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A B S T R A C T   

Poncirus polyandra, a plant species with extremely small populations in China, has become extinct in the wild. 
This study aimed to identify functional genes that improve tolerance to abiotic and biotic stresses. Here, we 
present a high-quality chromosome-scale reference genome of P. polyandra. The reference genome is 315.78 Mb 
in size, with an N50 scaffold size of 32.07 Mb, and contains nine chromosomes with 20,815 protein-coding genes, 
covering 97.82% of the estimated gene space. We identified 17 rapidly evolving nucleotide-binding-site (NBS) 
genes, three C-repeat-binding factors (CBF) genes, 19 citrus greening disease (Huanglongbing, HLB) tolerance 
genes, 11 citrus tristeza virus (CTV) genes, and one citrus nematode resistance gene. A divergence time of 1.96 
million years ago was estimated between P. polyandra and P. trifoliata. This is the first genome-scale assembly and 
annotation of P. polyandra, which will be useful for genetic, genomic, and molecular research and provide 
guidance for the development of conservation strategies.   

1. Introduction 

Poncirus Raf., also known as Citrus, belongs to the citrus subfamily 
Rutaceae and comprises two species, Poncirus polyandra and P. trifoliata 
[19,23]. Originated in China, Poncirus differs from Citrus, Kumquats, 
and other genera [29,35]. It is mainly distributed in the provinces on 
both sides of the middle reaches of the Yangtze River and Huaihe River 
Basin, which is wider than that of the Citrus species. It was recorded in Li 
Shizhen’s Compendium of Materia Medica that the Poncirus genus had 
been used in traditional Chinese medicine for an extended period of time 
[38,39,69]. Plants of the Poncirus genus have been widely utilized as 
germplasm resources for rootstocks in citrus production owing to several 
advantageous features, including efficient absorption and utilization of 
nutrients, cold hardiness, and resistance to several major diseases and 
pests [4,21,31,37]. 

P. polyandra (2n = 2× = 18), a new species published by Ding et al. 
(1984) [19], belongs to the Poncirus genus of the Rutaceae family [59]. It 
is a key national protected species under grade II protection in China, 
and it is endemic to Fumin County, Yunnan Province (http://rep.iplant. 

cn/protlist). It is sexually compatible with Citrus species but distinct 
from Citrus and P. polyandra in many characteristics, including flower 
size, petals, and stamen number [22,30,87,98]. It is evergreen (versus 
deciduous in P. polyandra), has three leaflets on each leaf, has large 
thorns on the shoots, and produces bitter, inedible fruits [88,100]. 
P. polyandra has potential as a rootstock material for Citrus species and 
may provide useful information on the nature of the ancient divergence 
of Citrus and Poncirus. It is a valuable medicinal resource that inhibits 
angiogenesis and locally reduces the expression of tumor cells [40]. 
Owing to the influence of human disturbance, overgrazing of the orig
inal land, and massive excavation as an evergreen ornamental plant, 
P. polyandra has become extinct in the wild [27,51,89]. It is listed as a 
plant species with extremely small populations endemic to Yunnan 
Province; therefore, it is necessary to protect P. polyandra germplasm 
resources while still in existence. 

The C-repeat-binding factor (CBF) pathway [10,58,73,82], 
nucleotide-binding site (NBS)-leucine-rich repeat (LRR) genes [4,18], 
and transcription factors (TFs) [14,28,42,63] are known to play very 
important roles in the response to stresses. Poncirus trifoliata, the only 
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other species of Poncirus, has been widely used as a rootstock for citrus 
production because of its resistance genes associated with biotic [41,68] 
and abiotic stresses [20,64,83,85]. For example, many candidate genes 
involved in disease tolerance and cold stress have been well character
ized, including CBF genes, NBS genes, TFs, and other disease resistance 
genes in the P. trifoliata genome [68,81]. Thus, we hypothesized that 
P. polyandra, the species most closely related to P. trifoliata, may also 
have favorable traits that confer resistance to several diseases and cold. 

The objective of this study was to discover genes with functional 
properties that enhance the capacity to withstand abiotic and biotic 
stresses. To explore the striking features of P. polyandra, we performed 
genome sequencing and de novo assembly to obtain a high-quality 
chromosome-scale reference genome for this important species. We 
then investigated gene family evolution and positive selection in 
P. polyandra by performing a comparative genomic analysis of the 
P. trifoliata genome and other publicly available Citrus genomes. 
Furthermore, we identified candidate genes in P. polyandra using pre
viously identified genes for cold-signaling-related Huanglongbing 
(HLB), nematodes, and citrus tristeza virus (CTV) resistance. High- 
quality genome assemblies can serve as valuable resources for genetic, 
genomic, and molecular research. 

