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Abstract

Background
Galliform birds represent one of the most threatened avian groups globally, yet genomic resources are
limited for many species. The double-spurred spurfowl (Pternistis bicalcaratus) is widely distributed in
West Africa, but its northern subspecies, P. b. ayesha, is restricted to northwestern Morocco and is
classified as critically endangered. In this study, we describe the first high-quality reference genome for
P. b. ayesha and investigate its evolutionary and demographic history.

Results
We generated Illumina short-read and PacBio continuous long-read and high-fidelity sequencing data
from an adult male individual. Multiple genome assembly strategies, employing both hybrid and long-
read approaches, were employed to obtain the most contiguous genome. The final genome assembly
was 1.01 gigabases in size with 599 scaffolds and an N50 of 16.36 megabases, recovering 99 percent of
conserved avian single-copy genes. Gene family evolution analyses revealed expansion in families
related to cytoskeletal organisation, motor activity, muscle function, and keratinisation, consistent with
adaptations observed in ground-dwelling game birds. The historical effective population size was
reconstructed using the Pairwise Sequentially Markovian Coalescent model. Demographic
reconstruction revealed that the effective population size peaked during MIS-7 and started declining in
the Penultimate Glacial Period approximately 190 thousand years ago (kya), followed by a sustained
long-term decline through the Late Pleistocene to the Holocene, with no evidence of recovery.

Conclusion
These results suggest that prolonged demographic decline is in concordance with the present low
population size of P. b. ayesha. Together with its restricted distribution, it highlights the vulnerability of
the subspecies to environmental and anthropogenic pressures. The genomic resource generated here
provides a foundation for future population genomic studies and will be valuable for informing
conservation strategies for this geographically isolated and threatened subspecies.

INTRODUCTION
Game birds are a diverse group of ground-dwelling wild birds that are widely hunted for food and sport.
Most game birds belong to the order Galliformes and are characterised by heavy bodies, strong legs for
running and foraging, and short, rounded wings for explosive short-distance flights, making them a
popular choice for hunting [1, 2]. Beyond their value to humans, game birds play a vital role in terrestrial
ecosystems as important seed dispersers and serve as a primary prey for many carnivores [2, 3].
Furthermore, they hold immense economic, cultural, and subsistence value globally as several species
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are domesticated for food, while others are valued for hunting, traditional practices and ornamental
keeping [4, 5, 6].

Despite this importance, Galliformes are one of the most rapidly declining avian orders globally, with
more than one-quarter of extant species listed as ‘threatened’ [1, 7, 8]. Habitat loss, overhunting,
agricultural intensification, and increasing climatic variability have been identified as major drivers of
these declines [1, 5, 8, 9]. Their predominantly ground-dwelling nature, limited dispersal capabilities and
specific habitat requirements [8] make them particularly vulnerable to climate change and environmental
disturbances [1, 7, 8, 10].

Within this broader pattern of declining populations of many Galliformes species, the Double-spurred
Spurfowl (Pternistis bicalcaratus) highlights how species-level conservation assessments can overlook
declines in regionally restricted subspecies. Although the species is widely distributed across tropical
West Africa and classified as ‘Least Concern’ by the IUCN [7], its northern subspecies, P. b. ayesha
(Hartert, 1917), is endemic to Morocco [11, 12] and is recognised as Critically Endangered [11, 13, 14,
15]. This species was historically placed within the genus Francolinus but is currently assigned to
Pternistis following taxonomic revisions based on morphological and molecular evidence [16, 17, 18].
Pternistis bicalcaratus consists of three recognised subspecies that are generally similar in overall
appearance with slight variations in plumage colouration and patterning. P. b. ayesha is similar (1.0%
cytochrome b divergence; CYTB − 1143 base pairs) but distinguished as the more heavily patterned form,
with faint vermiculation, small arrow-shaped buff marks on its belly feathers and slightly more rufous
lower neck [17]. This subspecies represents an isolated population separated from other populations by
the Sahara Desert, making P. bicalcaratus one of the few bird taxa occurring naturally in both north and
south of the Sahara [17, 19]. P. bicalcaratus occurs in almost the rest of the sub-Saharan region with the
exception of P. b. ayesha that expanded its range to Morocco in North Africa. It occupies a highly
restricted and fragmented range in north-western Morocco and has experienced a marked contraction
from its historical distribution [12] (Fig. 1a). This decline is largely attributed to hunting pressure and
habitat degradation [11, 14, 20], with increasing climatic variability in North Africa likely imposing
additional demographic stress. Similar distribution patterns are also seen in a few other Afrotropical
species, including Marsh Owl (Asio capensis tingitanus), Black-crowned Tchagra (Tchagra senegalus
cucullatus), and Brown-throated Martin (Riparia paludicola mauritanica), along with formerly occurring
taxa such as Dark-chanting Goshawk (Melierax metabates theresae), Helmeted Guineafowl (Numida
meleagris sabyi), and Arabian Bustard (Ardeotis arabs lynesi) [21].

