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A B S T R A C T

The monal genus (Lophophorus) is a branch of Phasianidae and its species inhabit the high-altitude mountains of
the Qinghai-Tibet Plateau. The Chinese monal, L. lhuysii, is a threatened endemic bird of China that possesses
high-altitude adaptability, diversity of plumage color and potentially low reproductive life history. This is the
first study to describe the monal genome using next generation sequencing technology. The Chinese monal
genome size is 1.01 Gb, with 16,940 protein-coding genes. Gene annotation yielded 100.93Mb (9.97%) repeat
elements, 785 ncRNA, 5,465,549 bp (0.54%) SSR and 15,550 (92%) genes in public databases. Compared to
other birds and mammals, the genome evolution analysis showed numerous expanded gene families and positive
selected genes involved in high-altitude adaptation, especially related to the adaptation of low temperature and
hypoxia. Consequently, this gene data can be used to investigate the molecular evolution of high-altitude
adaptation in future bird research. Our first published genome of the genus Lophophorus will be integral for the
study of monal population genetic diversity and conservation, genomic evolution and Galliformes species dif-
ferentiation in the Qinghai-Tibetan Plateau.

1. Introduction

The Chinese monal (Lophophorus lhuysii,Fig. 1) chiefly inhabits
harsh highland meadows from 3500 to 4500m elevation in the Heng-
duan Mountains (eastern Qinghai-Tibetan Plateau), south-west China.
It has a narrow distribution and is restricted to eastern Tibet, south-east
Qinghai, western Sichuan, northern Yunnan and southern Gansu (pro-
vinces) [1–4]. It was estimated that the population density was between
1.32 and 1.58/km2 30 years ago [5]. Unfortunately, there has been no
recent evidence of its presence in Tibet or Qinghai Provinces. Given the
small population and ongoing decline, the species is considered as
Vulnerable by the International Union for the Conservation of Nature
Red List of Threatened Species [6]. It is also listed on Appendices I of
CITES [7] and is a nationally protected Class I species in China.

The Chinese monal has two close relatives, the Himalayan monal (L.
impejanus) and the Sclater's monal (L. sclateri), which together form the
world's extant genus of monal (Lophophorus). Zhan et al. [8] studied
Lophophorus evolution by comparing its molecular phylogeny, dis-
tribution patterns and morphology, and have suggested that the genus
originated in the Hengduan Mountains and broader Qinghai-Tibetan

Plateau, which are hotspots for Galliformes species differentiation.
Geographic barriers, topographic features, typically low temperatures,
low oxygen and strong ultraviolet radiation throughout the Qinghai-
Tibetan Plateau has influenced species differentiation and high-altitude
adaptability of the monals and its closely related genera, such as Tra-
gopan, Pucrasia and Ithaginis [9, 10].

This study aimed to describe the first monal genome and to provide
important molecular material for the study of the monal genus and
Phasianidae family. We conducted phylogenetic and comparative
genomic analyses of the Chinese monal with other described bird spe-
cies' genomes to increase our knowledge of the Chinese monal's high-
altitude adaptability and evolutionary history. These analyses can
provide valuable information for future studies of the different mole-
cular mechanisms in bird high-altitude adaptation in the Qinghai-
Tibetan Plateau. In particular, the results and material provided by our
study can assist in researching the genomic evolution and genetic di-
versity of Lophophorus in the Hengduan Mountains to conserve and
monitor monal populations and species viability.
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2. Materials and methods

2.1. Sample collection, sequencing and assembly

Blood samples were collected from a healthy, wild male Chinese
monal (L. lhuysii: NCBI Taxonomy ID: 228248) from the Fengtongzhai
National Nature Reserve, Sichuan Province, China. The collected blood
was used for Genomic DNA extraction, isolation and sequencing. We
used a whole genome shotgun approach on the Illumina HiSeq™ 2000
platform to sequence the genome. We constructed two paired-end li-
braries with insert sizes of about 230 base pairs (bp) and 500 bp, and
three mate-paired libraries with insert sizes of 2 kb, 5 kb and 10 kb.
After quality control and filtering, we obtained 174.66 Gb (134.34×) of
clean data (Table 1).