2. Materials and methods 

2.1. Plant materials 

Samples of P. polyandra were collected from Fumin County, Kunming 
City, Yunnan Province, China. The young leaf tissues were immediately 
placed in liquid nitrogen. 

2.2. Genomic DNA extraction and sequencing 

Genomic DNA was isolated from the leaves of each plant using a 
Plant Genomic DNA Kit (Qiagen, Hilden, Germany) according to the 
manufacturer’s instructions [12]. DNA samples were purified using a 
Zymo Genomic DNA Clean Kit (Zymo Research, Irvine, CA, USA). The 
purified DNA was detected using a NanoDrop™ One UV–Vis spectro
photometer (Thermo Fisher Scientific, USA). The DNA concentration 
was further measured by Qubit® 3.0 Fluorometer (Invitrogen, USA). 

A total amount of 2 μg DNA per sample was used as input material for 
the ONT (Oxford Nanopore Technologies, UK) library preparations. 
After the sample was qualified, the size selection of long DNA fragments 
was performed using the BluePippin system (Sage Science, USA). Next, 
the ends of the DNA fragments were repaired, and the A-ligation reac
tion was conducted with the NEBNext Ultra II End Repair/dA-tailing Kit 
(New England Biolabs, UK). The adapter in the SQK-LSK109 Kit 
(Nanopore, UK) was used for further ligation reaction, and a Qubit® 3.0 
Fluorometer (Invitrogen, USA) was used to quantify the size of library 
fragments. The genome of P. polyandra was sequenced using an Oxford 
Nanopore PromethION at Nextomics Biosciences (Wuhan, China). In 
addition, a total of 8 μg genomic DNA was randomly fragmented by g- 
TUBE devices (Covaris, MA, United States). Then a separate paired-end 
DNA library with an insert size of 150 bp was constructed and sequenced 
on MGISEQ-T7 platform. 

2.3. Data quality control 

Nanopore sequencers output FAST5 files containing signal data, and 
base calling was performed to convert the FAST5 files to FASTQ format 
using Guppy v3.2.2 [86]. Raw reads in fastq format with mean_
qscore_template <7 were then filtered, resulting in pass reads [8]. Un
paired, short, and low-quality reads were removed, and clean reads were 
used. 

2.4. Genome assembly 

For de novo genome assembly, an ONT assembly was constructed 
with NextDenovo v2.3.1 (https://github.com/Nextomics/NextDenovo) 
[56,65]. Considering the high error rate of ONT raw reads, the original 
subreads were first self-corrected using NextCorrect to obtain consensus 
sequence (CNS) reads. The CNS reads were then compared with the 
NextGraph module to capture their correlations. A preliminary genome 
was assembled based on the correlation with CNS reads. To improve the 
accuracy of the assembly, the contigs were refined and revised with 
Racon v1.3.1 using ONT long reads and NextPolish v1.3.0 using 
MGISEQ-T7 short reads with default parameters [36]. To discard 
possibly redundant contigs and generate a final assembly, similarity 
searches were performed with the parameters “identity 0.8–overlap 
0.8.” 

The completeness of the genome assembly was assessed using 
Benchmarking Universal Single-Copy Orthologs (BUSCO v4.0.5) [74] 
and Core Eukaryotic Gene Mapping Approach (CEGMA v2) [67]. To 
evaluate the accuracy of the assembly, all MGISEQ-T7 paired-end reads 
were mapped to the assembled genome using the Burrows-Wheeler 
Aligner (BWA v0.7.12) [52], and the mapping rate and genome 
coverage of the sequencing reads were assessed using SAMtools v1.4 
[53]. In addition, the base accuracy of the assembly was calculated using 
bcftools v1.8.0 [15]. 

2.5. Chromosome assembly using Hi-C data 

To anchor the hybrid scaffolds to the chromosome, genomic DNA 
was extracted for the Hi-C library of P. polyandra [57]. We then con
structed a Hi-C library and obtained sequencing data using MGISEQ-T7 
platform. 

