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Chromosome-level assembly of 
Pseudopodoces humilis genome: 
A resource for avian evolutionary 
studies
Xinwei Da   1, Yanrui Liu1, Xun Jin2 & Xin Lu2 ✉

Pseudopodoces humilis is a small passerine bird predominantly found in the mid-latitude regions of the 
Tibetan Plateau in Asia. A chromosome-level reference genome assembly for P. humilis was generated 
using PacBio CLR with Hi-C. The final genome assembly spans approximately 1.096 Gb, consisting of 
1,968 contigs with a Contig N50 of 32.246 Mb, and was evaluated to be 95.60% complete using BUSCO. 
Hi-C chromosome mapping resulted in 33 chromosome sequences, which enabled the ordering and 
orientation of 329 contigs, with chromosome lengths ranging from 2.08 Mb to 152.13 Mb, covering 
95.85% of the total genome sequence. Repetitive sequences comprised 144.91 Mb of the genome. 
A total of 381 tRNA, 507 non-coding RNA (ncRNA), and 205 rRNA were identified. In addition, we 
identified 17,108 protein-coding genes and 29,473 proteins, comprising a total of 17,236,726 amino 
acids. This high-quality genome assembly provides a strong genomic foundation for exploring critical 
questions in evolutionary genetics, phylogenomics, and the molecular mechanisms of adaptation - key 
areas for understanding biodiversity and species resilience amidst changing environments.

Background & Summary
The ground tit (Pseudopodoces humilis) is a small passerine bird endemic to the Tibetan plateau. The birds are 
sexually monomorphic in plumage coloration but slightly dimorphic in body size, with adult males (38.7 g) 
being 3.75% heavier than adult females (37.3 g)1. It is the only species within the genus Pseudopodoces and 
belongs to the family Paridae2. This bird was misclassified under the genus Podoces within the Corvidae family. 
However, later research recognized it as a distinct genus, Pseudopodoces, although it initially remained classified 
within Corvidae2. Comparative morphological studies, combined with molecular analyses—including nuclear 
and mitochondrial DNA sequencing—and skeletal morphology, demonstrated its closer evolutionary relation-
ship to species in the Paridae family, prompting its reclassification from Corvidae to Paridae3.

Unlike other members of the Paridae family, the ground tit exhibits several unique morphological features. It 
has a long, curved beak, specialized for digging and foraging in the harsh environment of the Tibetan Plateau4, 
and elongated tarsi that aid in terrestrial mobility5. These distinctive traits are directly linked to its ecological 
niche and have been crucial for its survival in high-altitude environments. Beyond these physical adaptations, 
the ground tit also exhibits complex social behaviors, making it an emerging model species for research in avian 
behavioral ecology and evolution6–12. Molecular studies have revealed that the ground tit’s genome contains 
numerous adaptations for high-altitude survival, such as enhanced oxygen utilization and resistance to hypoxia 
- critical traits for thriving on the Tibetan Plateau13. Although passerines are one of the most species-diverse 
avian groups14, high-quality, chromosome-level genome assemblies are still rare within this clade. Having 
a high-resolution genome assembly for the ground tit is not only vital for understanding its unique adapta-
tions but also serves as a valuable resource for investigating broader evolutionary questions. Furthermore, this 
genome assembly provides an essential foundation for comparative genomics, enabling scientists to study how 
evolutionary pressures have shaped the genomes of species within the Paridae family and beyond.
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The high-quality chromosome-level assembly presented in this study significantly advances our under-
standing of avian genome evolution and paves the way for future research into the evolutionary biology of 
high-altitude species. This assembly provides a robust genomic foundation for investigating key questions in 
evolutionary genetics, phylogenomics, and the molecular mechanisms underlying adaptation - crucial areas for 
comprehending biodiversity and species resilience in the face of changing environments.

Methods
Ethics statement.  All animal handling and experimental procedures were approved by the IACUC of 
Wuhan University Center for Animal Experiment with the code of WP20240520.

