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A B S T R A C T

The Muscovy duck (Cairina moschata) is an excellent lean-type poultry species characterized by large body 
weight, rapid growth, high lean meat yield, good liver production performance, and high feed conversion effi
ciency. It plays an important role in modern poultry industry. However, the quality of the currently available 
Muscovy duck genome remains limited. Here, we report the de novo sequencing and assembly of the Muscovy 
duck genome using PacBio and Hi-C technologies. The total length of the genome assembly was 1270.04 Mb, the 
contig N50 was 6.56 Mb, and the scaffold N50 was 77.04 Mb and it was composed of 39 chromosomes. BUSCO 
evaluation showed that 95.2% of conserved genes were completely assembled in the Muscovy duck genome, 
indicating high completeness of the assembly results. The genome annotation results showed that the proportion 
of repetitive sequences was 22.14%, 16,901 coding genes were predicted, and 93.4% of the genes were func
tionally annotated. Comparative genomic analysis revealed that expanded gene families were associated with 
immune-related pathways in Cairina moschata. Cairina moschata was closely related to Anas platyrhynchos and 
Aythya fuligula, both of which belong to the family Anatidae. These results provide valuable resources for poultry 
genomic breeding programs.

Introduction

Muscovy ducks (Cairina moschata) are native to tropical regions of 
Central and South America. As an important duck br./eed worldwide, 
Muscovy duck has the advantages of fast growth, ease of management, 
strong disease resistance, high meat yield, unique meat quality, good 
performance of fat liver production, and high feed efficiency, which is 
favored by the majority of farmers and consumers, and has a good 
market prospect (Bello et al., 2021; Xu et al., 2022b; Ye et al., 2019). 
Muscovy duck has a higher weight gain rate and feed conversion rate, 
and it is resistant to rough feeding, easy to raise, more resistant to dis
ease and environmental hazards, and has better economic performance 
(Bello et al., 2022; Ju et al., 2023; Ye et al., 2017).

PacBio SMRT technology is based on the principle of while 
sequencing-by-synthesis and uses SMRT cells as sequencing carriers 
(Deamer et al., 2016; Korlach et al., 2010; Xiao et al., 2019; Zhang et al., 
2019b). Fluorescent labeled dNTP are excited by a laser, and bases are 
identified according to their distinct fluorescence signals. Circular 
Consensus Sequencing Mode (CCS) generates highly accurate consensus 
sequences from multiple subreads of the same DNA molecule, with ac
curacy exceeding 99% (Q20) (Ning et al., 2018; Schmidt et al., 2017; 
Tan et al., 2018). High-throughput chromosome conformation capture 
(Hi-C) is a technique used to investigate genome-wide chromatin in
teractions (Berkum et al., 2010; Choi et al., 2020; Suryamohan et al., 
2020; Zhang et al., 2019a). By combining 3C technology and 
high-throughput sequencing technology, Hi-C enables the analysis of 
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spatial chromatin interactions and the three-dimensional organization 
of the genome, thereby providing genome-wide chromatin interaction 
information (Austin et al., 2017; Berkum et al., 2010; Jain et al., 2018; 
Michael et al., 2018; Mondal et al., 2017).

In this study, we performed a de novo assembly of a chromosome- 
level genome of the Muscovy duck. We aimed to sequence, assemble, 
and annotate the Muscovy duck genome. This genome assembly will 
provide a valuable resource for biological research and breeding 
improvement of this species .

Materials and methods

Ethics Statement

Approval for animal use was obtained from the Animal Protection 
and Utilization Committee of South China Agricultural University 
(Guangzhou, People's Republic of China) (Approval number: 2023f271). 
All procedures were conducted in accordance with the Regulations for 
the Administration of Affairs Concerning Experimental Animals of The 
State Council of China. All animals were handled in accordance with 
institutional guidelines to minimize stress and suffering.