In total, 382 million paired-end reads were generated from these 
libraries. Quality control of the Hi-C raw data was performed using HiC- 
Pro v2.8.1 (HiC-Pro, RRID:SCR 017643) [72]. First, low-quality se
quences (quality scores <20), adaptor sequences, and sequences shorter 
than 30 bp were filtered out using fastp v0.19.4 [11], and then the clean 
paired-end reads were mapped to the draft assembled sequence using 
bowtie2 v2.2.5 (Bowtie, RRID: SCR 005476) [50] to obtain unique 
mapped paired-end reads. Valid interaction paired reads were identified 
and retained from uniquely mapped paired-end reads using HiC-Pro 
(v2.8.1) [72] for further analysis. Invalid read pairs, including 
dangling ends, self-cycles, relegation, and dumped products, were 
filtered using HiC-Pro (v2.8.1). The scaffolds were further clustered, 
ordered, and oriented onto chromosomes using LACHESIS (https://gith 
ub.com/shendurelab/LACHESIS) [6] with the recommended parame
ters. Finally, placement and orientation errors exhibiting obvious 
discrete chromatin interaction patterns were manually adjusted. 

2.6. Genome annotation 

To identify known transposable elements (TEs) in the P. polyandra 
genome, RepeatMasker v1.331 [78] was used to screen the assembled 
genome against the Rep-base (v22.11) [3] and Mips-REdat libraries 
[66]. In addition, de novo repeat annotation was performed using 
RepeatModeler v1.0.11 [78]. 

Homology-based non-coding RNA annotation was performed by 
mapping plant ribosomal RNA (rRNA), microRNA, and small nuclear 
RNA genes from the Rfam database (release 13.0) [43] to the 
P. polyandra genome using BLASTN (BLASTN, RRID:SCR 001598) (E- 
value ≤1e–5) [9]. tRNAscan-SE v2.0 [60] was used to annotate the 
transfer RNAs (tRNAs) using the default parameters for eukaryote 
annotation. RNAmmer v1.2 [49] was used to predict rRNAs and their 
subunits. To annotate genes in the P. polyandra genome, gene prediction 
was performed using homology-based, de novo, and transcriptome 
sequencing-based methods. Finally, EVidenceModeler v1.1.1 [33] was 
used to integrate the predicted genes and generate a consensus gene set. 
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Genes with TEs were discarded using the TransposonPSI package [79]. 
Low-quality genes consisting of <50 amino acids and exhibiting pre
mature termination (by aligning codons 1 by 1, with fragments with 
termination codons in the middle) were also removed from the gene set. 

Functional annotations of the predicted genes were mainly based on 
homology to known annotated genes within different databases using 
Basic Local Alignment Search Tool (BLAST v2.9). To achieve their cor
responding annotations, we aligned protein models in SwissProt, 
TrEMBL, the National Center for Biotechnology Information (NCBI) non- 
redundant (NR) database, InterPro, Gene Ontology (GO) [1], NCBI 
Clusters of Orthologous Groups of Proteins (COG) [26], and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) [45]. The completeness of 
the predicted gene set was evaluated in the BUSCO OrthoDB v10.0 
embryophyta dataset [74]. 

2.7. TF gene analysis 

To identify the genes encoding TFs in P. polyandra, the protein se
quences of the predicted gene models were searched against the Plant 
Transcription Factor Database v5.0 (http://planttfdb.cbi. pku.edu.cn) 
[68]. 

2.8. Analysis of NBS-LRR genes 

To identify NBS-containing genes in the P. polyandra genome, the 
protein sequences were first scanned using the NBS Hidden Markov 
Model (HMM) profile (PF00931) and ‘hmmsearch’ in Hmmer under an 
E-value of 1e–03 [24]. In addition, a P. polyandra specific NBS domain 
HMM profile was made by using the high-quality hits from ‘hmmsearch’ 
(E-value 1e–05) and ‘hmmbuild,’ which was also used to scan the pro
tein sequences. The presence of the NBS domain was confirmed using 
PfamScan [25]. The toll/interleukin-1 receptor (TIR) and LRR domains 
were identified using the NCBI conserved domain tool. The coiled coil 
(CC) domain was identified using Marcoil’s test (probability >90%) 
[17]. 

2.9. Identification of candidate genes associated with disease resistance 
and cold signaling pathways 

Candidate disease resistance genes related to HLB, CTV, and citrus 
nematodes were retrieved according to the annotation file of the whole 
genome sequencing results of P. polyandra, and candidate genes related 
to cold signals were retrieved using the same method [68]. TBtools 
software was used to determine the distribution of these genes on the 
chromosomes and to cross them with the NBS gene to obtain candidate 
HLB, CTV, and citrus nematode-related disease resistance genes con
taining the NB-ARC domain. 

2.10. Gene family analysis 

OrthoMCL v2.0.9 [54] software was used for gene family identifi
cation. The basic algorithm process was to first use BLASTP v2.7.1 
software to compare the protein sequence data sets of all the studied 
species with each other (E-value ≤1e− 5) and obtain the similarity in
formation between protein sequences; then, we used the MCL algorithm 
to cluster genes to obtain orthologs, paralogs, and single-copy homolo
gous genes (each species only contains one copy of this gene). Finally, 
the identified single-copy orthologous gene was used as the input for 
downstream analysis. 

