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Chromosome-level Genome 
Assembly of the Tibetan Medicinal 
Plant Duyiwei (Phlomoides rotata)
Zhongqiong Tian1,2, Junwei Wang1,2, Zhefei Zeng1,2, Jinfang Chen1,2, Ticao Zhang   3 ✉  
& Qiong La1,2,3 ✉

Phlomoides rotata (Duyiwei), a threatened Tibetan medicinal plant with anti-inflammatory and 
analgesic properties, has an understudied genome. We generated a chromosome-level assembly of 
its 4.12 Gb genome using Oxford Nanopore, PacBio HiFi, Illumina, and Hi-C sequencing, anchoring 
22 pseudochromosomes (contig N50 = 173.16 Mb, scaffold N50 = 191.90 Mb). Annotation identified 
70,881 protein-coding genes (99.3% complete via BUSCO). Comparative genomic analyses provide 
insights into the phylogenetic relationships of P. rotata. These data provide insights into high-altitude 
adaptation, bioactive compound biosynthesis, and evolutionary history, supporting conservation and 
drug development efforts.

Background & Summary
Phlomoides rotata (P. rotata), a perennial herbaceous plant within the Lamiaceae family, occupies a highly spe-
cialized ecological niche. It is primarily distributed in meadows and along riverbanks at elevations ranging from 
3,100 to 5,000 meters, with its range concentrated in the provinces of Gansu, Qinghai, Sichuan, Yunnan, and 
the Tibet Autonomous Region1. In traditional Tibetan medicine, P. rotata is widely recognized as ‘Daba’ and 
‘Dabubba’. However, its restricted wild growth and narrow distribution in high-altitude regions render it par-
ticularly vulnerable1,2. The increasing demand for P. rotata, driven by its significant pharmacological properties, 
has resulted in overharvesting. This anthropogenic pressure has critically endangered its survival, qualifying it 
as a candidate for inclusion in the list of diploid endangered species (2n = 2X = 22) on the Qinghai-Tibet Plateau 
(QTP)3. Understanding the genetic basis of P. rotata is essential not only for advancing our knowledge of its 
unique biological traits but also for developing effective conservation strategies to protect this valuable resource.

In recent years, genomic research within the Lamiaceae family has experienced significant growth. The 
genomes of several economically important species, widely used in medicine, cuisine, and the fragrance indus-
try, have been sequenced and published. Notable examples include Salvia officinalis, Salvia bowleyana, Salvia 
rosmarinus, Lavandula angustifolia, Leonurus japonicus (L. japonicus), Prunella vulgaris, and Pogostemon cab-
lin (P. cablin). These studies have provided valuable insights into the genetic mechanisms underlying second-
ary metabolite production, physiological adaptations, and evolutionary relationships4–10. Despite advances in 
family-wide genomic studies, P. rotata remains relatively underexplored at the genomic level. Current research 
on this species has predominantly focused on its chemical composition, pharmacological properties, clinical 
applications, and chloroplast genome1,2,11–17. The lack of a complete genome has impeded a thorough under-
standing of its genetic architecture, including genes associated with bioactive compound biosynthesis and the 
genetic mechanisms facilitating adaptation to high-altitude environments. According to the 2015 edition of the 
Pharmacopoeia of the People’s Republic of China, P. rotata demonstrates a broad spectrum of pharmacologi-
cal activities, including hemostatic, analgesic, anti-inflammatory, anti-tumor, and immune-enhancing effects. 
The plant’s natural products comprise a rich array of bioactive compounds, including flavonoids, cycloartane 
glycosides, phenylethanoid glycosides, and volatile oils18,19. Flavonoids, ubiquitous secondary metabolites in 
the plant kingdom, have been extensively studied for their pharmacological properties. Modern research has 
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demonstrated their anti-inflammatory, antioxidant, antiviral, antitumor, and antibacterial activities20,21. These 
effects are attributed to their capacity to modulate cellular signaling pathways, scavenge free radicals, and 
interact with critical molecular targets. Phenylethanoid glycosides, another significant class of compounds in  
P. rotata, have also demonstrated notable pharmacological potential. Numerous studies have documented their 
antibacterial, memory-enhancing, immune-boosting, antiviral, antitumor, antioxidant, hepatoprotective, and 
cardioprotective properties21,22. The complex structures and diverse biological activities of phenylethanoid gly-
cosides render them promising candidates for drug development. The volatile oils in P. rotata contain active 
components, including long-chain fatty acids (LCFAs) and their esters, such as palmitic acid, linoleic acid, and 
linoleic acid ethyl ester. Extensive research has demonstrated that these volatile oils exhibit anticancer effects 
through multiple mechanisms, including apoptosis induction, angiogenesis inhibition, and immune response 
modulation23.