Sample collection and short-read Illumina sequencing

A Blood sample was collected from a 29-week-old female Muscovy 
duck (from Renma Farm of Guangdong Wenshi Nanfang Poultry 
Breeding Co., LTD) for whole genome sequencing. PacBio libraries were 
constructed and sequenced using the PacBio Sequel II/IIe platform (htt 
ps://github.com/PacificBiosciences/ccs). A total of 146 GB of clean 
data were generated and used for genome assembly of Cairina moschata, 
and the raw data has been uploaded to BIG Submission (https://ngdc. 
cncb.ac.cn/gsub/) (GSA number: CRA013446, Project: 
PRJCA021188). RNA was isolated from different organs (pituitary, liver, 
hypothalamus, oviduct, pectoral muscle, ovary, spleen, cerebrum, cer
ebellum, and leg muscle), and RNA-seq libraries were constructed from 
the same individual. After quality control, clean reads were used for 
transcriptome assembly and subsequent genome annotation.

Genome size estimation

Raw sequencing date were processed for quality control, including 
filtering, decontamination, and error correction. The statistical results 
include sequencing read number, data yield, sequencing error rate, Q20, 
Q30, GC content, etc. To obtain a preliminary estimate of genome size, 
K-mer analysis was used to estimate genome size (Marcais and King
sford, 2011; Vurture et al., 2017).

PacBio sequencing and Hifiasm assembly

For the de novo assembly of Muscovy duck, PacBio SMRT sequencing 
was performed. A key to PacBio’s SMRT technology is how to distinguish 
the reaction signal from the strong fluorescent background of the sur
rounding free bases. Hifiasm (0.16.1) is a fast haplotype-resolved de 
novo assembly tool designed for PacBio Hifi reads. The assembly mode 
of Hifiasm refers to the specific assembly strategy and parameter 
configuration selected based on the sequencing data type, the avail
ability of auxiliary data, and the complexity of the target genome, in 
order to achieve accurate genome reconstruction and haplotype reso
lution. Unlike most existing assembly software, Hifiasm starts with an 
uncollapsed genome and is therefore able to retain haplotype informa
tion as much as possible. Hifiasm supports both primary assembly and 
trio-binning assembly. Genome completeness was assessed using BUSCO 
(http://busco.ezlab.org/) with Metaeuk and Hmmer pipelines.

Hi-C assembly of the chromosome level genome

Hi-C technology mainly cross-links DNA fragments near the spatial 
structure, and enriches the cross-linked DNA fragments, and then carries 
out high-throughput sequencing, and analyzes the sequencing data to 
reveal the interactions between chromosome fragments in the whole 
genome. The general structural features of the genome can be revealed 
by Hi-C technology (Rao et al., 2014; Wingett et al., 2015). By pruning 
the cross-linking signals between homologous chromosomes, the alleles 
and homologous sequences were separated into their respective haplo
types and assembled independently. According to the Hi-C data, the 
interaction signals between contigs were calculated, and the signal 
strength relationship was used to group. Through genetic algorithm 
random optimization, contigs in each group were ordered and oriented, 
and finally chromosome-level assembly was obtained and heat maps 
were drawn.

Repeat sequence annotation

Repeat sequences can be divided into Interspersed repeats and 
Tandem repeats. Homologous sequence alignment method of Muscovy 
duck genome was based on repeat sequence database (commonly used 
RepBase database, http://www.girinst.org/repbase/), using Repeat
proteinmask (http://www.repeatmasker.org/). Known repetitive ele
ments were identified using RepeatMasker and RepeatProteinMask 
based on the Repbase database. RepeatModeler (http://www.repeat 
masker.org/RepeatModeler.html), LTR_FINDER (http://tlife.fudan. 
edu.cn/ltr_finder/) (Xu and Wang, 2007) and RepeatScout 
(http://www.repeatmasker.org/) and were used to build the de novo 
repeat sequence libraries.