Sample collection and sequencing.  Muscle tissue from P. humilis was collected for chromosome-level 
whole genome sequencing. Total RNA was isolated from the muscle using TRIzol reagent (Invitrogen, CA, USA). 
The purity and integrity of the isolated RNA were assessed with spectrophotometer (NanoDrop Technologies, 
DE, USA) and Bioanalyzer 2100 system (Agilent Technologies, CA, USA). To confirm the absence of RNA con-
tamination, samples were also analyzed on a 1.5% agarose gel. The SMRTbell library was prepared using the 
SMRTbell Express Template Prep Kit 2.0 (Pacific Biosciences, CA, USA). Briefly, 5 µg of genomic DNA was first 
subjected to enzymatic treatment to remove single-stranded overhangs, followed by DNA backbone repair to 
address any existing damage, then polished and given an A-overhang. Ligation with T-overhang SMRTbell adapt-
ers was carried out at 20 °C for 60 min. The library’s size distribution and concentration were assessed with the 
FEMTO Pulse automated pulsed-field capillary electrophoresis system (Agilent Technologies, CA, USA) and 
a Qubit 3.0 Fluorometer (Life Technologies, CA, USA). 3 µg of the library underwent size selection using the 
BluePippin system (Sage Science, MA, USA) and removing SMRTbells ≤ 25 kb in size. The library was purified 
once again with 1X AMPure PB beads, and its final size and concentration were confirmed using the FEMTO 
Pulse and Qubit dsDNA HS Reagents Assay Kit. Prior to sequencing, a primer and Sequel II DNA polymerase 
were annealed and bound to the final SMRTbell library. The library was then loaded at a concentration of 35 pM 
via diffusion loading onto a single 8 M SMRT Cell. Sequencing was performed on the Sequel II System using the 
Sequel II Sequencing Kit, with 900-minute runtime movies conducted by Frasergen Bioinformatics Co., Ltd. 
(Wuhan, China). The sequencing generated 147.20 Gb of polymerase reads (Table 1) and 147.07 Gb of subreads 
(Table 2). The distributions of polymerase read lengths and subread lengths are depicted in Fig. 1A,B, respectively.

Genome assembly and quality evaluation.  The draft genome was initially constructed using MECAT2 
(version 20.190.226). Following this, error correction was performed using the GCPP tool with further correc-
tions applied to any residual errors using short-read data in conjunction with Pilon (v1.22)15. The final assembly 
of P. humilis genome spans approximately 1.096 Gb and consists of 1,968 contigs, with a Contig N50 of 32.246 Mb 
(Table 3). CLR subreads were realigned to the final genome using minimap2 (v2.5) to access the accuracy of the 
assemblied genome. The completeness of the assembled genome was evaluated using BUSCO16 with the verte-
brata_odb10 database, resulting 95.60% of the BUSCO evaluation, indicating a highly complete genome assembly 
(Fig. 2). A total of 1.096 Gb of clean read were generated from the Hi-C library and aligned to P. humilis genome 
using BWA (v0.7.17). Hicup software was used to filtered out Invalid reads - including those resulting from 
self-ligation, non-ligation, Start Near Rsite errors, PCR artifacts, random breaks, as well as excessively large or 
small fragments. The 3D-DNA tool was then employed to order and orient these contigs17,18, 1,591 contigs were 
grouped into 33 clusters, as illustrated in Fig. 3. This approach successfully ordered and oriented 329 contigs, cov-
ering a total of 1,051,101,716 bp. As a result, we achieved the first high-quality chromosome-level genome assem-
bly, with chromosome lengths ranging from 2.08 Mb to 152.13 Mb, accounting for 95.85% of the total genome 
sequence.

