene families (out of 201) encompassing a total of 561 genes, with
enrichment analyses pointing to 6 significant GO terms comprising 16 genes.

GO ID GO term - number of genes Ontology p-value
aspect
Biological
G0:0046797  Viral procapsid maturation - 3 process 5.1E-08
Positive regulation of epithelial cell Biological
GO0:0010634  migration - 3 process 5.1E-08
Biological 8.34E-
GO:0006310  DNA recombination - 2 process 05
Viral genome integration into host Biological 2.07E-
GO:0044826  DNA -2 process 04
Termination of RNA polymerase II Biological
GO:0006369  transcription - 2 process 1.6E-03
Biological
GO0:0007165  Signal transduction - 4 process 1.7E-02

PSMC [113]. Most importantly, ~140,000 years ago marked the
beginning of a steep decline in red-legged partridge effective population
size (N,) that led to a long spell characterised by unusually low levels of
population size during subsequent years into the present Holocene. A

Alectoris rufa

201

Coturnix japonica
628
694
141
14,793

12,058

Gallus gallus  Taeniopygia Alectoris rufa Coturnix japonica

guttata
9171 | 36 [1677]%68
4 3 2 1

Number of gene families specific or shared by multiple taxa

Fig. 1. Venn diagram of orthologous gene families either unique to or shared across select avian taxa (left to right: domestic chicken, zebra finch, red-legged
partridge and Japanese quail) compared in this study. Pictures are not to scale. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

3433



B. Chattopadhyay et al.

A

Time in years

[=a)
=4

n
=]

b
=

@
=4

3
>

—
=}

Effective population size (x10}

=

I3
>
T

—
>

Effective population size (x10]

L L
5

10°

0
v

10

4

LGM 10°

Fig. 2. Fluctuations in the effective population size of the red-legged partridge
based on complete sequence (dark red) and bootstrap data (light red). The Last
Glacial Maximum (LGM) is denoted with a black dotted line (~22,000 years
ago). (A) Based on a generation time of 1 year, corresponding to the time to
reach sexual maturity in this species [137]. (B) Based on a generation time of 2
years, corresponding to a widely-applied figure across birds [111,112]. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

minor recovery of effective population size around the Last Glacial
Maximum (~20,000 years ago) notwithstanding, this trend has
continued into the most recent times, with an inference of the histori-
cally lowest-ever levels of effective population size during the transition
into the Holocene (Fig. 2). PSMC bootstrap values were close to the
parameter estimates, corroborating the robustness of our inferences
especially during the last ~150,000 years (Fig. 2).

4. Discussion

In spite of the socioeconomic and conservation importance of Alec-
toris partridges, the genomic infrastructure for this genus has so far been
limited to transcriptomic approaches [44,45]. We here sequenced the
first high-quality and complete genome assembly of the red-legged
partridge at 96x coverage on the basis of an individual from a popula-
tion of high conservation value inhabiting Elba Island in central Italy
[114].

4.1. Genomic features

The estimated genome size of the red-legged partridge (1.19 Gb) is
within the range typically expected for birds in general [115] and for
Galliformes in particular [116]. Equally, GC content (41.45%) was
similar to that found in G. gallus [117], which is consistent with the lack
of inter-macrochromosomal rearrangements between the two genera
[118], both of which belong to the same family (Phasianidae). Consid-
ering that phylogenetic distance is a key factor affecting assembly
completeness using homology-based approaches [119], we greatly
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benefited from the availability of the complete domestic chicken refer-
ence genome GCA_000002315.5. Overall genome heterozygosity (2.2
SNPs/kbp) was quite high as compared with that of other avian species
[120]. This outcome, along with the total absence of runs of homozy-
gosity, is surprising when considering that this genome belongs to a
resident gamebird from a small insular population (i.e., Elba) which
underwent a strong demographic decline recently [75], as the occur-
rence of such genomic features would be rather expected in inbred
populations which have experienced a bottleneck [e.g., 105,121,122].
However, extensive restocking activities for hunting purposes carried
out in some sectors of Elba Island from the 1950s to the 1990s may
explain this seeming contradiction. Restocking reached its peak during
the 1960s, when up to >4000 captive individuals were released annu-
ally in the southeastern sector of the island, whereas releases over the
following decades involved fewer birds but were conducted at an
increased frequency and across the entire island [75]. This sustained
release of farm-reared hybrids with A. chukar and of hetero-subspecific
stocks of Spanish descent has previously been invoked as the likely
underlying cause of signals of genetic admixture in the Elba population
[10,57,75; but see 114]. Hence, it is plausible that continual gene flow
with released partridges has counterbalanced the effects of bottlenecks,
preventing the local population from genetic depletion and inbreeding.
Finally, the low incidence of repetitive elements (5.58%: Table 1) is
consistent with values from the highly streamlined genomes of other
birds, which typically display lower levels when compared with other
tetrapod vertebrates [123-125].