Before assembly, a 17-Kmer analysis [11] was performed using
Kmerfreq for estimating the genomic size of the Chinese monal with a

500 bp short-insert library. The frequency of each K-mer was calculated
based on the clean reads. K-mer depth distribution was plotted against
the sequence depth gradient and followed a Poisson distribution. Fi-
nally, genomic size was estimated by using the following formula:
G=K_num/K_depth; where K_num is the total number of K-mer and
K_depth is the frequency that occurs more than the others.

The de novo genome assembly used the ALLPATHS-LG pipeline [12],
which optimizes parameters and employs the de Brujin graph. The main
steps of the pipeline are as follows: First, base errors were identified and
corrected using the frequencies and quality scores in reads; next, ALL-
PATHS built unipaths and estimated the copy number of unipaths using
read depth to choose the seed unipath; then we built neighborhood
paths to conduct neighborhood assembly; later these paths were glued
together to form a global assembly graph; lastly, contigs were extracted
from this global assembly and built into scaffolds to complete final
assembly.

2.2. Estimation of genome completeness and assembly quality

In order to evaluate the quality of the assembly, the Chinese monal
blood transcriptome was sequenced using Illumina HiSeq™ 2000 and
was de novo assembled in Trinity (v2.1.1) [13]. The assembled tran-
scripts were aligned to the assembly sequences using BLAT (v36) with
default parameters (except an identity cutoff of 80%). Additionally,
CEGMA (v2.5) [14] and BUSCO (v1.22) [15] were used to evaluate
both the assembly quality and the genome completeness.

Fig. 1. The latest distribution map of the Chinese monal in China based on specimen and field records in China.
§ (a) And (b) A male with brightly colored feathers. (a) A female with brown feathers. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 1
Statistics of genome sequencing of the Chinese monal.

Insert size Total
data (G)

Read
length

Sequence
coverage (X)

Average
Q20 (%)

Pair-end
libraries

230 bp 64.34 150 49.49 96
500 bp 30.95 150 23.81 91

2.38 150 1.83 89
Illumina

reads
2 kb 31.65 150 24.34 95
5 kb 23.08 150 17.75 95
10 kb 22.26 150 17.12 95

Total – 174.66 – 134.34 –
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2.3. Annotation

2.3.1. Repeat elements annotation
Transposable elements (TEs) and other repetitive elements were

predicted in the Chinese monal genome by combining homology-based
and de novomethods in RepeatMasker (v4.0.5) [16] and RepeatModeler
(v1.0.8). In the homology-based approach, RepeatMasker was used to
identify and classify repeat elements against the RepBase library and
extract the information about homologous repeat elements. Then, Re-
peatMasker employed a de novo prediction against a de novo repeat
sequences database constructed by RepeatModeler. By combining the
data obtained from the two annotation approaches using our in-house
scripts, all repeats formed a non-redundant list of the Chinese monal
repeats. Microsatellites were detected using Krait (v0.10.2) [17] and
the total length of perfect SSR (Simple Sequence Repeats) was calcu-
lated.

2.3.2. Non-coding RNAs annotation
Four types of non-coding RNAs (ncRNA) were determined by

searching databases. Software, tRNAscan-SE (v1.3.1) [18], was used for
reliable tRNA (transfer RNAs) positions. SnRNA (small nuclear RNAs)
and miRNA (microRNAs) were detected through a two-step method
covariance model of Rfam family. These were then aligned with BLAST
and INFERNAL (v1.0.2) [19] to search for putative sequences in the
Rfam database (Release 12.0). Red jungle fowl (Gallus gallus) full-length
rRNA was used as queries for possible rRNA position detection in the
Chinese monal genome within BLAST with an E-value cutoff of 1E-1.