2.11. Phylogenetic tree construction and divergence time estimation 

The detected P. polyandra genes were clustered into families using 
the OrthoMCL v2.0.9 pipeline [46], with an E-value cut-off of 1e− 5, and 
Markov chain clustering with a default inflation parameter in an all-to- 
all BLASTP analysis of entries for six species, including Arabidopsis 

thaliana (downloaded from NCBI), Citrus clementina (downloaded from 
NCBI), C. sinensis (downloaded from NCBI), C. unshiu (downloaded from 
NCBI), P. trifoliata (downloaded from Phytozome), and P. polyandra 
(from this study). 

We codon-aligned each gene family using Mafft v7.313 and curated 
the alignments using Gblocks v0.91b [77]. Phylogenetic analysis was 
performed using RAxML v8.2.11 [75] with the GTRGAMMA model and 
1000 bootstrap replicates. We used MCMCTREE, as implemented in 
PAML v4.9e [92], to estimate the divergence times of P. polyandra from 
other plants. 

2.12. Positive selection analysis 

According to the neutral theory of molecular evolution, the ratio of 
the non-synonymous substitution rate (Ka) to the synonymous substi
tution rate (Ks) of protein-coding genes can be used to identify genes 
that show signatures of natural selection. Thus, we calculated the 
average Ka/Ks values and conducted a branch-site likelihood ratio test 
using Codeml implemented in the PAML [92] package to identify posi
tively selected genes in the P. polyandra lineage. Genes with a p-value 
<0.05 under the branch-site model were considered positively selected 
genes. 

2.13. Gene family expansion and contraction analysis 

To understand the relationships between the P. polyandra gene 
families and those of other plants, we performed a systematic compar
ison of genes among different species. To gain greater insight into the 
evolutionary dynamics of the genes, we determined the expansion and 
contraction of orthologous gene clusters using CAFE v4.2.1 software 
[16]. 

Furthermore, the enrichment pipeline software clusterProfiler [93] 
was used to test the statistical enrichment of expanded and contracted 
gene families in the KEGG and GO pathway analyses. Pathways with a Q- 
value <0.05 [76] were considered to be significantly enriched. 

2.14. Whole-genome duplication (WGD) analysis and estimation of 
divergence 

The synonymous substitution rate (Ks) estimation was used to detect 
WGD events in the P. polyandra genome [48]. First, protein sequences 
were extracted, and all-vs-all paralog analyses were performed using the 
best hits from primary protein sequences by self-BLASTP in plants. After 
filtering by identity and coverage, the BLASTP v2.6.0 results were sub
jected to MCScanX [84], and the respective collinear blocks were 
identified. Finally, Ks was calculated for the syntenic block gene pairs 
using KaKs_Calculator 2.0 [80], and the potential WGD events in each 
genome were evaluated based on their Ks distribution. 

3. Results 

3.1. Genome sequencing and assembly 

A total of 21.61 Gb of raw data was obtained in this study. After 
filtering the original data, approximately 19.68 Gb of clean data were 
obtained. The estimated genome size was approximately 341.36 Mb, 
and the heterozygosity was approximately 3.40%. After assembly and 
calibration, the corrected genome was 315.78 Mb in size, with a scaffold 
N50 length of 32.07 Mb (Table 1). We used Hi-C chromosome confor
mation capture data to achieve chromosome-scale scaffolding (Fig. S1), 
and the final valid data accounted for 34.97% of the total HiC 
sequencing data. After LACHESIS clustering, the sequence was located 
on nine chromosomes, accounting for 99.33% of the total length, with 
the largest scaffold of 46.06 Mb on Chr1 (Table S1). 
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3.2. Repeat sequences 

The combined results of the homology-based and de novo predictions 
indicated that the total amount of repeated sequences was 145.27 Mb, 
accounting for 52.23% of the P. polyandra genome assembly. A large 
proportion (46%) of the genome contained TEs (Table S2). Long ter
minal repeats (LTRs) were predominant (29.05%), including LTR/gypsy 
(11.34%) and LTR/copia (10.38%). Other types of repeats accounted for 
smaller proportions of the genome, including DNA transposons 
(11.57%), LINE (3.72%), and SINE (0.29%). 

3.3. Genome annotation 

A total of 21,278 genes were predicted from the genome, with an 
average gene length of 3717.79 bp and an average CDS length of 
1322.71 bp. The average number of exons in each gene was 5.91; the 
average exon length was 223.95 bp, and the average intron length was 
488.18 bp (Table 1). 