Analysis of repetitive sequences.  For the homology-based analysis, known transposable elements (TEs) were 
identified using RepeatMasker (version open-4.0.9) with the Repbase TE library19. Additionally, RepeatProteinMask 

Parameters for polymerase reads P. humilis muscle

Polymerase read bases (Gb) 147.20

Polymerase reads number (n) 5,831,297

Polymerase read length (mean) (bp) 25,244

Polymerase read N50 (bp) 39,860

Table 1.  The summary of polymerase reads statistic of P. humilis genome.

Parameters for subreads P. humilis muscle

Subreads base (Gb) 147.07

Subreads number (n) 7,103,405

Average subreads length (bp) 20,704

N50 (bp) 33,096

Table 2.  The summary of subreads statistic of P. humilis genome.
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was employed to search using the TE protein database as a query. For de novo prediction, a custom repeat library for 
P. humilis genome was constructed using RepeatModeler (http://www.repeatmasker.org/RepeatModeler/), which 

Fig. 1  The reads number and length distribution of P. humilis genome. (A) The distributions of polymerase read 
lengths (bp) and reads number. (B) The distributions of subread lengths (bp) and reads number.

Genome version All Chr Contig

Seq. number (n) 1,591 33 1,968

Total length (bp) 1,096,653,306 1,051,101,716 1,096,464,806

N50 (bp) 73,139,925 77,001,048 32,246,491

L50 (n) 5 4 10

N90 (bp) 11,655,000 18,122,542 1,914,166

L90 (n) 21 18 64

Mean (bp) 689,285 31,851,567 557,146

Median (bp) 16,108 20,541,935 20,383

Max (bp) 152,135,500 152,135,500 81,832,680

Min (bp) 1,000 2,082,811 81

GC content (%) 41.32 41.61 41.32

Table 3.  The assembly statistic of P. humilis genome.
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integrates RECON (v1.08)20 and RepeatScout (v1.0.5)21. In addition, we performed de novo searches for long termi-
nal repeat (LTR) retrotransposons using LTR_FINDER (v1.0.7)22. Tandem repeats were identified using the Tandem 
Repeat Finder (TRF) package23. Those non-interspersed repeat sequences, such as low-complexity repeats, satellites, 
and simple repeats, were detected with RepeatMasker. Overall, 144.91 Mb of repeat sequences were identified in P. 
humilis genome. A summary of these repeat sequences is provided in Table 4.

Annotation and analysis of non-coding RNA.  The tRNA genes were identified using the tRNAscan-SE 
algorithm (v1.3.1)24 with default settings. For rRNA identification, rRNA sequences from closely related species 
were first retrieved from the Ensembl database and then aligned to our genome using blastn25,26, applying an 

Fig. 2  The BUSCO assessment results for P. humilis genome. It showed 95.60% of the BUSCO genes were 
complete, indicating a highly complete genome assembly. The indicators used in the assessment are as follows: C 
represents complete BUSCOs, S indicates single-copy BUSCOs, D refers to complete and duplicated BUSCOs, F 
denotes fragmented BUSCOs, and M indicates missing BUSCOs. The total number of BUSCO groups analyzed 
is denoted by n.

Fig. 3  P. humilis genome contig contact matrix was constructed using Hi-C data. The intensity of the red 
coloration indicates the contact density, where darker shades correspond to higher interaction frequencies.
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E-value cutoff of <1e−5, identity ≥85.00%, and match length ≥50 bp. The miRNAs and snRNAs were detected 
using Infernal (v1.1.2)27 by searching against the Rfam (v14.1) database28 with default parameters. Our analysis 
led to the identification of 381 tRNA sequences, with a total length of 28,060 bp and an average sequence length 
of 73 bp. We also identified 507 non-coding RNA (ncRNA) sequences and 205 rRNA sequences. Among the 
rRNA genes, the 5S rRNA was the most prevalent, with 98 sequences totaling 11,584 bp and an average length of 
118.2 bp. Within the ncRNA category, 197 miRNAs were identified, with a combined length of 16,343 bp and an 
average length of 82.96 bp. Detailed statistics for the identified rRNA and ncRNA in P. humilis genome are sum-
marized in Tables 5, 6, respectively.