In this study, we report the chromosome-level genome assembly of P. rotata, achieved by integrating 
Oxford Nanopore Technology (ONT) and PacBio long-read sequencing, Illumina short-read sequencing, and 
high-throughput chromatin conformation capture (Hi-C) sequencing data. A total of 795.69 Mb of 150 bp 
paired-end reads, 85.00 Gb of ONT reads, 88.62 Gb of PacBio HiFi reads, 470.53 Mb of RNA-seq reads, and 
2.95 Gb of Hi-C reads were generated for P. rotata. K-mer frequency analysis estimated the genome size at 
4.62 Gb, with a heterozygosity rate of 2.1%. These findings indicate that P. rotata exhibits a high level of heterozy-
gosity24. The P. rotata genome was assembled from ONT reads using NextDenovo and polished with NGS reads 
via NextPolish25, yielding a draft assembly of 30 contigs with a contig N50 of 173.20 Mb. Subsequently, Hi-C data 
were used to scaffold and correct the contigs, enabling the unambiguous anchoring of contigs onto the 22 chro-
mosomes of P. rotata and achieving a scaffold N50 value of 192.00 Mb. The final assembled genome is 4.12 Gb, 
closely matching the estimated genome size. Genome annotation of P. rotata predicted 70,881 protein-coding 
genes (PCGs) using the MAKER2 pipeline26, with 66,592 annotated on chromosomes.

The high-quality genome assembly of P. rotata advances Tibetan medicinal plant research by providing a 
genetic foundation for decoding secondary metabolite biosynthesis (flavonoids and phenylethanoid glycosides), 
enabling metabolic engineering and synthetic biology applications to enhance pharmaceutical compound pro-
duction. Comparative genomic analyses within Lamiaceae reveal evolutionary processes, gene family dynamics, 
and genomic rearrangements driving family diversification. The genome also sheds light on genetic mechanisms 
of high-altitude adaptation to extreme environments (low oxygen, cold, and UV radiation), offering insights for 
plant evolution research and conservation strategies of endangered alpine species.

Methods
Plant material collection, DNA and RNA extraction, and sequencing.  Fresh young leaves were 
collected from a mature P. rotata plant in Mozhugongka County (N 29.705°, E 92.083°, altitude 4,135 m) on 
the QTP, China. The samples were transported to Wuhan Benagen Technology Company Limited for genome 
sequencing. Genomic DNA was extracted using the Qiagen DNeasy Plant Mini Kit following the manufactur-
er’s protocol. For short-read sequencing, 150 bp short-insert libraries were prepared and sequenced in 300 bp 
paired-end mode using the Illumina HiSeq X Ten platform. The raw sequencing data were pre-processed by 
trimming adapters and filtering out low-quality reads with FASTP27. For long-read sequencing, a 20 kb insert 
Circular Consensus Sequence (CCS) library was prepared and sequenced on the PacBio Revio platform to gen-
erate High-Fidelity (HiFi) reads. Additionally, ONT long-read sequencing was performed. The Hi-C library was 
constructed in accordance with an established protocol. Specifically, 2.0 g of young leaves were cross-linked using 
a 1.0% formaldehyde solution. Chromatin was then extracted, digested with MboI (New England Biolabs), and 
the resulting DNA ends were labeled, biotinylated, diluted, and randomly ligated. Total RNA was extracted from 
the leaves, stems, flowers, and roots of each species using the Qiagen RNeasy Plant Mini Kit and pooled to create 
a mixed sample. RNA-sequencing libraries were constructed using the Illumina TruSeq RNA Library Preparation 
Kit, followed by paired-end sequencing with a read length of 150 bp on the HiSeq X Ten platform. mRNA was 
enriched using anti-polyA magnetic beads, and paired-end cDNA libraries were subsequently constructed. The 
mRNA was fragmented, circularized, and then used to prepare libraries, which were sequenced in PE150 mode 
on the Illumina HiSeq X Ten platform.