2.3.3. Gene prediction
We used homology-based, de novo and transcriptome-based

methods to predict the gene set in the Chinese monal genome. A de novo
prediction was performed on the assembled genome with repetitive
sequences masked as “N” based on the HMM (Hidden Markov Model)
algorithm. After training the model on the protein sequences of the red
jungle fowl genome, AUGUSTUS (v3.2.1) [20] and GENSCAN [21]
programs were executed to find coding genes. For the homology pre-
diction, proteins of the red jungle fowl, wild turkey (Meleagris gallopavo)
and zebra finch (Taeniopygia guttata) from Ensembl 85 release were
mapped onto the Chinese monal genome using TblastN (BLAST
v2.2.28+) with an E-value cutoff of 1E-5. The results yielded from
TblastN were joined by Solar (v0.9.6). Homologous sequences were
successively aligned against the matching gene models using GeneWise
(v2.4.1) [22]. 7.2 Gb RNA-seq data was also used to obtain the gene
structures by PASA (v2.02) [23]. The three predictions above were
integrated using EVM (v1.1.1) [24] to produce a consensus gene set.
The integrated weights of the ab initio, protein, and transcript predic-
tions were 10, 5, and 1 respectively. The three lines of results were
manually inspected with Apollo (v1.11.6) [25] and the online Blastp to
utilize a high quality final gene-set.

2.3.4. Functional annotation
The function of Chinese monal genes were assigned to annotated

proteins based on the best match derived from the alignments in the
SwissProt and TrEMBL (Uniprot release 2016.4.15) databases, using
Blastp with a cutoff E-value of 10−5. The motifs and domains of genes
were annotated using InterProScan (v5.18-57.0) [26] against publicly
available databases, including ProDom, PRINTS, PIRSF, Pfam, ProSi-
teProfiles, PANTHER, SUPERFAMILY and SMART. Descriptions of gene
products from Gene Ontology ID were retrieved from the results of
InterProScan. All genes were uploaded to KAAS (KEGG Automatic An-
notation Server) to find the best match for each gene and the pathway
in which the gene might be involved.

2.4. Genome evolution analysis

2.4.1. Gene family analysis
We used the TreeFam methodology [27] to define gene families

from the eight bird species' genomes (Chinese monal, red jungle fowl,
wild turkey, zebra finch, ground tit (Pseudopodoces humilis), mallard
duck (Anas platyrhynchos), Japanese quail (Coturnix japonica), and os-
trich (Struthio camelus)). Gene family expansion and contraction ana-
lysis was performed by CAFÉ (v1.5) [28] with α-priori p-value
of< 0.05. KEGG annotation and enrichment analysis was performed by
KOBAS (v3.0, http://kobas.cbi.pku.edu.cn/index.php).

2.4.2. Phylogenetic analysis
The phylogenetic relationship between the Chinese monal and

seven chosen bird species genomes (red jungle fowl, wild turkey, zebra
finch, ground tit, mallard duck, Japanese quail, ostrich) was re-
constructed using single-copy orthologous gene families. Coding se-
quences (CDS) from each single-copy family were aligned by PRANK
(v140603) and concatenated to one super gene for each species for
building trees. “GTR+ I+ gamma” was selected as the best substitu-
tion model for nucleotide sequences in Modeltest. Then, RAxML
(v8.2.8) [29] was applied to reconstruct ML phylogenetic trees with
1000 bootstrap replicates. Divergence time estimation analysis was
performed by PAML MCMCTREE (v4.4) [30].

2.4.3. Positive selection analysis
The rate ratio (Ka/Ks, or ω) of nonsynonymous to synonymous

nucleotide substitutions was estimated using PAML Codeml under the
branch-site model to search the positively selected gene on aligned CDS
of single copy orthologs in the Chinese monal genome. Potential posi-
tively selected genes were then filtered by FDR < 0.05. KEGG anno-
tation and enrichment analysis was performed by KOBAS.

2.4.4. Temporal population dynamics of the Chinese monal
Effective population size of the Chinese monal was inferred by

PSMC (v0.6.5). The mutation rate was calculated through the formula:
μ=(counts of mutated loci/sequence length)/2 t (μ is mutation rate; t
is generation time of the Chinese monal). Its substitution rate is 3.27e-
09 substitutions per site per year. The generation time of Chinese monal
is 4. PSMC's parameters were “-N25 -t15 -r5 -p ″4+25 ∗ 2+4+6”
with 100 bootstraps.