This study presents the first high-quality genome assembly of the critically endangered Double-spurred
spurfowl subspecies, P. b. ayesha, generated using a hybrid approach that combines Illumina short reads,
PacBio long reads (continuous long reads, CLR), and PacBio HiFi reads. The assembled genome is
approximately 1 Gb in size, which is consistent with other game bird genomes. Assembly metrics,
including the number of scaffolds, scaffold N50, and Benchmarking Universal Single-Copy Orthologs
(BUSCO) scores, indicate high genome contiguity and completeness. This genome provides a valuable
resource for the genomic characterisation of this endangered species. Comparative analyses with other
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bird genomes were carried out to explore genomic features of P. b. ayesha in an evolutionary framework.
Additionally, demographic history analysis was conducted to assess the impact of past climate on this
species. The findings of this study establish a foundation for future research on population genetic
structure, conservation strategies, and the identification of adaptive genetic mechanisms in response to
environmental challenges faced by the sub-species ayesha.

MATERIALS AND METHODS

Sampling and sequencing
Liver tissue from an adult male P. b. ayesha was obtained opportunistically from licensed hunters
through collaborators in central Morocco. The ethical clearance for the project was obtained from the
Faculté des Sciences de Rabat, Université Mohammed V (clearance number: PR002-0426). We extracted
high-molecular-weight DNA with the Nanobind PanDNA kit (PacBio) following the manufacturer’s
instructions at the Laboratory of Genetics of the Institute for Game and Wildlife Research (Ciudad Real,
Spain). Library preparation and sequencing were performed by Novogene Europe (Cambridge, UK). We
generated short-read data using the Illumina NovaSeq platform and long-read and HiFi data using the
Pacific Biosciences Sequel II platform based on single-molecule real-time (SMRT) sequencing
technology.

Data processing
We obtained ~ 427 million Illumina short reads (150 bp paired-end), 8.7 million PacBio CLR reads, and
1.4 million PacBio HiFi reads, achieving ~ 64× Illumina and ~ 99× PacBio sequencing depth.

We assessed the quality of Illumina raw sequencing reads using FastQC ver. 0.11.9 [22]. We trimmed
Illumina short reads to remove adapter sequences, low-quality bases (Phred score < 20), and reads
shorter than 36 bp using Trimmomatic ver. 0.39 [23]. We converted PacBio CLR and HiFi reads from
BAM to FASTQ format using samtools bam2fq ver. 1.10 [24, 25] and concatenated the resulting files
using the cat command for downstream analyses.

Genome assembly
To generate a high-quality de novo genome assembly, we evaluated a total of seven genome assemblers.
We first implemented a hybrid assembly strategy that combined Illumina short reads with PacBio long
reads (CLR and HiFi) to leverage both high base accuracy and long-range contiguity. For this approach,
we used five hybrid assemblers: MaSuRCA ver. 4.1.0 [26, 27], WenganA ver. 0.2 [28], WenganD ver. 0.2
[28], HASLR ver. 0.8a1 [29], and DBG2OLC ver. 20200723 [30]. Given the high accuracy and contiguity of
PacBio HiFi reads, we also assessed whether assemblies generated solely from long-read data could
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match or outperform hybrid assemblies. For this purpose, we used two long-read assemblers: Flye ver.
2.9.2 [31] and Hifiasm ver. 0.23.0-r [32].