Gene structure annotation

Gene models were constructed by integrating homology-based pre
diction, RNA-seq evidence, and de novo prediction (Haas et al., 2008; 
Stanke et al., 2006b). Homologous prediction refers to the inference of 
homologous relationships between different species or different gene 
sequences in the same species by comparing them. By using Genewise 
(http://www.ebi.ac.uk/~birney/wise2/) (Birney et al., 2004), Blast 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi), and other than software to 
predict gene structure. De novo prediction is an important method that 
can help better understand the structure of genes. Commonly used 
prediction software include SNAP (http://homepage.mac.com/ia 
nkorf/), GlimmerHMM (http://ccb.jhu.edu/software/glimmerhmm/) 
(Majoros et al., 2004), Augustus (http://bioinf.uni-greifswald.de/august 
us/) (Stanke et al., 2006a), and etc. Other evidence supporting the 
prediction was to use the homologous species of EST or cDNA data, gene 
structure was predicted by Blat comparison (http://genome.ucsc.edu/cg 
i-bin/hgBlat).

Gene function annotation

Gene functions was annotated by comparing predicted protein se
quences against public databases. Such as KEGG (http://www.genome. 
jp/kegg/), SwissProt database (http://www.uniprot.org/), Nr (http:// 
www.ncbi.nlm.nih.gov/protein), Pfam (http://pfam.xfam.org/), and 
InterPro (https://www.ebi.ac.uk/interpro/),.

Noncoding RNA annotation

Non-coding RNAs, including tRNA, rRNA, miRNA, and snRNA, were 
annotated. Here, we used tRNAscan-SE software to find tRNA in the 
genome. Search for rRNA in the genome through Blast comparison. 
Using Rfam family covariance model, adopting Rfam own INFERNAL 
(http://infernal.janelia.org/) software of microRNAs in the genomes of 
predictable and snRNA sequence information (Griffiths-Jones et al., 
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2005).

Phylogenetic and collinearity analyses

In the study of biological evolution and phylogeny, phylogenetic 
trees are commonly used to infer evolutionary relationships among 
various organisms (Abascal et al., 2005; Benton and Donoghue, 2007; 
Posada, 2008). I In this study, we determined the evolutionary tree by 
comparing Cairina moschata with 11 other species (Rissa tridactyla, Anas 
platyrhynchos, Anser cygnoides, Gallus gallus, Cygnus olor, Cygnus atratus, 
Eurypyga helias, Aquilachrysaetos chrysaetos, Oxyura jamaicensis, Aythya 
fuligula and Meleagris gallopavo). Through all the single copy gene fam
ilies for MUSCLE, (http://www.drive5.com/muscle/) (Edgar, 2004), 
then combined all the comparison results together, form a super align
ment matrix (Li et al., 2003). Finally, we used RAxML 7.2.9 software to 
build phylogenetic TREE based on the sequence comparison results 
using maximum likelihood method (ML TREE) (Guindon and Gascuel, 
2003; Guindon et al., 2010; Yang, 2007; Zhang et al., 2005).

Genomes of Anas platyrhynchos (GCA_008746955.1) was selected for 
comparison with the genome of Cairina Moschata using BLASTP. 
Collinear blocks were identified using McscanX to generate circle plots.

Results

Genome size estimation

Genomic DNA from a 29-week-old Cairina moschata individual 
(Fig. 1), which was provided by Renma Farm of Guangdong Wenshi 
Nanfang Poultry Breeding Co., LTD, was used for genome sequencing 
(Fig. 2a).

According to the results of survey analysis, the major peak was 
observed at a sequencing depth of ~57 in Fig. 2d. The estimated genome 
size was approximately 1,315.47 Mbp, corrected genome size was 
1,289.98 Mbp. And heterozygosity rate was 0.78%, proportion of 
repeated sequences was 40.67%.

Chromosomal-level genome assembly

Using the obtained Hi-C data, contig and scaffold sequences were 
anchored to the near-chromosome level using Allhic software. After 
that, sequences were manually corrected using JuiceBox to obtain the 
genome at the chromosome level (Fig. 2c). The genome was sequenced 
using the PacBio platform, and de novo assembly was performed on the 
duck genome using the 146.00 G sequencing data. Then, we used Hi-C 
technology to assemble Cairina moschata genome and made the 
genome reach chromosome level. The obtained chromosome and 

genome results were as follows: the total length of contig was 1.27 Gbp, 
and the length of contig N50 was 6.56 Mbp; The total length of the 
scaffold was 1.27 Gbp and the length of the scaffold N50 was 77.04 Mbp 
(Table 1). The genome assembly had 39 chromosomes (Supplementary 
Table S1), which is more than the number of chromosomes in the Cairina 
moschata (GCA_009194515.1), and the genome mounting rate was 
90.68% (Supplementary Table S2). The average GC content was 
41.93%, and the gene density of the entire genome was about 3 genes 
per 100 kb (Fig. 2b).