3. Results

3.1. Assembly and annotation of the genome

The final Chinese monal genome assembly was 1.01 Gb in length,
which is close to the estimated genome size of 1.1 Gb (Table S1, Fig.
S1). The genome covered by the genome assembly is 91.8%. The scaf-
fold N50 and contig N50 of Chinese monal are 6.9 Mb and 12 Kb, re-
spectively. The final Chinese monal genome assembly was compared
with published bird species genomes and scaffold and contig N50 va-
lues were middle-range (Table 2). The CEGMA assessment showed that
our assembly captured 82% (204) and 87% (215) complete and partial
gene sets, respectively, of the 248 ultra-conserved Core Eukaryotic
Genes (Table S2). BUSCO analysis indicated that 77% (329) of the 429
expected vertebrate genes were identified as complete single copy
genes, while 20% (88) were considered missing during the assembly
(Table S3). Missing genes in the Chinese monal (20%) were compared
to the number of missing genes in the wild turkey (24%, 106) and
consequently we argue that the monal's genome was sufficiently com-
plete. The RNA sequencing mapping showed that 97.01% of the as-
sembled transcripts were covered in the Chinese monal scaffolds. It is
confirmed that the first assembly of the Chinese monal is of high quality
and can be used as a reference genome for monal species.

The annotation showed a total length of 100.93Mb (9.97%) as
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being repetitive. The differences in repeat elements between other
genomic sequenced birds are shown in Table 3 and Fig. S2. The total
length of perfect SSR was found to be 5,465,549 bp (0.54%). Summaries
of length and type are detailed in Table S4 and Table S5. We identified a
total of 785 ncRNAs including 397 miRNAs, 15 rRNAs, 105 snRNAs,
and 268 tRNAs (Table S6). The non-redundant Chinese monal protein-
coding gene set contains about 16,940 genes (Table S7, Fig. S3), of
which 15,550 genes demonstrated significant similarity matches to the
public function databases of SwissProt, TrEMBL, GO, KEGG, and In-
terPro, of which 14,854 (87.7%), 15,466 (91.3%), 9303 (54.9%), 9679
(57.1%), 14,961 (88.3%), respectively, were matches (Table S8, Fig.
S4).

3.2. Phylogenetic analysis

We found that the Chinese monal and wild turkey (Phasianidae)
share a closer relationship than other Phasianids analyzed, with a di-
vergence time of about 25.4 million years (Fig. 2). This is consistent
with the complete mitochondrial genome of the Chinese monal [3]
from our previous studies. In addition, there were more genomic
structure (the types of repeat elements and average exon length) simi-
larities between the Chinese monal and the wild turkey than the other
six species analyzed. Orthologous genes in the Chinese monal and seven
other bird species are shown in Table S9.

3.3. Temporal population dynamics

We compared Chinese monal effective population dynamics with
the global climate history (PSMC analysis). The Chinese monal's po-
pulation has expanded once and contracted once since the species'
origin (Fig. S5). We found that global climatic change influenced a
decline in the Chinese monal population in the middle of the last gla-
ciation period. The population was almost halved from its original
number 10,000 years ago, which is a considerable decline. A previous
study of the population history of 36 bird species, using PSMC, found
that other threatened birds experienced a similar decline during the last
glacial period [36]. Thus, global climate change in last glaciation
period exerts a strong influence on Chinese monal population numbers
and other threatened birds with similar historic declines.

3.4. Evolution of expanded gene families and positive selection

Comparative genomic analysis with the other seven avian genomes
demonstrated that the Chinese monal has a large number of genes in-
volved in environmental adaptation. There were 297 species-specific
genes (Table S10), 325 expanded gene families (Table S11) and 737
positive selected genes (Table S12) in the Chinese monal genome. We
found that the species-specific genes, expanded gene families and po-
sitive selection genes in KEGG enriched pathways were mainly linked to
growth and development, metabolism and hypoxia response that are
associated with the high altitude adaptation of the Chinese monal.