For all hybrid assembly approaches, we concatenated PacBio HiFi reads and PacBio continuous long
reads (CLR) and used the combined dataset as the long-read input together with Illumina short reads.
Illumina paired-end short reads were used in their raw form for MaSuRCA, HASLR, and DBG2OLC
whereas adapter-trimmed and quality-filtered reads were used for WenganA and WenganD hybrid
assemblies. All assemblers were run using default or software-recommended parameters unless stated
otherwise.

MaSuRCA uses a combination of de Bruijn graph and overlap-layout-consensus approaches and
performs all steps from data preprocessing to final assembly [26, 27]. We performed the assembly in
Flye mode, which is optimised for incorporating long-read data. Wengan is a hybrid genome assembler
that uses long reads to scaffold a short-read assembly backbone without performing all-vs-all long-read
alignments, thereby reducing computational requirements while maintaining assembly accuracy [28]. We
ran Wengan in two modes: WenganD and WenganA. In WenganD mode, we first generated contigs from
cleaned Illumina short reads using DiscovarDenovo [33] and then performed hybrid assembly. In
WenganA mode, short-read assembly was performed using Abyss2 [34] instead.

DBG2OLC genome assembler first constructs accurate contigs from short reads using a de Bruijn graph
approach and then anchors long, error-prone reads to these contigs to generate the final assembly,
without requiring all-vs-all long-read alignments, thereby improving computational efficiency [30]. We
followed the recommended three-step DBG2OLC pipeline. We first generated contigs from Illumina short
reads using SparseAssembler [35]. We improved the quality of the short-read contigs by fine-tuning
SparseAssembler parameters, including NodeCovTh, EdgeCovTh, and k, and by reloading previous
computations using the LD = 1 flag to refine the de Bruijn graph, following recommendations provided in
the DBG2OLC user manual. We then combined the resulting contigs with concatenated PacBio long
reads and used them as input for DBG2OLC during the overlap and layout step. Finally, we polished the
draft assembly using Sparc [36] to generate the final consensus.

HASLR genome assembler constructs a backbone graph from long reads and anchors accurate short-
read contigs to guide assembly [29]. We ran HASLR by specifying the input read type as PacBio (-x
pacbio), setting the estimated genome size to 1.1 Gb, and keeping all other parameters at their default
values.

Flye is a de novo long-read assembler that constructs repeat graphs from raw reads and iteratively
refines contigs through repeat resolution and polishing [31]. As Flye requires different PacBio read types
to be processed separately, we performed two independent assemblies: one using only PacBio HiFi
reads in --pacbio-hifi mode, and another using the concatenated PacBio CLR and HiFi dataset in --pacbio-
raw mode, with all parameters set to default.

Page 5/22



We also used Hifiasm, a genome assembler specifically designed for PacBio HiFi data that constructs
phased assembly graphs directly from highly accurate HiFi reads to generate haplotype-resolved
assemblies without prior error correction [32]. PacBio HiFi reads were first converted from BAM to
FASTQ format using samtools bam2fq ver. 1.10 [24, 25], and the genome was assembled in primary
mode using default parameters.

Quality assessment
We assessed the quality of all genome assemblies using QUAST v5.0.2 [37] under default settings. We
also evaluated genome completeness using BUSCO v6.0.0 [38] with the Aves ortholog database ver. 12
[39], which comprises 6,251 conserved single-copy genes. We selected the assembly generated with
MaSuRCA hybrid assembler (IBDC submission ID: INGCA000001241; NCBI BioProject ID
PRJNA1459051; assembly accession no. JBXUZW000000000) for all downstream analyses because of
its highest contiguity, lowest scaffold count, and high completeness.