For RNA, 655 rRNAs, 557 small RNAs, nine regulatory RNAs, and 32 
tRNAs were predicted (Table S3). The annotation results of the KOG 
(Fig. 1), GO (Fig. 2), and KEGG (Fig. 3) protein databases showed that 
20,815 genes could be annotated in the functional database, accounting 
for 97.82% of all genes (Table S4). 

According to the NCBI KOG mapping, 11,485 proteins (53.98%) 
were assigned to the KOG categories. The “General function prediction 
only” group had the highest number of genes (2436). This was followed 
by “Posttranslational modification, protein turnover, chaperones” 
(1360), “Signal transduction mechanisms” (1194), “Transcription” 
(790), “Carbohydrate transport and metabolism” (724), and “Function 
unknown” (693) as the most gene-rich classes in the KOG groupings. 
These results show that P. polyandra has a variety of protein and energy 
metabolic functions that can better absorb and transform nutrients. 

According to the GO database, 12,905 predicted proteins that 
accounted for 60.65% of the entire homologous protein were mainly 
distributed in five functional entries: “Metabolic process,” “Cellular 
process,” “Binding,” “Single-organism process,” and “Catalytic activity.” 

To further understand the gene functions of P. polyandra, we assigned 
8150 putative proteins to homologs in the KEGG database, the func
tional classification of which is shown in Fig. 3. Some metabolic and 

biosynthesis categories in KEGG were highly rich, which is similar to the 
KOG annotation. 

The BUSCO evaluation revealed that approximately 96.84% of the 
complete gene elements could be found in the annotated gene set, 
indicating that the prediction of most conserved genes was relatively 
complete, which reflected the high reliability of the prediction results. 

3.4. Identification of cold signaling-related genes, NBS-LRR genes, and 
TFs 

According to the analysis using existing annotations of the 
P. polyandra genome, the homologs of the A. thaliana cold-signaling 
pathway genes were assigned to 41 gene families containing 83 genes 
in P. polyandra (Figs. 4 and 6; Table S5). 

A total of 89 NBS genes, accounting for only 0.43% of the 20,815 
annotated genes, were identified in the P. polyandra genome, which was 
much fewer than those in the P. trifoliata genome (Table S6). These NBS 
genes were further classified into different classes based on the presence 
of the TIR, CC, and LRR domains [2]. The two largest classes with at least 
one of these domains were the ‘CC-NBS-LRR’ (17; 19.1%) and ‘TIR-NBS- 
LRR’ (13; 14.6%) types. Compared with other domains, the ‘RPW8-NBS- 
LRR’ (3; 3.4%) type was the least common, and there was no ‘TIR-CC- 
NBS’ type in P. polyandra, but it was found in the P. trifoliata genome 
(Table S7). Through phylogenetic analysis, the NBS genes were classi
fied into four major groups (Fig. 5). TF analysis revealed 1281 putative 
TF genes in 58 gene families, representing 6.02% of the predicted gene 
models in the P. polyandra genome (Table S8). The number of TF genes 
in P. polyandra was lower than that in P. trifoliata. The predominant TF 
family in P. polyandra was bHLH (117), followed by MYB (110), NAC 
(106), and ERF (86). 

3.5. Candidate genes associated with cold signaling, HLB tolerance, and 
resistance to CTV and citrus nematodes 

We screened three candidate genes related to the CBF pathway 
through sequence alignment, named CBF2/DREB1B, CBF3/DREB1C-1, 
and CBF3/DREB1C-2, according to the alignment results (Fig. 6). Using 
the same method, we screened 19 HLB tolerance genes, 11 CTV, and one 
citrus nematode resistance gene, and named these candidate genes in 
order (Table S9). 

3.6. Gene family analysis and evolutionary dynamics among Citrus- 
related species 

We used existing annotations of the genomes of closely related spe
cies (Table S10) to allocate gene families and conduct a global view. 
Gene family analysis and statistical analysis of the genes contained in 
each category were subsequently performed (Fig. 7a). As the target 
species of this analysis, P. polyandra had 6114 single-copy orthologs, 363 
unique paralogs, 1946 unclustered genes, and 2309 species-specific 
genes combined with unclustered and unique genes (Table S11). To 
obtain more characteristics of the gene families, we performed statistics 
in different forms for the analysis results of the gene families 
(Table S12). The statistical results showed that 21,278 genes of the 
target species P. polyandra were clustered into 15,162 gene families, 111 
of which were unique to P. polyandra. The number of P. polyandra genes 
that could be classified into different gene families was 19,332, and the 
number of unclustered genes was 1946, with an average of 1.28 genes 
per family. Through GO term enrichment analysis of P. polyandra-spe
cific genes, we found that these genes were mainly enriched in five 
categories of molecular functions: iron ion binding (GO: 0005506, 44), 
oxidoreductase activity (acting on paired donors, with incorporation or 
reduction of molecular oxygen, GO: 0016705, 38), heme binding (GO: 
0020037, 45), methyltransferase activity (GO: 0008168, 28), and O- 
methyltransferase activity (GO: 0008171, 9). To explore the phyloge
netic relationships among the six species, a highly confident 