3.4.1. Growth and development
The Chinese monal is the largest of the three monals and, by mass, is

one of the largest pheasants (after the turkeys and the green and Indian
peafowls). Results of the gene family and positive selection analysis
indicated that 11 enrichment pathways were associated with the
growth and development of the Chinese monal. Of these 11, some of the
pathways have direct or indirect relationships as shown in Fig. 3. We
found three important signaling pathways are involved in transduction
and regulation; these were 1) MAPK signaling pathway (Fig. S6), 2)
ErbB signaling pathway (Fig. S7) and 3) Wnt signaling pathway (Fig.
S8). 1) The mitogen-activated protein kinase (MAPK) pathway is in-
volved in various cellular functions, including cell proliferation, dif-
ferentiation and migration [37]. We found CACN, GF and RTK genes in
the classical MAPK pathway were positively selected. Similarly, PTP
and MAFAPK were positively selected and are associated with the
function of p38. 2) Within the ErbB signaling pathway, the ErbB family
is a kind of typical cell membrane receptor and it contains four receptor
tyrosine kinases, structurally related to the epidermal growth factor
receptor (EGFR), involved in regulating cell proliferation, migration,
differentiation, apoptosis and cell mobility [38]. ErbB 4, STAT5 and
p27 are expanded, and AR and GSK-3 are positively selected in the
Chinese monal. 3) The conservative Wnt/β - Catenin pathway regulates
stem cell pluripotency and determines the cell differentiation in the
development. The developmental cascade integrates other signal
pathways, including retinoic acid, fibroblast growth factor (FGF),
transforming growth factor beta (TGF - β) and BMP (BMP), and exists in
a variety of different cell types and tissues [39, 40]. In this pathway, the
wnt gene family has both selected and expanded genes and is a secreted

Table 2
Key genome assembly data of the Chinese monal compared to other sequenced birds.

Species Total sequence length Sequencing technology Number of scaffolds Scaffold N50 (bp) Number of contigs Contig N50 references

Chinese monal 1,012,210,055 NGS 2166 6,956,351 12,778 226,368 –
Turkeya 1,128,339,136 NGS 233,806 3,801,642 296,331 26,671 [31]
Red jungle fowl 1,230,258,557 NGS 23,870 6,379,610 24,693 2,894,815 [32]
Zebra finch 1,232,135,591 NGS 37,422 8,236,790 124,806 38,639 [33]
Ground tit 1,042,997,632 NGS 5406 16,337,386 27,052 165,265 [34]
Duck 1,105,052,351 NGS 78,488 1,233,631 227,449 26,114 [35]

a All the summary statistics of other birds from Enseml 85 release.

Table 3
Repetitive elements statistics in the Chinese monal and three other avian genomes.

Type Chinese monal Turkey Red jungle fowl Zebra finch

Length (bp) Percentage(%) Length (bp) Percentage(%) Length (bp) Percentage(%) Length (bp) Percentage (%)

DNAa 10,133,591 1.0011 9,745,260 0.9176 11,493,786 1.0369 4,518,987 0.3665
LINEs 72,583,572 7.1708 79,690,942 7.5040 101,893,777 9.1922 71,838,312 5.8255
SINEs 3,490,274 0.3448 568,874 0.0536 927,195 0.0836 1,182,807 0.0959
LTR 12,539,167 1.2388 23,659,710 2.2279 48,207,392 4.3490 89,380,177 7.2480
Other 5887 0.0006 2310 0.0002 3483 0.0003 21,094 0.0017
Unclassified 2,174,157 0.2178 741,867 0.0699 1,944,347 0.1764 2,279,044 0.1848
Total 100,926,648 9.9710 98,108,450 9.2382 135,777,107 12.2488 148,766,379 12.0637

a DNA: DNA transposons; LINE: Long Interspersed Nuclear Elements; SINE: Short Interspersed Nuclear Elements; LTR: Long Terminal Repeated Elements.
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glycoprotein. This wnt gene family can be combined with Frizzled
(crimp) receptors, and then with LRP5/6 on the cell surface to form a
complex to regulate downstream genes. The Frizzled family is also ex-
panded and the three upstream genes (GSK-3β, APC, PS-1) of β-catenin
and TBL1 are selected. In addition to these three important pathways,
we found other enrichment pathways such as the ECM-receptor inter-
action (Fig. S9). This ECM-receptor interaction has positively selected,
lineage-specific and gained genes, and works through a variety of sig-
naling pathways in cell cycle regulation, adhesion, migration, and
embryonic development. These expanded gene families and positive
selection play important roles in many aspects of the development and
growth of the Chinese monal.