Repeat masking and genome annotation
We soft-masked the MaSuRCA genome using RepeatMasker v4.1.2-p1 [40]. Repeats from the Chicken
(Gallus gallus) genome was used for initial identification and masking. To account for phylogenetic
proximity, we also performed repeat masking using the Quail (Coturnix coturnix) repeat library. The
masked genome generated with the Chicken repeat library was subsequently used for genome
annotation. We annotated the genome using the BRAKER2 pipeline [41], which integrates GeneMark-EP+
[42] and AUGUSTUS [41, 43, 44] in protein-supported mode [41, 42, 45, 46, 47, 48]. We provided protein
evidence from the vertebrate dataset OrthoDB protein database, version 11 [49] to generate hints for
annotation using only protein sequence data. The predicted proteome was functionally annotated using
both Pannzer2 [50] web-based server and eggNOGMapper ver. 4.5 [51, 52]. We also compared the
predicted proteome to other bird proteomes using OrthoVenn3 [53]. We used proteomes of seven avian
species Collared Flycatcher (Ficedula albicollis), Australian Zebra Finch (Taeniopygia guttata), Mallard
Duck (Anas platyrhynchos), Turkey (Meleagris gallopavo), Indian Peafowl (Pavo cristatus), Chicken and
Quail from the available database in Orthovenn3. The E value was set to 1e − 5 and the inflation value to
1.5 to identify orthologous genes using the Ortho Finder algorithm. We also performed gene family
fluctuations using CAFE5 [54] as a part of OthoVenn3. CAFE uses a statistical framework to identify the
gene family expansion and contraction on a phylogenetic tree [54]. The divergence time between G.
gallus and A. platyrhynchos, G. gallus and C. japonica, and F. albicollis and T. guttata were obtained from
TimeTree 5 [55] and set to 83.37, 37.90 and 25.22 million years ago respectively. GO enrichment
analyses were performed within OrthoVenn3, and significance was determined using Benjamini-
Hochberg false discovery rate correction (FDR < 0.05) [56].

Demographic History
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We reconstructed the demographic history of P. b. ayesha using Pairwise Sequentially Markovian
Coalescent (PSMC) model [57]. We mapped the genome to sex chromosomes of Chicken
(GCF_016700215.2) using Satsuma ver. 2.0 [58] to identify scaffolds corresponding to Z Chromosome.
We aligned the cleaned Illumina short reads to the whole genome using BWA-MEM ver. 0.7.17 [59, 60].
We used samtools ver. 1.10 [24, 25, 61] to sort the BAM file, remove duplicates, and estimate the depth
of coverage. We then used mpileup from bcftools ver. 1.10.2 [24, 25, 61] to remove the scaffolds
mapping to Z chromosome and identify variable sites using autosomes with the following parameters -Q
30 -q 30 -C 50 -A -Ou. We obtained consensus sequences using vcfutils.pl [24, 25, 61], with the minimum
and maximum read depth set to one-third and twice the average genome coverage, respectively [62, 63]
and generated a diploid.psmcfa file using the fq2psmcfa tool from PSMC package [57] for downstream
processing. PSMCs were performed with the following sets of parameters: ​-N30 -t5 -r5 -p ‘4 + 30*2 + 4 + 
6 + 10’, -N30 -t5 -r5 -p ‘2 + 2 + 30*2 + 4 + 6 + 10’ and -N30 -t5 -r5 -p ‘1 + 1+1 + 1 + 30*2 + 4 + 6 + 10’ (N =
number of iterations, t = the upper limit of time to most recent common ancestor, r = ratio of the scaled
mutation rate and the recombination rate, and p = number of free atomic time intervals) following
previous studies on birds and to avoid spurious peaks in effective population size [57, 62, 63, 64, 65]. We
ran 30 iterations for optimisation of parameters and ran 100 bootstrap replicates for determining
uncertainty in our estimates. We used a generation time of 2 years and a mutation rate of 1.9 × 10− 9 per
base per year [66] to plot the results from PSMC analyses.