Annotation and analysis of protein coding genes.  Protein-coding genes in P. humilis genome 
were predicted using three complementary approaches: ab initio prediction, homology-based prediction, and 
RNA-Seq-assisted prediction. For ab initio prediction, Augustus (v3.3.1)29–31 and Genescan32 were used, utilizing 
gene models trained on high-quality proteins derived from the RNA-Seq dataset. Homology-based prediction 
was carried out with Exonerate (v2.2.0)33 by aligning known protein sequences to the genome and predicting 
coding genes using default settings. Finally, Maker (v3.00)34 was used to integrate the results from all three 
approaches, producing consistent, non-overlapping gene models to define the final gene structures. In total, 
17,108 protein-coding genes were identified in the assembled P. humilis genome, with an average gene length of 
28,058.77 bp. Additionally, 29,473 proteins were identified, comprising a total of 17,236,726 aa, with an average 

Type Number of elements (n) Length of sequence (bp)

LTR

Gypsy 18,182 2,739,338

ERV1 27,098 13,464,785

Unknown 40,542 12,270,369

ERVL 39,467 16,399,229

ERVK 25,474 11,876,272

Other 8,957 782,235

LINE

CR1 146,649 40,241,662

Unknown 6,477 1,881,996

Other 24,347 2,003,364

SINE Other 9,205 993,680

DNA
Unknown 21,007 4,670,236

Other 68,543 5,608,002

RC Other 4,060 495,629

MITE Unknown 3,488 1,483,686

Tandem Repeats
Tandem repeat 144,353 16,895,908

SSR 71,051 819,825

Simple repeats 14,099 3,689,369

Unknown 15,100 3,694,188

Other 6,020 4,435,342

Low complexity 2,272 473,424

Total Repeats 696,391 144,918,539

Table 4.  The summary of repeat sequence statistics of P. humilis genome.

Type of rRNA Number (n) Average length (bp) Total length (bp)

18S 7 1,822.00 12,754

28S 12 4,309.25 51,723

5S 98 118.20 11,584

5.8S 10 151.90 1,519

8S 78 114.03 8,894

Table 5.  The summary of rRNA identified in P. humilis genome.

Type of ncRNA Number (n) Average length (bp) Total length (bp)

other 81 230.17 18,644

snRNA 189 110.47 20,879

miRNA 197 82.96 16,343

spliceosomal 40 149.80 5,992

Table 6.  The summary of ncRNA identified in P. humilis genome.
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protein length of 584.83 aa, and a coding sequence GC content (CDS_GC) ratio of 0.54. The summary of the pre-
dicted protein-coding genes is provided in Table 7. The completeness of the predicted protein-coding genes was 
assessed using BUSCO with the vertebrata_odb10 database, resulting in a completeness score of 95.40% (Fig. 4).

Functional annotation and analysis of protein coding genes.  Gene functions were inferred based 
on alignments with the best matches from multiple databases, including the NCBI Non-Redundant (NR) protein 
database, SwissProt35, TrEMBL35, and InterPro36, using BLASTP (NCBI BLAST v2.6.0+)25,26 with an E-value 
threshold of 1E−5. In addition, gene function annotations were conducted using the Kyoto Encyclopedia of Genes 

Descriptions Number

Gene number (n) 17,108

Gene total length (bp) 480,029,477

Gene average length (bp) 28,058.77

Protein number (n) 29,473

Protein total length (aa) 17,236,726

Protein average length (aa) 584.83

CDS_GC ratio 0.54

Table 7.  The summary of predicted protein-coding genes in P. humilis genome.

Fig. 4  The protein-coding gene BUSCO assessment for P. humilis genome using vertebrata_odb10. It showed a 
completeness score of 95.40%. Indicator: C, indicates complete BUSCOs; S, single-copy BUSCOs; D, complete 
and duplicated BUSCOs; F, fragmented BUSCOs; and M, missing BUSCOs; n, total number of BUSCO groups 
analyzed.