K-mer based genome size estimation.  The genome size of P. rotata was estimated through k-mer anal-
ysis using GCE v1.024. The analysis, performed with findGSE software28, suggested a genome size ranging from 
4.62 to 5.40 Gb (Table S1, Fig. S1). To determine the ploidy level of the sequenced material, GenomeScope 2.0 and 
Smudgeplot v0.2.5 were employed based on 19-mer analysis29. The results revealed that the AB ratio (0.28) and 
AAB ratio (0.26) were predominant, confirming that P. rotata is diploid (Fig. S2).

Genome assembly and quality control.  The long-read sequences generated by the PacBio sequenc-
ing platform were assembled using hifiasm v0.16.1-r37530. This process involved assembling PacBio HiFi reads 

Statistics ONT PacBio NGS Hi-C RNA-seq

Raw data (Gb) 85.00 88.62 0.80 3.00 0.47

N50 (bp) 101,522 16,472 150 150 150

Longest reads (bp) 536,411 58,297 150 150 150

Mean read length (bp) 8,267 16,276 150 150 150

Table 1.  Statistics of the sequencing data used for genome assembly of P. rotata.
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into contigs. The resulting haplotype assemblies were then used for subsequent in-depth analysis. Hi-C reads 
were aligned to the draft genome using Juicer31, followed by scaffolding with the 3D-DNA pipeline32 and manual 
refinement in Juicebox33. Gaps in the assembly were filled using the quarTeT software34 with PacBio HiFi reads, 
applying a fixed gap length of 100 bp. The telomere-specific sequence (TTTAGGG)n was successfully assembled 
at the ends of most chromosomes. To resolve incomplete or missing telomere sequences, PacBio HiFi reads were 
mapped back to the chromosomes, with a focus on reads near the telomeric regions, and subsequently assembled 
into contigs using hifiasm30. The contigs were aligned to the chromosomes, and the chromosomal sequences 
were extended outward to assemble the telomere regions as comprehensively as possible. The chloroplast and 
mitochondrial genomes were assembled using GetOrganelle35. Ultimately, a high-quality genome assembly 
was achieved. The assembly quality was evaluated using BUSCO v2.0.1 (Benchmarking Universal Single-Copy 
Orthologs)36 with the embryophyta_odb10 database (n = 1,614). To further evaluate the quality of the genome 
assembly, Illumina short-reads were mapped to the assembled genome sequence using BWA v0.7.1724 with 
default parameters. Additionally, PacBio HiFi reads were aligned to the genome using minimap237. Non-primary 
alignments were excluded, and the mapping ratio and coverage percentage were calculated for subsequent quality 
assessment.

Genome Annotation
Repetitive elements identification.  Repetitive elements were identified using a combination of homol-
ogy-based and de novo approaches. For homology-based annotation, RepeatMasker (available at http://www.
repeatmasker.org/) was employed to align the genome sequences against the Repbase database, enabling the 
detection and classification of diverse repetitive elements. For de novo-based prediction, the Extensive de novo 
TE Annotator (EDTA) pipeline38 was applied with the parameters (--sensitive 1 --anno 1). Initially, a TE library 
was constructed using EDTA’s default settings. Subsequently, RepeatMasker was employed to identify repetitive 
elements within the generated library.

Gene structure annotation.  Gene structure annotation was performed using a combination of three 
approaches: de novo gene prediction, homology-based prediction, and RNA-seq-based gene prediction. For 
de novo transcript assembly, transcripts were reconstructed using Trinity39 based on transcriptome reads. The 
reads were then aligned to the genome using HISAT240, and the transcripts were subsequently assembled with 
StringTie41. For homology-based prediction, gene annotation was performed using 438,926 non-redundant 
protein sequences from multiple plant species (P. cablin, Salvia miltiorrhiza) as homologous protein evidence. 
Using transcript evidence, gene structures were annotated through the PASA pipeline42. Subsequently, full-length 
genes were identified by aligning them with reference proteins. The full-length gene set was then used to train 
and optimize AUGUSTUS43 over five iterations, and SNAP44 was also trained for gene prediction. Annotation 
was performed using the MAKER pipeline26. Subsequently, EVidenceModeler (EVM) was employed to integrate 
annotations from MAKER26 and PASA42, producing a consolidated set of gene annotations. To exclude trans-
posable element (TE) coding regions, TEsorter45 was used to identify TE protein domains within the genome. 