RESULTS

Genome assembly and quality assessment
The estimated genome size of P. b. ayesha based on k-mer analysis was ~ 1.01 Gb, consistent with other
galliform genomes (Fig. 1b; Table 1). Among all assemblies, the MaSuRCA assembly demonstrated the
highest contiguity (N50 = 16.36 Mb), the lowest number of scaffolds (599), and high completeness as
measured by BUSCO (99% of conserved single-copy orthologs), and was therefore selected for
downstream analyses (Fig. 1b and 1c; Table 1). The high contiguity and completeness of the Flye
assembly (N50 = 12.87 Mb, 1,067 scaffolds, 99.1% BUSCO) further demonstrate that long-read
sequencing alone can produce nearly complete genomes (Table 1; Fig. 1c). Other assemblies exhibited
lower contiguity, higher scaffold counts, and/or reduced completeness (Table 1; Fig. 1c).
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Table 1
Comparison of genome assemblies for Pternistis bicalcaratus ayesha

Assembler Genome size (Gb) No. of Scaffolds N50 (Mb) BUSCO (%)

MaSuRCA 1.01 599 16.36 99

Hifiasm 1.09 923 4.96 98.9

Flye 1.03 1067 12.87 99.1

Flye (HiFi only) 1.6 8833 0.33 49.3

WenganD 1.01 1193 3.67 98.8

WenganA 0.95 2285 1.85 93.4

DBG2OLC 1.05 1008 8.1 94.4

HASLR 0.03 20474 0.026 25.6

Repeat masking
The MaSuRCA assembly was soft-masked using RepeatMasker 4.1.2. We tested repeat libraries from
both the Chicken and Quail genomes and found identical results. Only 5.64% of the genome consisted of
repeat elements, with a majority of them being Long interspersed nuclear elements (Table 2).

Table 2
Percentage of repeat elements in the MaSuRCA assembly of

Pternistis bicalcaratus ayesha
Repeat element Percentage

Short interspersed nuclear elements (SINEs) 0.05

Long interspersed nuclear elements (LINEs) 4.01

DNA transposons 0.11

Unclassified 0.03

Simple repeats 1.16

Low complexity 0.28

Genome annotation and gene family fluctuations
We identified 23,388 protein-coding genes, out of which 9,401 could be functionally annotated using
Pannzer2 and 11,473 using eggNOGMapper (Table S1 and Table S2). The phylogenetic tree generated
within OrthoVenn3 using orthologous gene families was consistent with the established phylogeny of
the Phasianidae (Fig. 2) [67]. Further we observed expansion in 75 gene families and contraction within
567 gene families in P. b. ayesha relative to F. albicollis, T. guttata, A. platyrhynchos, M. gallopavo, G. gallus,
P. cristatus, and C. japonica (Fig. 2). Gene Ontology (GO) enrichment analysis of these families identified
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79 significantly enriched terms in the expanding gene families and 274 significantly enriched terms in
the contracting gene families after false discovery rate correction (FDR < 0.05) (Table S3 and Table S4).
We observed significant expansion in families related to cytoskeletal organisation and motor activity
(e.g., structural constituent of cytoskeleton, motor activity, actin filament organisation), immune
processes (e.g., immune response and adaptive immune response), sensory perception (e.g., olfactory
receptor activity and visual perception), muscle-related processes, and keratinisation (Fig. 2; Table S3).
We also observed significant contraction in families associated with immune responses, sensory
perception of smell and vision (Fig. 2; Table S4).