3.4.2. Metabolism
High altitudes are very cold, thus adaptive thermoregulation is

necessary for normal metabolism and daily activities. The Chinese
monal has 12 enriched pathways of expanded gene families and posi-
tively selected genes associated with carbohydrate and lipid metabo-
lism, and nucleotide and amino acid metabolism. Temperature reg-
ulation is a result of the process of metabolism. The three major
metabolites (carbohydrate, lipid and amino acid) release energy in the
process of oxidation, of which about 50% of the body's energy budget is
used to maintain body temperature. Therefore, our findings of enrich-
ment of xenobiotics metabolism by cytochrome P450, steroid hormone
biosynthesis and retinol metabolism presented in expanded gene fa-
milies are likely to be involved, and advantageous, in allowing the
Chinese monal to live in the cold highlands.

3.4.3. Hypoxia response
The Chinese monal inhabits environments between 3500 and

Fig. 2. Phylogenetic relationship and distance of the Chinese monal and seven other bird species.

Fig. 3. Pathway relationships of expanded gene families and positively selected genes in Chinese monal.
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4500m above sea level (asl) of the Qinghai-Tibet Plateau. Generally,
the saturation of oxyhemoglobin begins to decrease rapidly in the body
above 2100m asl due to lower atmospheric oxygen concentrations
[41]. Animals need to maintain oxyhemoglobin saturation to ensure
sufficient oxygen reaches bodily tissues, therefore it is highly ad-
vantageous for animals to have adaptations to avoid hypoxia and drops
in oxyhemoglobin saturation above 2100m asl. The Chinese monal
lives in environments above this saturation threshold and thus adap-
tations to avoid hypoxia would be crucial for survival at these altitudes.
We found 22 positively selected genes (Table S13) and one species-
specific enriched gene family that are associated with hypoxia, pre-
sumably an adaptation that has (partly) allowed the Chinese monal to
survive in a low oxygen environment. The HIF - 1 signaling pathway is
an important hypoxic response pathway, where HIF-1-α acts as a
master regulator of numerous hypoxia-inducible genes under hypoxic
conditions [42]. The positively selected gene HIF1AN is the HIF-1-α
inhibitor, which is also enhanced in the Tibetan people, Tibetan
chicken, yak and ground tit. The HIF-target genes, VEGF family (vas-
cular endothelial growth factor), ANGPTL4 and ANGPTL5 [43], APOD,
EDNRA [44, 45] were also found under positive selection. These genes
are involved in vasculogenesis (the formation of the circulatory system)
and angiogenesis (the growth of blood vessels from pre-existing vas-
culature) [42, 46, 47]. These genes are advantageous as they increase
O2 delivery, mediate adaptive responses to O2 deprivation and regulate
a series of downstream target genes related to hypoxia response, in-
cluding vasodilatation, nitric oxide synthesis, and cell respiration. The
VEGF signaling pathway were also enriched in the lineage-specific
genes [47, 48]. Of the 22 positive selected genes related to hypoxic
adaptation, EDNRA, ADAM family [43, 49], DNAJ family and other
genes associated with platelet production were also identified under
positive selection.

3.4.4. Melanogenesis
The enrichment of expanded families in the melanogenesis pathway

(Fig. S10) and Wnt signaling pathway are potentially beneficial to
melanin and plumage color regulation in the Chinese monal [50, 51].
The gained genes in the MITF gene family, a downstream signaling gene
of chromatophore, also plays a role in the development, differentiation
and functional regulation of the pigment cell [52]. Two upstream genes,
SCF and CREB, also had positive selection.

4. Discussion

4.1. Adaptation to the climatic conditions of the Qinghai-Tibet plateau

Low temperature, low oxygen and high UV are the three most sig-
nificant climate characteristics of high-altitude environments of the
Qinghai-Tibet plateau. The Chinese monal has inhabited this cold,
harsh and high-altitude environment for millennia and therefore has
acquired many adaptive life strategies for survival. We found many
molecular adaptation mechanisms related to low temperatures, low
oxygen and high UV to enhance the survival of the Chinese monal in its
Qinghai-Tibet plateau environment.