Fig. 1  Phylogenomics and genome characterizations of P. rotata. (A) Genomic characteristics of P. rotata. 
Tracks show, from outside to inside, the densities of genes (blue), repeat content (green-yellow-red), GC content 
(green), Copia content (purple), Gypsy content (orange), and the links between each chromosome, respectively. 
(B) Flower diagram showing the shared and unique gene families among 11 species. Flower plot displaying the 
shared core orthogroups (in the center) and the species-specific orthogroups (in the petals) for the relatives.
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Subsequently, EVM was used to mask the identified TE domains. Finally, the EVM annotations were refined using 
PASA42 to incorporate untranslated regions (UTRs) and alternative splicing events. Gene annotations that were 
abnormal (containing internal stop codons, ambiguous bases, or lacking start/stop codons) or excessively short 
(<50 amino acids) were filtered out.

Gene function prediction.  Gene function prediction was performed using three approaches. (1) 
Eggnog-Mapper46 was employed to annotate gene functions, including Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) terms, by aligning sequences against the eggNOG homologous 
gene database. (2) For sequence similarity analysis, DIAMOND47 was used to align protein sequences against 
databases such as SwissProt, TrEMBL, NR, and Arabidopsis. The goal was to identify the most significant matches, 
with alignment criteria set at a minimum identity of 30% and an e-value threshold of less than 1e-5. (3) Domain 
similarity search: InterProScan48 was used to query multiple sub-databases within InterPro, including PRINTS, 
Pfam, SMART, PANTHER, and CDD, to identify conserved protein sequences, motifs, and functional domains.

Non-coding RNA (ncRNA) structures annotation.  tRNA annotation was performed using 
tRNAscan-SE v1.2349, while rRNA annotation was conducted with barrnap (https://github.com/tseemann/bar-
rnap), with partial results excluded. Non-coding RNAs were annotated by aligning sequences against the Rfam 
database using RfamScan.

Comparative genomic analyses.  Gene family clustering was conducted for 11 plant species, including 
Agastache rugosa (A. rugosa), L. japonicus, Mentha suaveolens (M. suaveolens), P. rotata, P. cablin, Rehmannia glu-
tinosa (R. glutinosa), Salvia miltiorrhiza (S. miltiorrhiza), Scutellaria baicalensis (S. baicalensis), Scutellaria barbata 

Fig. 2  P. rotata genome evolution. (A) Genomic collinearity among P. rotata and its other two closely related 
species. (B) Gene distribution in P. rotata and 10 other representative species. (C) Phylogenetic tree based on  
11 species identifed by Orthofinder2 to show divergence times. (D) Astral coalescence tree. (E) The KaKs 
analysis of P. rotata. Pie charts show the percentage of gene families that underwent expansion or contraction. 
The numbers above the node indicate the range of species divergence times. C1-C3 mark calibration points used 
to estimate the divergence times.
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(S. barbata), Thymus quinquecostatus (T. quinquecostatus), and Tectona grandis (T. grandis), using DIAMOND47 
and OrthoFinder250 (parameter: -M msa) (Table S2). Syntenic blocks among the genomes of P. rotata, S. indicum,  
and S. baicalensis were identified using MCScanX51. For the OrthoFinder analysis, the longest predicted pro-
tein sequence from each gene was selected as the representative input. Subsequently, Trimal v1.4.152 was used 
to trim poorly aligned regions from the multiple protein sequence alignments. Astral-Pro v153 was employed 
to infer the species tree using 20,071 gene trees derived from orthologous genes present in at least 60.0% of 
the species, focusing on single-copy genes. We assumed that the four codon sites exhibited distinct substitution 
rates. For the molecular clock analysis, an independent rates model was applied (clock parameter = 2), and the 
Generalized Time-Reversible (GTR) model was used for nucleotide substitution. The first 500,000 iterations of 
the Markov Chain Monte Carlo (MCMC) chain were designated as the burn-in phase. After burn-in, sampling 
was performed every 100 iterations, totaling 100,000 sampling events. Three calibration points (C1: Sesamum 
indicum vs. Vitis vinifera: 111.4–123.9 million years ago (Mya), C2: Sesamum indicum vs. Tectona grandis: 32.6–
63.0 Mya, C3: Tectona grandis vs. Scutellaria baicalensis: 19.4–39.9 Mya)54–58 derived from the TimeTree database 
(http://www.timetree.org/) were applied to constrain the divergence times of the nodes. Divergence times were 
estimated using the MCMCTree program within PAML v4.959. Gene families exhibiting expansion or contrac-
tion events were identified using CAFE560. Subsequently, expanded gene families in P. rotata were analyzed for 
enrichment in GO terms and KEGG pathways. For both GO term and KEGG pathway enrichment analyses, a 
significance threshold of p < 0.05 was applied. Coding sequences (CDS) and protein sequences were aligned with 
ParaAT v2.061 (parameters: -m muscle -f axt). The Nonsynonymous Substitution Rate/Synonymous Substitution 
Rate (Ka/Ks) ratio was calculated using the ‘YN’ model in KaKs_Calculator v2.062. Ks and Fourfold Degenerate 
Transitions (4DTv) values were analyzed to detect potential whole-genome duplication events and to assess diver-
gence between orthologs and paralogs.