BUSCO analysis showed that 95.2% of BUSCO genes were assembled 
in Muscovy duck genome, indicating that the assembly was of high 
completeness (Table 2).

Repetitive sequence annotation

Repeatmasker and Repeatproteinmask were used to identify the 
sequence that were similar to the known repeat sequence, identifying 
281.24 Mbp of repetitive sequences, accounting for 22.14% of the whole 
genome sequence (Table 3). Then, the repetitive sequences comprised 
DNA transposons in 1.38 Mbp (0.11% of the assembly), long inter
spersed nuclear elements in 137.07 Mbp (LINEs: 10.79%), long terminal 
repeats in 168.80 Mbp (LTRs: 13.29%), short interspersed nuclear ele
ments in 0.10 Mbp (SINEs: 0.01%), and unknown repeats in 20.19 Mbp 
(1.59%) (Table 4).

Gene structure and function annotation

B Based on the results of homology prediction, transcriptome- 
assisted, and de novo sequencing, 16,901 genes were predicted 
(Table 5). We compared the statistics of the predicted gene models with 
Anas platyrhynchos and Cairina moschata (from NCBI), which showed 
similar distribution patterns in different genetic elements (Fig. 3). In 
comparison, the genome we assembled contains a greater number of 
annotated genes and a longer average transcript length. This indicates 
that our assembly is more comprehensive and complete, and therefore 
more reliable as a reference genome.

Protein sequences predicted by gene structure were compared to 
known protein libraries (Kent, 2002). We also mapped gene sets to 
KEGG pathways. As a result, 85.90%, 88.80% and 80.10% of the pre
dicted genes received positive hits in the Swissprot, Nr and KEGG da
tabases, respectively. Then, a total of 15783 genes (93.40% of all 
predicted genes) were successfully annotated (Supplementary Table S3).

Non-coding RNA annotation

For non-coding genes, 330 miRNAs and 386 snRNA were identified 
by using Rfam own INFERNAL (http://infernal.janelia.org/). In total, 
1,110 rRNA were identified by blast. Finally, 458 tRNA were identified 
(Supplementary Table S4).

Gene family clustering and phylogenetic analysis

14,733 gene families with an average of 1.23 genes per family were 
identified in the Cairina moschata genome (Supplementary Table S5). 
The homologous genes among the above-mentioned genomes were 
classified by OrthoMCL (http://orthomcl.org/orthomcl/) (Li et al., 
2003), and 6,899 single-copy genes were identified in the Cairina 
moschata genome (Supplementary Fig. S1). Based on phylogenetic 
analysis of single-copy gene families, Cairina moschata was closely 
related to Anas platyrhynchos and Aythya fuligula, both of which belong 
to the family Anatidae. Divergence times between Cairina moschata and 
other species were estimated, and we found that Cairina moschata 
diverged approximately 38.8 million years ago from the common 
ancestor with the lineage of Aythya fuligula and Anas platyrhynchos 
(Fig. 4a).

The genome collinearity analysis in Cairina moschata and Anas Fig. 1. Photograph of a 29-week-old Cairina Moschata.
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platyrhynchos was shown in Fig. 4b. A total of 296 synteny blocks and 
25696 genes in all blocks were detected in Cairina moschata and Anas 
platyrhynchos versus (Supplementary Table S6). Thus, these data sug
gested that the genetic order of these two species was highly conserved.