Demographic history
Our PSMC reconstruction of the P. b. ayesha from Morocco showed a peak in effective population size
(Ne) during the Marine Isotope Stage (MIS) 7 (~ 200 kya), where Ne reached approximately 2.3 million

individuals. Following this peak, Ne declined steadily, throughout MIS 6, decreasing to ~ 1.3 million
during the Last Interglacial (~ 130 kya) and further to only ~ 28,000 individuals during the Late
Pleistocene (Fig. 3; Table 3). By the end of Pleistocene (~ 10 kya), the effective population size reached
its lowest inferred value (~ 11,000 individuals) and showed no signs of recovery (Fig. 3; Table 3). We do
not see any evidence of population expansion at Last Glacial Maxima (LGM). This declining trend in Ne

values was consistent across the three PSMC parameter settings used for reconstructing demographic
history (Fig. 3).

Table 3
Estimated effective population size (Ne) at key time

points inferred using PSMC for P. b. ayesha.
Time (kya) Time period Estimated Ne

~ 190 Beginning of MIS-6 2,307,259

~ 130 Last Interglacial (LIG) 1,376,358

~ 20–30 Late Pleistocene 28,277

~ 10 End of the Pleistocene 11,686

DISCUSSION
Game birds are among the most heavily exploited birds in the world, yet genomic resources remain
limited for many threatened species [1, 9]. The availability of a high-quality reference genome for P. b.
ayesha addresses a significant gap in genomic data for North African galliform birds. Although P.
bicalcaratus is listed as Least Concern at the species level, its Moroccan subspecies (ayesha) is
geographically isolated making it one of the few sub-Saharan bird species with natural populations both
north and south of the Sahara (Fig. 1a). This isolation renders the subspecies both evolutionarily distinct
and at an elevated risk of extinction. A reference genome enables studies on population structure,
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genetic diversity, inbreeding and adaptive variation. For small and fragmented populations, it is
particularly important to understand the hidden genetic erosion before developing conservation
strategies. The genomic resource generated here provides a foundational baseline for future population
genomic research and conservation efforts tailored to this subspecies.

We report the first high-quality reference genome for the critically endangered subspecies P. b. ayesha.
Out of seven assemblers tested, the hybrid MaSuRCA assembly generated the most complete and
contiguous genome, with an N50 of 16.36 Mb and 99% BUSCO completeness (Fig. 1a and b; Table 1).
While the Flye long-read-only assembly also performed well, with an N50 of 12.87 Mb and 99.1% BUSCO
completeness (Fig. 1c; Table 1), the hybrid approach generated a substantially lesser number of
scaffolds and thus led to better scaffold continuity and overall quality. Using a combination of short and
long reads along with benchmarking with multiple assemblers allowed for a robust genome assembly.
Benchmarking studies in eukaryotic genomes indicate that long-read assemblers such as Flye perform
effectively, particularly with error-prone long-read data [68]. However, assembly performance depends on
sequencing strategy and evaluation criteria and no single approach consistently performs best across all
datasets [68, 69]. In vertebrates, large-scale initiatives such as the Vertebrate Genomes Project highlight
the importance of long-read sequencing for generating high-quality assemblies [70]. Additionally, highly
accurate reads such as PacBio HiFi further enhance contiguity and the resolution of complex genomic
regions [71]. In alignment with these findings, the Flye assembly in this study achieved high contiguity,
while the hybrid MaSuRCA assembly produced a higher N50 and fewer scaffolds (Table 1; Fig. 1c),
indicating improved scaffold continuity and overall assembly quality. These results suggest that
integrating multiple sequencing strategies may be particularly advantageous for assembling complex
vertebrate genomes.

The final assembly size, about 1.01 Gb is consistent with the size of other Galliform genomes, which are
usually around 1Gb. The high BUSCO completeness also confirms that the assembly covers most of the
conserved avian genes (Fig. 1b and 1c). Relatively low repeat content (5.64%; Table 2) is also in line with
other published bird genomes, which show that birds have a compact genome with fewer repeat
elements [72]. Overall, this assembly provides a strong genomic foundation for future evolutionary and
conservation studies.