Data Records
Raw sequencing data generated in this study have been deposited in the NCBI Sequence Read Archive (SRA) 
under BioProject PRJNA1284616, with accession numbers SRS25198821–SRS251988346463. Genome assem-
blies have been deposited in the NCBI under BioProjects PRJNA1266861 and PRJNA1266862, with accession 
numbers JBQBLY00000000064 and JBQBLZ00000000065. Genome annotation files are publicly available in the 
Figshare repository (https://doi.org/10.6084/m9.figshare.29069453.v1)66.

Technical Validation
Genome assembly validation.  Genome size and ploidy confirmation.  The estimated genome sizes, rang-
ing from 4.62 Gb to 5.40 Gb, were consistent with the final assembled genome size of 4.12 Gb. To further validate 
the ploidy level, Smudgeplot analysis of k-mer spectra was conducted. The results revealed that 26.0% and 28.0% 
of k-mer pairs exhibited AB and AAB ratios, respectively, confirming that P. rotata is a diploid species with a 
chromosome number of 2n = 2X = 2267.

Sequencing depth and assembly integrity.  A substantial amount of sequencing data was generated for genome 
assembly, including approximately 85.0 Gb of ONT data (~40 × coverage), 88.6 Gb of PacBio HiFi data (~42 × cov-
erage), 119.4 Gb of short-read data (~57 × coverage), and 443.2 Gb of Hi-C read data (Table 1). The PacBio and 
ONT subreads were independently assembled into contigs, yielding a total of 30 contigs. Following correction 
and scaffolding with Hi-C data, all corrected reads were successfully assembled into 22 pseudochromosomes. The 

Features Values

Predicted genome size (Gb) 4.62–5.40

Assembled genome size (Gb) 4.12

Number of contigs 30

N50 of contigs (Mb) 173.16

Number of scaffolds 24

N50 of scaffolds (Mb) 191.90

GC content (%) 38.41

Total length and percent of repeats (Gb) 2.71 (65.71%)

LTRs (Gb) 2.13 (51.72%)

  Copia (Mb) 789.33 (19.17%)

  Gypsy (Mb) 892.44 (21.67%)

LINEs (Mb) 0.76 (0.02%)

TIRs (Mb) 322.57 (7.83%)

Number of annotated genes 70,881

Mapping rate 92.60–99.70%

BUSCO of assembly 1,601 (99.20%)

BUSCO of annotation 1,603 (99.30%)

Table 2.  Statistics of genome assembly and annotation of P. rotata. Note: LTRs, Long Terminal Repeats; LINEs, 
Long Interspersed Nuclear Elements; TIRs, Terminal Inverted Repeats.
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contig N50 and scaffold N50 values were 173.2 Mb and 191.9 Mb, respectively, with only six gaps remaining in the 
assembly, demonstrating a high level of assembly completeness and quality (Table 2).

Completeness and mapping evaluation.  To assess the completeness of the genome assembly, we employed 
BUSCO v2.0.136 with the embryophyta_odb10 dataset. The analysis revealed a remarkably high level of com-
pleteness, with 99.2% of BUSCO genes showing complete matches. For a more comprehensive evaluation of 
assembly quality, Illumina, ONT, and PacBio reads were mapped to the assembled genome. The mapping rates 
ranged from 92.6% to 99.7%, indicating that the assembled genome accurately represents the original sequenc-
ing data. These results underscore the high quality and reliability of the assembly, making it suitable for further 
research and analysis (Table 2).