Table 1 
Summary statistics of the P. polyandra and closely related species genome as
sembly and annotation.  

Parameter Poncirus 
polyandra 

Poncirus 
trifoliata 

Citrus 
clementina 

Citrus 
sinensis 

Total size of genome 
assembly 

315.78 Mb 265 Mb 301.4 Mb 327.9 
Mb 

Chromosome number 
(2n) 

18 18 18 18 

Number of chromosomal 
pseudomolecules 9 9 9 9 

Number of scaffolds 46 152 1398 4994 

Longest scaffold 46.06 Mb 42.7 Mb 51.1 Mb 
88.95 
Mb 

Scaffold N50 length 32.07 Mb 27.7 Mb 31.4 Mb 30.8 Mb 
Number of contigs 112 809 8962 17,382 
Contig N50 length 7.57 Mb 842.8 kb 109.9 kb 49.9 kb 
GC content 40% 33.9% 34.5% 34% 
Number of gene models 21,278 25,538 24,533 29,406 
Mean transcript length 3717.79 bp 1667 bp 1814 bp 1882 bp 
Mean coding sequence 

length 
1322.71 bp 1268 bp 1480 bp 1454 bp 

Mean exon length 223.95 bp 296 bp 317 bp 336 bp 
Average exons number 

per gene 
5.91  5.72 5.86 

Average intron length 488.18 bp  430 bp 548 bp 
Percentage of TEs 46.00% 42.6%   
TE, transposable 

element 
346,948 272,734    
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phylogenetic tree was constructed using the protein sequences of 6114 
single-copy orthologs (Fig. 7b). Phylogenetic analysis showed that 
P. polyandra, P. trifoliata, and Citrus clades diverged from a common 
ancestor at ~9.53 Mya. The estimated divergence time for P. polyandra 
and P. trifoliata was ~1.96 Mya. 

According to the results of the above gene families and the phylo
genetic tree, we also found the evolution of gene families of different 
species in each evolutionary branch (Fig. 7c). Among these, there were 
519 expanded groups and 2889 contracted groups in P. polyandra. 
Through gene family expansion and contraction analysis using existing 
annotations, 53 rapidly evolving gene families were significantly 
expanded (31) or contracted (22) across the species tree in P. polyandra 
(p-value ≤0.01) (Table S13). To further investigate gene function, GO 
enrichment analysis was performed on the 53 rapidly evolving gene 
families of P. polyandra (Fig. 8). Five GO terms were significantly 
enriched for rapidly evolving genes: ADP binding (GO: 0043531), 
oxidoreductase activity (acting on paired donors with incorporation or 
reduction of molecular oxygen, GO: 0016705), iron ion binding (GO: 
0005506), heme binding (GO: 0020037), and zinc ion binding (GO: 
0008270). 

3.7. WGD 

To investigate the evolutionary history of P. polyandra and other 
Citrus genomes, Ks was estimated for the paralogous gene groups in each 
species. P. polyandra and P. trifoliata had similar peak patterns, which 
proved that their genetic relationship was the closest (Fig. S2). Peng 
et al. (2020) previously observed similar results in P. trifoliata and 
confirmed that the Citrus-Poncirus lineage shared an ancient WGD event, 
which is also shared with other eudicots [5]. These results demonstrate 
that from an evolutionary perspective, the P. polyandra/P. trifoliata split 
is one of the most recent divergences among Citrus-related species. 

3.8. Genes under positive selection 

To evaluate adaptive evolution in the P. polyandra genome, we 
identified genes under positive selection. Finally, 471 positive selection 
characteristic genes were identified, 392 of which had potential func
tions in the SwissProt database (Table S14). GO term enrichment anal
ysis of P. polyandra positively selected genes revealed that they were 
significantly enriched in DNA-binding transcription factor activity 
(GO:0003700), zinc ion binding (GO: 0008270), nucleus (GO: 
0005634), and sequence-specific DNA binding (GO: 0043565) (Fig. S3). 