Database Annotated number (n) Annotated ratio (%)

Pfam 23,452 79.00

SwissProt 25,256 85.00

GO 15,389 52.00

KEGG 17,906 60.00

COG 6,606 22.00

TrEMBL 26,638 90.00

Nr 27,281 92.00

KOG 19,152 64.00

Total 27,368 92.00

Table 8.  The summary of functional annotation of protein-coding genes in P. humilis genome.
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and Genomes (KEGG) database37. Gene Ontology (GO) IDs were assigned through Blast2GO38. Protein domain 
identification was performed using PfamScan36 and InterProScan (v5.35–74.00)39 by referencing the InterPro 
protein database. Motifs and domains in the gene models were identified using the Pfam database28. In total, 
approximately 27,368 protein-coding genes (around 92.00%) of P. humilis genome were successfully annotated 
with known functions, conserved domains, and Gene Ontology terms. The detailed functional annotation of 
protein-coding genes is summarized in Table 8.

For KOG annotation, the top five categories with the highest number of annotated genes were: signal trans-
duction mechanisms (3,428), posttranslational modification, protein turnover, chaperones (1,481), transcrip-
tion (1,488), intracellular trafficking, secretion, and vesicular transport (1,072), and cytoskeleton (775). In the 
GO functional annotation, the molecular function category was dominated by the terms binding (57.91%) and 

Fig. 5  The top five GO terms with the highest number of annotated genes across the molecular function, 
cellular component, and biological process categories in P. humilis genome.

Fig. 6  The top KEGG classifications with the higher number of annotated genes across these five categories in P. 
humilis genome.
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catalytic activity (28.46%). In the cellular component category, membrane part and cell represented 39.74% and 
22.07% of annotated genes, respectively. In the biological process category, cellular process (20.51%) and meta-
bolic process’ (31.52%) were the most highly represented terms. Figure 5 illustrates the top five GO terms with 
the highest percentage of annotated genes across the molecular function, cellular component, and biological 
process. For KEGG annotation, 1,165 genes were categorized under cellular community – eukaryotes. The sig-
nal transduction category included 6,137 annotated genes, while 767 genes were linked to folding, sorting, and 
degradation. In the metabolism classification, 903 genes were related to lipid metabolism, and 818 were involved 
in carbohydrate metabolism. Moreover, 2,522 genes were annotated under the endocrine system and 2,015 genes 
under the immune system. Figure 6 depicts the top KEGG classifications with the highest number of annotated 
genes across these five categories.

Data Records
The chromosome assembly data has been uploaded and deposited in NCBI GeneBank under accession number 
GCA_049639895.140. The genome assembly and annotation files have been submitted to figshare database41. 
The BioProject and BioSample accession number for P. humilis was PRJNA118206942 and SAMN4458034543, 
respectively. Furthermore, the RNA-sequencing data was deposited with accession number of SRR3148548144. 
The whole genome shotgun data was deposied in NCBI with accession number of JBJMBD000000000.145. In 
addition, PacBio and Hi-C data have been uploaded and deposited in the NCBI SRA under accession numbers 
of SRR3148548246 and SRR3148548347, respectively.

Technical Validation
To ensure the accuracy of the sequencing data, a series of quality control checks were performed on the samples 
prior to library construction. The genomic DNA concentration was precisely measured and the Qubit readings 
were compared with NanoDrop measurements to further verify sample purity. Only samples that met all quality 
standards proceeded to library preparation. The completeness of the assembled genome was evaluated using 
BUSCO (v3.1) with the vertebrata_odb10 database.

Code availability
No custom scripts or codes were used in the management and verification of the data sets in this study. All 
software and pipelines used for data processing were executed according to the manuals and protocols of the 
bioinformatics software cited above. The specific parameters were described if the default parameters were not 
applied for data analysis.
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