Discussion

With economic development and the improvement of people’s living 
standards, waterfowl meat, characterized by high protein and low fat 
content, is increasingly favored by consumers, thereby promoting the 
rapid development of waterfowl breeding industry in our country 

(Fournier et al., 1997; Xu et al., 2022a; Yang et al., 2017). Muscovy duck 
is one of the main duck breeding breeds in China after Beijing duck and 
Cherry Valley duck. Waterfowl breeding in China has obvious regional 
characteristics. At the same time, waterfowl breeding and breeding have 
broad development prospects and progress potential. In this study, we 
generated a high-quality chromosome-level genome assembly for Mus
covy duck using a combination of Illumina, PacBio, and Hi-C sequencing 
technologies. By using Hi-C, total length of the genome assembly was 
1270.04 Mbp, the contig N50 was 6.56 Mbp, the scaffold N50 was 77.04 
Mbp and it was composed of 39 chromosomes. The BUSCO analysis 
results were superior to those of the previous assembly (95.2%) (Xu 
et al., 2022b), indicating that the Muscovy duck genome assembled in 
this study exhibits higher continuity and completeness. Similarly, 
compared with previous studies, we annotated a greater number of 
protein-coding genes (16,901). In addition, the numbers of non-coding 
RNA genes identified—including miRNAs (330), snRNAs (386), rRNAs 
(1,110), and tRNAs (458)—were all higher than those reported in pre
vious studies (Xu et al., 2022b), suggesting that our annotation is more 
comprehensive and informative.

Fig. 2. Genome size estimation and assembly. (a) Pipeline used for assembly of the Muscovy duck genome. (b) The characteristics of morphology and genome of 
Cairina moschata. (c) Hi-C contact map of Cairina moschata. (d) Graph of k-mer frequency distribution (k = 17) generated from 127Gbp of sequencing data of 
Cairina moschata.

Table 1 
Statistics of the Cairina moschata genome assembly.

Seq type Contig length Scaffold length Contig 
number

Scaffold 
number

Total 1,270,037,933 1,270,076,933 723 333
Max 36,662,637 206,624,101 - -
Number≥2000 - - 723 333
N50 6,555,063 77,040,014 44 5
N60 4,462,428 36,711,912 66 8
N70 2,906,860 22,387,498 101 12
N80 1,669,589 15,170,058 158 19
N90 871,516 4,548,245 261 35

Table 2 
BUSCO analysis results of the Cairina moschata genome.

Percentage

Complete BUSCOs (C) 95.2%
Complete and single-copy BUSCOs (S) 94.3%
Complete and duplicated BUSCOs (D) 0.9%
Fragmented BUSCOs (F) 1.8%
Missing BUSCOs (M) 3.0%
Total BUSCO group searched 100

Table 3 
Statistics of repetitive sequences in the Cairina moschata genome.

Type Repeat Size(bp) % of genome

Trf 56,652,251 4.46
Repeatmasker 266,720,668 21.00
Proteinmask 67,217,426 5.29
Total 281,239,572 22.14

Note: TRF: Results of tandem repeats predicted using TRF; Repeatmasker: 
Through LTR_FINDER, RepeatScout and RepeatModeler, the De novo repeat 
sequence library was built, and then predicted by Repeatmasker software; Pro
teinmask: Compare the genome sequence with the transposon library that comes 
with RepeatProteinMasker to predict the repeat sequence; Total: The results 
obtained by the above various methods are non-redundant results after 
removing the overlapping parts between them.
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Similarly, several studies have assembled the genomes of other duck 
breeds. Compared with previous studies, our contig N50 and scaffold 
N50 values were slightly lower than those reported for Liancheng ducks, 
and both the BUSCO scores and the number of annotated protein-coding 
genes were also lower (Wang et al., 2025). In contrast, for the Pekin 

duck, our contig N50 and scaffold N50 values were slightly higher than 
those reported previously, and the BUSCO scores were also improved 
(Yu et al., 2023). These differences may be attributed to breed-specific 
genomic characteristics as well as variations in sequencing technolo
gies and assembly strategies.

Table 4 
Repeat sequence classification result statistics.