Fig. 1. The Eukaryotic Orthologous Groups of protein (KOG) function annotation of P. polyandra.  
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4. Discussion 

A high-quality reference genome is a prerequisite for the effective 
and efficient mining of crop genomes. To date, only the chloroplast 
genome of P. polyandra has been sequenced and analyzed [55,91], and a 
P. polyandra genome assembly is not yet available. Therefore, there is an 
urgent need to obtain a high-quality chromosome-scale reference 
genome for P. polyandra for further research on its genetic resources. 
Our study fills this gap and lays a solid foundation for future genetic, 

genomic, and molecular studies of this important species. The Hi-C data 
and the resulting scaffolding improved the assembly N50 length by 
approximately 32-fold. To the best of our knowledge, this is the first 
assembly of the P. polyandra genome to yield nine chromosome-level 
scaffolds, reflecting an important milestone for future genetic studies 
on P. polyandra. Compared with the aforementioned closely related 
species (C. clementina, C. sinensis, C. unshiu, and P. trifoliata), this genome 
is the third reference genome assembly at the chromosome scale in the 
family Rutaceae, following C. sinensis [90] and C. maxima [68,81]. The 

Fig. 2. Gene Ontology (GO) function annotation of P. polyandra.  

Fig. 3. The Kyoto Encyclopedia of Genes and Genomes (KEGG) function annotation of P. polyandra.  
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completeness of this genome was 98.82% based on the BUSCO score, 
which was higher than P. trifoliata (97.20%) [68], C. reticulata (96.00%) 
[81], and F. hindsii (93.10%) [101]. High completeness and N50 length 
supported the quality of the genome assembly. 

TEs are sources of genetic variation in animals and plants and 
contribute to their evolution and genetic diversity [5,7,47]. In 
P. polyandra, we identified 346,948 copies of P. polyandra belonging to 
six TE classifications. A considerable proportion of the P. polyandra 
genome comprised TEs (46.00%), and the most predominant repeats 
were LTRs (29.05%), similar to other Citrus-related genomes [68]. The 
number of TEs was higher (46%) than that of P. trifoliata (42.60%), 
indicating a greater possibility of evolution and variation in the genome 

of P. polyandra. 
Resistance genes have been identified in several model plant species 

[70,94]. Poncirus polyandra, as in other species of Poncirus (P. trifoliata), 
is supposed to contain resistance genes that help exert many desirable 
traits, including resistance to HLB, CTV, nematodes, and cold stress 
[13,68,99]. Initially, we utilized already available labels to obtain an 
overall understanding of how genes are categorized into families. This 
allowed us to identify a preliminary set of genes or gene families of in
terest, including candidate genes associated with cold signaling, resis
tance to HLB, CTV, and citrus nematodes, rapidly evolving gene families, 
P. polyandra-specific genes, and single-copy genes, by matching with 
P. trifoliata or A. thaliana. 

Fig. 4. Characterization of the Poncirus polyandra genome. 
I. The nine assembled pseudomolecules (in Mb) corresponding to the nine chromosomes (Chr1–Chr9) of P. polyandra. 
II. Locations of predicted gene models. 
III. Locations of predicted long terminal repeat (LTR) transposable elements (TEs). 
IV. Locations of predicted homologous cold-signaling genes. 
V. Locations of predicted nucleotide-binding site (NBS)-containing genes. 
VI. Red: HLB-tolerance genes. Yellow: citrus tristeza virus (Ctv) resistance genes. Blue: citrus nematode resistance genes. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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The NBS is a widely occurring domain that is present in the protein 
products of resistance genes, which are involved in encoding signal 
transduction pathways [2,34]. In particular, NBS-LRR genes, the most 
common type of resistance gene in many plant species, encode proteins 
with variable N-terminal domains connected by a predicted NBS domain 
and a short LRR motif [44,61,71]. In the present study, 89 NBS genes 
were classified into four major groups, of which we identified 17 rapidly 
evolving NBS-type LRR genes in P. polyandra. The results showed 
abundant variation in the domains of P. polyandra NBS genes, although 
the number of NBS genes was lower than that in the P. trifoliata genome. 

Previous studies on the genome of the model plant A. thaliana have 
shown that CBF TFs play crucial roles in plants under cold environ
mental conditions by regulating numerous cold-regulated genes and 
activating downstream target cold-regulated genes or CBF regulons. 
CBF1–CBF3, also known as dehydration-responsive element binding 
factor 1 (DREB1) proteins, consist of three members of this family 
[28,62,64]. Based on the hypothesis that P. polyandra has cold tolerance- 
related genes that may be homologous to Arabidopsis cold signaling 
pathway genes, we identified three candidate genes associated with the 
cold signaling pathway in P. polyandra using sequence alignment [32]. 