4.2. Functional assignment

Concerning the 201 gene families identified as unique to Alectoris
(Fig. 1), we observed an enrichment of genes involved in immune
response and pathogen resistance among other functions (Table 2),
consistent with previous findings pointing to a fairly strong ability of
partridges to cope with environmental stressors and diseases [44].
Enrichment in genes involved in epithelial cell migration, a function
associated with wound healing (e.g., [126]), can be interpreted in light
of the morphological traits and behavioural ecology of Alectoris par-
tridges, which comprise poor fliers. More specifically, wound repair
might be particularly important in view of the intense physical stress
faced by partridges when running on rough terrain, skulking in thorny
vegetation, as well as the explosive muscle performance of their short-
burst flights to escape predators.

4.3. Demographic analyses

For successful population management of economically important
animals, it is vital to understand their adaptive biology in response to
past climate change. Our analyses have revealed the signature of a
massive historic decline in effective population size in the red-legged
partridge in response to the onset of the previous interglacial (the
‘Eemian’ warm phase at ~140,000-110,000 years ago; Fig. 2: [127]).
Against the backdrop of a warming Europe, this demographic decline is
consistent with a dramatic expansion of forest habitat beyond the
boundaries of today's forest belt, thereby greatly reducing the amount of
natural open scrub and bushy grassland preferred by partridges. Among
the three most recent interglacials before the present, the Eemian was
the first one sufficiently warm and humid to match present-day condi-
tions [128]. It marked the mild termination of a roughly 200,000 year-
long European cold and dry spell characterised by glacial periods
interrupted by two weaker interglacials. Our data confirm that Alectoris
partridges — as open-land inhabitants — thrive demographically during
periods of global cooling when drier conditions lead to a contraction of
forest habitat. After the end of the Eemian interglacial (~110,000 years
ago), the demographic decline of the red-legged partridge did not
reverse, with continuing drops in effective population size until reaching
a low plateau at ~70,000 years ago (Fig. 2). This trend is consistent with
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vegetation reconstructions from pollen cores that indicate a persistence
of forest habitat across Europe despite cooling temperatures [127]. Even
after the onset of the first major ice advance between ~74,000 and
59,000 years ago, steady expansions of open steppe and grassland were
frequently thwarted by re-expansions of conifers or juniper woodlands
[127]. It was probably only during the build-up towards the very end of
the last ice age, near its maximum (~20,000 years ago), that open
habitat again became a steadier feature of Europe's landscape, as re-
flected in the slight recovery of red-legged partridges' effective popu-
lation size between ~30,000 and ~ 18,000 years ago (Fig. 2). After the
abrupt end of the Last Glacial Maximum and the precipitous increase of
global temperatures and expansion of European forests post-15,000 BP,
effective population size in this species again dropped markedly (Fig. 2),
this time to the lowest documented level throughout its natural history.

PSMC analysis provided strong evidence for the susceptibility of
Alectoris partridges to climatic fluctuations. Since effective population
size is a powerful proxy for genetic diversity, conservationists and
managers must consider that Europe's present forest-dominated land-
scape is the historically least favourable vegetation regime that red-
legged partridge populations have experienced, leading to their frag-
mentation across relatively small scrub-dominated Mediterranean
habitat patches that have remained suitable. While early human forest
conversion and crop cultivation in the Mediterranean may have created
novel habitats and favoured a secondary expansion of red-legged par-
tridges, the effects of modern hunting and agricultural mechanisation
would have quickly counteracted any such positive impact and gener-
ated further genetic bottlenecks.

4.4. Perspectives

This novel high-quality genome will be essential for future in-
vestigations into the evolutionary history of the genus Alectoris, which
has been a model taxon in studies about avian adaptive radiations for
more than 20 years [1,2]. Moreover, this genome will also aid in better
understanding the adaptive responses of Alectoris partridges to global
change. The availability of this resource in combination with the
genomic characterisation of museum specimens pre-dating the spread of
restocking practices will be invaluable for conservation management,
allowing us to reconstruct the progression of a likely genomic erosion
using a time series [129]. As a reference genome, it will also enhance the
power of admixture analyses aimed at identifying the most preserved
wild stock to be used for restocking purposes [130]. This genome will
facilitate studies into the adaptive responses of admixed populations in
increasingly changing environments, and the partial retention or loss of
non-native genomic features based on local selective pressures and de-
mographic trends. In addition, the release of the first Alectoris genome
promises to represent a major contribution also to poultry husbandry,
health and production studies on the red-legged partridge and related
species, thus delivering key insights into the mechanisms underlying
meat [131-133] and egg [134,135] production as well as disease
resistance [136].

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ygeno.2021.08.010.
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