Gene family evolution in Pternistis bicalcaratus (P. b. ayesha) revealed expansion of gene families
associated with cytoskeletal organisation (Table S3), which are involved in muscle contraction and force
generation. This is important for P. b. ayesha, a ground dwelling game bird that relies on muscle strength
and endurance for rapid running and short bursts of flight [73]. This is further supported by expansion in
gene families associated with motor activity and muscle-related processes (Fig. 2; Table S3).
Interestingly, we also observed expansion in gene families associated with keratinisation. This is
particularly relevant for P. b. ayesha, commonly known as the double-spurred spurfowl, which is
characterised by keratinised leg spurs. The spurs are a distinctive secondary sexual character in males
and may play a role in mate-choice [74, 75, 76, 77] (Table S3). In contrast, several categories related to
immune response and sensory perception were observed in both expanding and contracting gene
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families, although they were more frequently represented among contracted families (Table S3 and S4).
These observations suggest lineage-specific evolution of several functional gene families in Pternistis
bicalcaratus (P. b. ayesha), highlighting the need for further investigation.

Demographic reconstruction using PSMC under all three parameter settings revealed a consistent
pattern in the historical population dynamics of P. b. ayesha, with effective population size (Ne) reaching
a peak during MIS 7 (~ 200 kya), followed by a steady decline (Fig. 3). This pattern aligns with major
Pleistocene climatic transitions, particularly attributed to shifts in environmental conditions from a
relatively warm and moist period in MIS-7 (~ 243 − 190 kya) to severe glaciation in MIS-6 (~ 190 − 130
kya), also known as the Penultimate Glacial Period [78, 79]. These climatic shifts during the the Middle to
Late Pleistocene were characterised by alternating humid and arid phases, which strongly influenced
vegetation cover and habitat structure in Africa. P. b. ayesha, is a ground-dwelling galliform associated
with dense vegetation structure, including cork oak woodlands, thick shrub cover, and areas near
cultivated land and water sources, as documented for extant populations in Morocco [14, 20].

Paleoenvironmental records indicate that North African hydroclimate over the last ~ 200 kyr was
characterised by alternating humid and arid phases driven by monsoon variability. The humid periods
during MIS 7 and early MIS 6 were associated with reduced dust input, increased vegetation cover, and
expansion of habitable landscapes across the Sahara [80, 81]. Long-term vegetation records also
suggest that much of the last ~ 200 kyr was predominantly arid with widespread C4 vegetation, and
there were only brief wetter phases of C3 vegetation expansions in the Sahara/Sahel region [82]. Under
these conditions, structurally suitable habitats would likely have expanded northward into North-West
Africa during the MIS 7, increasing landscape connectivity rather than forming strict barriers. Similar
dynamics have been inferred from human occupation patterns in North Africa, where humid phases are
associated with increased dispersal opportunities across the Sahara, while arid phases correspond to
reduced connectivity and more restricted distributions [82, 83]. This supports the interpretation that
these humid intervals corresponded to increased ecological connectivity. The peak in Ne around ~ 200
kya (Fig. 3) is therefore consistent with maximum habitat availability and connectivity in North Africa. In
contrast, the subsequent decline in Ne coincides with increasing aridity during MIS 6 (Fig. 3), a period

characterised by high C4 vegetation dominance indicating arid conditions. This time period is associated
with rising dust flux and cooler sea surface temperatures in the tropical Atlantic, indicating more severe
arid conditions than those observed during the Last Glacial Maximum [80, 81, 82]. The re-establishment
of these strong arid conditions would have fragmented dense woodland-shrub habitats and reduced
connectivity, particularly at the northern range margin. For a species dependent on dense cover and
access to water, this habitat fragmentation likely contributed to the observed decline in effective
population size.

The increase in the population size around 200 kya (Fig. 3) could also possibly be due to subspecies
divergence as population split can often result in increase in effective population size estimates in PSMC
analysis [57]. However, based on the standard avian mitochondrial substitution rate of ~ 2% sequence
divergence per million years [84] the observed 1% sequence divergence between P. b. ayesha and P.
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bicalcaratus pushes the divergence time to ~ 500 kya [17]. In contrast, demographic inference based on
the nuclear genome in this study indicates a more recent population decline beginning around ~ 190 kya
(Fig. 3).