Genome annotation validation.  Gene model accuracy.  Genome annotation was performed using a 
combination of transcript-based, de novo, and homology-based prediction methods. A total of 70,881 gene mod-
els were predicted, of which 66,592 (93.9%) were functionally annotated by aligning with public protein databases 
(Table 2). These results indicate a high level of accuracy in gene prediction.

Repetitive elements characterization.  A thorough analysis of repetitive elements in the P. rotata genome iden-
tified 5,151,597 repetitive elements, spanning a total length of 2.70 Gb and representing 65.71% of the genome. 
Long terminal repeat retrotransposons (LTRs) were the most abundant repetitive elements, comprising 51.7% 
of the genome. Among these, Ty1/Copia and Ty3/Gypsy elements represented 19.2% and 21.7% of the genome, 
respectively. Furthermore, terminal inverted repeat retrotransposons (TIRs) accounted for 7.83% of the repeti-
tive elements (Table 2).

Non-coding RNA annotation accuracy.  For non-coding RNA (ncRNA) annotation, tRNA was identified using 
tRNAscan-SE v1.2349, rRNA was annotated with barrnap, and other ncRNAs were annotated using RfamScan. 
A total of 5,294 ncRNA genes were identified, comprising 24 rRNAs, 2,359 tRNAs, and 2,911 other ncRNAs 
(Table 2).

Annotated genes completeness.  The completeness of the annotated protein-coding genes was assessed using 
BUSCO analysis with the embryophyta_odb10 dataset. The results revealed a 99.3% complete match rate, fur-
ther validating the high quality of the genome annotation (Table 2). The genome Circos plot is depicted in 
Fig. 1A.

Synteny analyses.  MCScanX51 analysis reveals robust syntenic relationships among the three species. Notably, a 
high degree of synteny is identified between sesame chromosome 12, S. baicalensis chromosome 9, and P. rotata 
chromosome 10, all of which exhibit chromosomal inversions. Furthermore, significant synteny was observed 
between P. rotata chromosome 3 and S. baicalensis chromosomes 1 and 3, potentially resulting from chromo-
somal structural variations or gene duplication events (Fig. 2A).

Phylogenomic analyses.  Phylogenomic analyses were conducted by comparing the P. rotata genome with 10 
published plant species (using V. vinifera as an outgroup) via OrthoFinder v2.5.450 with default settings (param-
eter: -M msa). A total of 26,418 orthogroups were identified, including 832 orthogroups (comprising 3,704 
unique genes) that were exclusive to P. rotata (Fig. 1B, Fig. 2B, Table S3). Using 2,150 single-copy orthogroups 
from 11 species, phylogenetic analysis showed that P. rotata forms a clade with L. japonicus, sister to Scutellaria 
(Fig. 2C). Based on 20,071 gene trees, ASTRAL analysis demonstrated that P. rotata and L. japonicus form a 
distinct clade, with the genus Scutellaria as an outer sister group. Both the phylogenetic tree and ASTRAL results 
displayed congruent topological structures, further supporting a closer evolutionary relationship between P. 
rotata and the genera Leonurus and Scutellaria (Figs. 2C and 2D). KEGG functional enrichment analysis of 
the expanded gene families in P. rotata revealed significant enrichment in the pathways of sesquiterpenoid and 
triterpenoid biosynthesis, as well as oxidative phosphorylation (Fig. S3A). In contrast, the contracted gene fam-
ilies were predominantly enriched in the phenylpropanoid biosynthesis pathway (Fig. S3B). Phylogenetic anal-
ysis revealed that P. rotata shares a closer genetic relationship with L. japonicus. As illustrated in Fig. 2C, their 
divergence time is estimated to be approximately 17.26 Mya. Furthermore, genomic analyses indicated P. rotata 
underwent core angiosperm hexaploidization and a Lamiaceae-specific tetraploidization event (Fig. 2E, Fig. S4).

Code availability
No custom code was used for this study. All data analyses were conducted using published bioinformatics 
software with default settings unless otherwise specified.
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