We discovered that the Chinese monal has underlying molecular
mechanism that has evolved in response to low temperatures. We found
an increase of thermogenesis and heat preservation through enhanced
metabolism and increased fat accumulation. The Chinese monal has
enrichment in a series of metabolic activities, which were mainly re-
lated to carbohydrate, lipid and amino acid metabolism. Metabolic
release of energy can ensure that the Chinese monal body is maintained
at a relatively constant temperature and supported by other physiolo-
gical and behavioral temperature regulation mechanisms. The under-
lying molecular mechanism has allowed the Chinese monal to grow
larger and heavier, while maintaining a smaller skin surface area. This
ratio of large mass to smaller surface area (i.e. Bergmann's rule) allows
the Chinese monal to retain heat and expend less energy than an animal

with the same mass but larger surface area. Retention of heat and more
efficient use of energy is an effective survival strategy in the cold and
sparse foraging potential of the Qinghai-Tibet plateau. This is very si-
milar to the survival strategy of the ground tit, another iconic bird of
the Qinghai-Tibet plateau.

Hypoxia adaptation in the Chinese monal is primarily related to the
downstream regulation of blood vessels, hemoglobin and cell respira-
tion through the HIF signaling pathway. The underlying HIF signaling
pathway allows the Chinese monal to utilize lower oxygen concentra-
tions and efficiently transfer oxygen around its body. Some researchers
have suggested that birds have the innate ability of hypoxia adaptation
in their breathing and oxygen transport systems, while other vertebrate
oxygen transport systems are typically poorly adapted to low oxygen
environments [53]. However, we found the same positively selected
gene families in the Chinese monal (e.g. HIFAN, EDNRA) as in other
birds and mammals, suggesting that at least some mammals may also
possess the ability to inhabit low oxygen environments without sig-
nificant adaptation [51]. A few well-known hypoxia adapted genes
found in humans and other mammals (i.e. EPAS1, EGLN1, PTEN and
PPARA) were not identified in the Chinese monal. These data can
provide a good foundation for future comparative analyses of low
oxygen adaptation in birds and mammals (Fig. S11).

Chinese monals have adapted to intense UV radiation via melanin-
related metabolism and signal pathway expansion. We found that the
Wnt pathway plays a crucial role in melanin regulation. The Wnt
pathway is activated by changes in levels of UV radiation and this ac-
tivation eventually leads to the adjustment of melanin content in the
cell. Increased melanin protects cells from UV radiation damage.
Similarly, the Wnt signaling pathway and melanin adjustment is asso-
ciated with feather pigment metabolism in the Chinese monal.

Chinese monals have successfully adapted to the low temperature,
low oxygen and high UV radiation of the Qinghai-Tibet plateau due to
molecular mechanisms regulating carbohydrate, lipid and amino acid
metabolism, efficient oxygen use and transport and effective adjust-
ments to melanin content. This is the first study to identify these un-
derlying molecular mechanisms and can provide a solid foundation,
and reference material, for future research investigating bird and po-
tentially mammal adaptations to high-altitude environments.

In conclusion, we have provided the first genome of the genus
Lophophorus. The quality of de novo assembly and genomic annotation is
good enough to be used as a reference genome for monal species.
Various annotation resources that we have provided can be used to
study comparative analyses between different species, especially in
high-altitude adaptability, diversity of plumage color and molecular
evolution of Galliformes species. Our genomic evolution analyses found
considerable numbers of highland-adaptive genes that may help the
Chinese monal survive in the harsh environment of the Hengduan
Mountains. This research is preliminary and further work is required to
fully explore the evolution of high-altitude adaptation, particularly
comparisons of mammalian and avian adaptation to the Hengduan
Mountains and broader Qinghai-Tibetan Plateau. In addition, con-
siderable conservation effort is still required for the Chinese monal and
that the results from this and future studies can assist in monitoring
population health and conservation action success to recover popula-
tions.
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