Fig. 5. Phylogenetic tree of identified NBS genes in P. polyandra. Four major clusters were identified.  
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With the availability of the P. polyandr genome, other candidate 
genes were identified. In total, 41 gene families containing 83 genes 
related to the A. thaliana cold signaling pathway, 1281 putative TF genes 
in 58 gene families, 19 HLB tolerance genes, 11 CTV genes, and one 
citrus nematode resistance gene were identified in P. polyandra genome, 
in addition to the NBS and CBF genes mentioned above. The physical 
locations of the identified NBS, CBF, HLB, CTV, and citrus nematode 
candidate genes were mapped onto nine assembled chromosomes of the 
P. polyandra genome using TBtools. Strikingly, there were seven HLB 
tolerance candidate genes with the NBS domain. Overall, these genes 
could serve as candidates for further investigation of the genetic factors 
conferring HLB tolerance in P. polyandra. In addition, we found that NBS 
genes were mainly located on Chr1–Chr4, and that there were gene 
clusters enriched with NBS on these four chromosomes. HLB tolerance 
genes were mainly located on Chr2 and Chr8, whereas CTV resistance 
genes were mainly located on Chr7 and Chr8. Therefore, we speculated 
that chromosomes 2, 7, and 8 of P. polyandra might play an important 
role in the resistance and tolerance to HLB, CTV, and citrus nematodes. 

Our analysis using existing annotations also revealed that 
P. polyandra has 2309 species-specific genes combined with unclustered 
and unique genes that may represent the diversity or uniqueness of 
P. polyandra. In P. polyandra, 53 rapidly evolving gene families have 
been significantly expanded (31) or contracted (22). GO enrichment 
analysis showed that five GO terms belonging to molecular functions 
were significantly enriched in rapidly evolving genes. Notably, we found 
that the rapidly evolving specific genes were mainly classified into 
biological process and molecular function categories in P. polyandra. 

The use of highly conserved and low-copy nuclear genes to construct 
a phylogenetic tree is helpful in understanding the evolutionary re
lationships among species [68]. With the availability of six related ge
nomes, we constructed a highly reliable phylogenetic tree using single- 
copy protein orthologs. In this analysis, P. polyandra was proposed to 
have the closest relationship with P. trifoliata, with a divergence time of 
1.96 Mya, consistent with previous reports [68,91,102]. This implies 
that the P. polyandra genome will be useful for citrus phylogenetic 
studies. Overall, the enriched functions of lineage-specific and rapidly 
evolving genes in P. polyandra may be essential for its adaptive evolution 

and may contribute to the characteristics specific to this species. From 
the results of WGD, P. polyandra and P. trifoliata had the closest genetic 
relationship, which was consistent with the results previously observed 
in P. trifoliata [68] and confirmed that the Citrus-Poncirus lineage shared 
an ancient WGD event, which was also shared with other eudicots. These 
results confirm that the P. polyandra/P. trifoliata split is one of the most 
recent divergences among Citrus-related species from an evolutionary 
perspective. Previous studies have shown that P. polyandra is very 
important for the breeding and genetic improvement of citrus with a 
high genetic diversity in China [68,95–97]. Our study further proves 
that the exploration and preservation of natural genetic variation of 
P. trifoliata in China should be regarded as an important source of citrus 
germplasm resources protection. 

5. Conclusion 

To our knowledge, this is the first study to obtain a high-quality 
chromosome-level reference genome sequence of P. polyandra using 
multiple types of sequencing data and assembly technologies. Our study 
provides not only a valuable genetic resource for P. polyandra with 
resistance to disease and tolerance to cold, but also a better under
standing for further research on gene function mining of P. polyandra, a 
plant species with extremely small populations in China. However, 
future studies should foucus on verifying whether these identified 
resistance genes have corresponding functions in transcriptome 
research. 
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Fig. 6. Candidate genes associated with cold tolerance and disease resistance. 
A graphic map showing candidate genes in the P. polyandra genome associated with tolerance to Huanglongbing (HLB) disease, citrus tristeza virus (CTV), and 
nematode resistance, as well as candidate genes associated with CBF and NBS. 
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Fig. 7. Comparative genomics of the 
six related species analyzed in this 
study. 
(a) Gene numbers for different types of 
orthologous/paralogous gene family 
relationships in six species. 
(b) A phylogenetic tree containing six 
analyzed species. 
(c) Gene family expansions and con
tractions in P. polyandra and five other 
plants.   
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Fig. 8. KEGG and GO pathway analysis of expanded and contracted gene families.  
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