Denovo+Repbase TE Proteins Combined TEs

Length(bp) %in Genome Length(bp) %in Genome Length(bp) %in Genome

DNA 1,344,249 0.11 90,579 0.01 1,378,833 0.11
LINE 112,286,119 8.84 58,006,120 4.57 137,067,967 10.79
SINE 102,563 0.01 0 0 102,563 0.01
LTR 167,043,880 13.15 9,145,650 0.72 168,799,401 13.29
Unknown 20,191,243 1.59 0 0 20,191,243 1.59
Total 266,720,668 21.00 5.29 5.29 270,342,080 21.29

Note: LINE (long interspersed nuclear elements): long interspersed repeat sequence, the length of the repeat sequence unit is more than 1000 bp; SINE (short 
interspersed nuclear elements): short interspersed repeat sequence, the length of the repeat sequence unit is less than 50 bp; LTR(long terminal repeats): Long terminal 
repeats exist on both sides; Unknown: indicates that the repeat sequence cannot be classified by RepeatMasker; Total: The results obtained by various categories, 
excluding the overlapping parts between them.

Table 5 
Statistics of gene predictions in the Cairina moschata.

Gene set Number Average gene length 
(bp)

Average CDS length 
(bp)

Average exons per 
gene

Average exon length 
(bp)

Average intron length 
(bp)

De novo Augustus 16,762 19,320.12 1,514.22 8.76 172.77 2,293.22
GlimmerHMM 143,236 6,484.01 536.87 3.17 169.44 2,742.48
SNAP 54,263 32,840.92 716.33 6.1 117.41 6,297.81
Geneid 28,588 26,538.54 1,282.4 6.91 185.48 4,270.53
Genscan 37,626 22,390.98 1,408.83 8.31 169.45 2,868.74

Homolog Apla 9,304 17,911.71 1,433.82 8.5 168.69 2,197.15
Cmos 9,286 20,644.67 1,597.44 9.34 171.06 2,284.32

RNAseq transcripts 35,960 50,294.63 5,130.57 13.28 386.28 3,677.27
PASA 27,394 20,076.32 1,293.2 7.49 172.59 2,892.96

EVM 19,066 21,427.01 1,489.77 8.91 167.27 2,521.65
Pasa-update 18,899 24,082.42 1,532.94 9.1 168.4 2,782.87
Final set 16,901 26,153.89 1,637.78 9.84 166.43 2,773.16

Note: Denovo: Using Augustus, GlimmerHMM, SNAP, Geneid and Genscan software to predict gene structure; RNAseq: Annotating gene structure using transcriptome 
data; PASA was predicted by combining Trinty assembly results of transcriptome. The Transcripts were predicted by the transcriptome combined with the reference 
genome; EVM: The result of integrating the results of Denovo annotation, homologous annotation and RNA annotation; Pasa-update: result of correction according to 
PASA; Final set: The final result of functional gene annotation.

Fig. 3. Comparisons of the predicted gene models between the Anas platyrhynchos, Cairina moschata (from NCBI) and Cairina moschata.
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In addition, in Cairina moschata, lipid metabolism, liver development 
and immune regulation are coordinately controlled by several key 
genes. For lipid metabolism, ACACA,SCD, and CPT1A are involved in 
fatty acid synthesis, desaturation, and β-oxidation, respectively (Zhang 
et al., 2023). For liver development, PCK1 is involved in the process of 
liver gluconeogenesis (Zhang et al., 2023). For immune response, 
DDX58, TLR3, and Mx1 are involved in innate immune signaling and 
antiviral defense (Huang et al., 2013). Future studies will leverage the 
newly assembled Muscovy duck genome to further elucidate the func
tions and regulatory mechanisms of these key genes. In addition, 
comprehensive comparative genomic analyses will be performed, 
including synteny-based functional enrichment and the characterization 
of species-specific gene families, to provide deeper insights into the 
evolutionary features and molecular basis of trait differentiation.

Conclusion

Our genome assembly and annotation provides the genome of the 
Muscovy duck, these genomic variations and their functional annotation 
will maybe facilitate accurate genetic analysis and accelerate Muscovy 
duck genome breeding programs.
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