Notably, P. b. ayesha shows a long-term decline in Ne, reaching its lowest inferred level (~ 11,000 inferred
individuals by ~ 10 kya) by the end of the Pleistocene (Fig. 3; Table 3). Small effective population sizes
can reduce genetic diversity and adaptive potential, making a species more susceptible to environmental
change. Similar long-term declines in Ne have been reported in several threatened avian species,
particularly during the Last Glacial Period [62]. For example, currently endangered species such as the
Crested Ibis (Nipponia nippon) and Gray Crowned Crane (Balearica regulorum) show substantial
reductions in Ne from large ancestral populations to markedly lower Ne values during Late Pleistocene,

with the Crested Ibis declining to ~ 2000 inferred individuals by ~ 10 kya [62]. Likewise, the vulnerable
Brown Mesite (Mesitornis unicolor) shows a relatively low but stable historical Ne followed by a sharp
decline to ~ 23000 inferred individuals during the Late Pleistocene [62]. These findings suggest that
many species now listed threatened have undergone prolonged demographic declines rather than only
recent reductions. Comparable trends have also been observed in mammals, such as the currently
critically endangered Sumatran Rhinoceros (Dicerorhinus sumatrensis), which also shows a sustained
decline in Ne from the Middle to Late Pleistocene, with no clear evidence of population recovery [85].

Overall, P. b. ayesha also shows a sustained long-term decline in Ne with no clear evidence of population
expansion or recovery (Fig. 3), highlighting its potential vulnerability, which may have led to its present
low population size. Given the restricted distribution of this subspecies in northwestern Africa, these
results highlight the need for continued monitoring and conservation efforts for P. b. ayesha. Further
population genomic studies incorporating multiple individuals across the range of this subspecies would
help to better resolve recent demographic history and inform conservation strategies

CONCLUSION
This study presents the first high-quality reference genome for the critically endangered subspecies
Pternistis bicalcaratus ayesha, providing an essential genomic resource for a geographically isolated and
understudied galliform lineage. By evaluating multiple assembly strategies, we demonstrate that a hybrid
approach yields a highly contiguous and complete genome, establishing a robust foundation for
downstream evolutionary and conservation analyses.

Comparative genomic analyses reveal lineage-specific patterns of gene family evolution, particularly in
functions associated with locomotion, structural integrity, and adaptation to a ground-dwelling lifestyle.
Demographic reconstruction further indicates a long-term population decline beginning in the middle to
late Pleistocene, likely driven by climatic shifts that altered habitat availability and connectivity in North
Africa. Consistent with patterns observed in other threatened taxa, such prolonged demographic decline
may have contributed to reduced population size in this subspecies, further emphasizing its
conservation concern. Together, these findings highlight both the evolutionary distinctiveness and the
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vulnerability of P. b. ayesha. The genomic resources generated here will facilitate future studies on
population structure, genetic diversity, and adaptive potential, and will be critical for informing
conservation strategies aimed at preserving this isolated and threatened subspecies.
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Figures

Figure 1

(a) Map showing the geographical distribution of Pternistis bicalcaratus and Pternistis bicalcaratus
ayesha, South and North of Sahara, respectively (map adapted from IUCN). (b) Snail plot describing and
representing the assembly stats of the final genome assembly using MaSuRCA. (c) BUSCO assessment
results for genome assemblers compared using aves_odb12.
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Figure 2

Ultrametric tree depicting the phylogenetic relationship and gene family fluctuations in select bird
species.
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Figure 3

PSMC plots showing fluctuations in the historical demography of Pternistis bicalcaratus ayesha using
different parameter settings (a) 4+30*2+4+6+10 (b) 2+2+30*2+4+6+10 (c) 1+1+1+1+30*2+4+6+10.
Thick red lines represent estimates of effective population size (Ne), and thin red lines are bootstrap
replicates. Peak in Ne was observed during the MIS-7 followed by a gradual decline up to the end of the
Late Pleistocene.
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