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SUMMARY

Trifoliate orange (Poncirus trifoliata), a deciduous close relative of evergreen Citrus, has important traits for

citrus production, including tolerance/resistance to citrus greening disease (Huanglongbing, HLB) and other

major diseases, and cold tolerance. It has been one of the most important rootstocks, and one of the most

valuable sources of resistance and tolerance genes for citrus. Here we present a high-quality, chromosome-

scale genome assembly of P. trifoliata. The 264.9-Mb assembly contains nine chromosomal pseudo-

molecules with 25 538 protein-coding genes, covering 97.2% of the estimated gene space. Comparative

analyses of P. trifoliata and nine Citrus genomes revealed 605 species-specific genes and six rapidly evolving

gene families in the P. trifoliata genome. Poncirus trifoliata has evolved specific adaptation in the C-repeat/

DREB binding factor (CBF)-dependent and CBF-independent cold signaling pathways to tolerate cold. We

identified candidate genes within quantitative trait loci for HLB tolerance, and at the loci for resistance to

citrus tristeza virus and citrus nematode. Genetic diversity analysis of Poncirus accessions and Poncirus/

Citrus hybrids shows a narrow genetic base in the US germplasm collection, and points to the importance

of collecting and preserving more natural genetic variation. Two phenotypically divergent Poncirus acces-

sions are found to be clonally related, supporting a previous conjecture that dwarf Flying Dragon originated

as a mutant of a non-dwarfing type. The high-quality genome reveals features and evolutionary insights of

Poncirus, and it will serve as a valuable resource for genetic, genomic and molecular research and manipula-

tion in citrus.
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INTRODUCTION

Citrus is one of the most economically important fruit

crops grown in more than 114 countries (Talon and Gmit-

ter, 2008). In 2017, the world citrus acreage was 9.3 million

hectares, and citrus production was 146.6 million tons

(FAO statistics, http://www.fao.org/faostat/en/). The most

commonly cultivated citrus species include sweet orange

(Citrus 9 sinensis), mandarin (C. reticulata), grapefruit

(C. 9 paradisi), pummelo (C. maxima) and lemon

(C. 9 limon). Citrus is mainly consumed as fresh fruit or

juice, which provide abundant vitamin C and other phyto-

chemicals for human nutrition. However, commercial

production of citrus is confronted with many challenges

from biotic and abiotic stresses. Currently, the most devas-

tating disease in citrus is Huanglongbing (HLB) or citrus

greening disease, which is presumably caused by the bac-

terium Candidatus Liberibacter asiaticus (CLas) transmitted

by the Asian citrus psyllid (Diaphorina citri, ACP; Bov�e,

2006). HLB has caused tremendous yield loss in citrus

throughout the world (Bov�e, 2006). In Florida alone, the

estimated economic loss due to HLB was at least $4 billion

during the period from 2012�2013 to 2015�2016 (Trejo-

pech et al., 2018). Other diseases that limit citrus productiv-

ity include several species of Phytophthora and
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nematodes, and citrus tristeza virus (CTV; Radhika et al.,

2008; Kamiri et al., 2018). Additionally, catastrophic eco-

nomic losses caused by cold (freezes) have been recorded

in several regions of the world (Sahin-Cevik and Moore,

2006). Therefore, improving disease resistance and cold

tolerance of cultivated citrus has been a major objective of

major citrus breeding programs in the world.

Trifoliate orange (Poncirus trifoliata, 2n = 2x = 18) is a

close relative of Citrus species, both belonging to the Ruta-

ceae family. It was considered the only species in Poncirus

until the discovery of Poncirus polyandra in the 1980s

(Ding et al., 1984; Pang et al., 2003). Native to China, P. tri-

foliata has become naturalized in other regions of Asia,

USA, Australia and Europe (Nesom, 2014). Poncirus trifoli-

ata is sexually compatible with Citrus species (Spiegel-Roy

and Goldschmidt, 1996), but distinct from Citrus in many

characteristics. It is deciduous (versus evergreen in Citrus),

has three leaflets on each leaf and large thorns on the

shoots, and produces bitter, inedible fruit containing many

seeds. Poncirus trifoliata and its hybrids have been widely

utilized as rootstocks in citrus production due to several

advantageous features, including cold hardiness and resis-

tance/tolerance to several major diseases and pests (Boava

et al., 2011; Gong and Liu, 2013). Poncirus trifoliata is resis-

tant to CTV, the most important viral pathogen of citrus

(Kitajima et al., 1964; Tanaka et al., 1971; Garnsey and Bar-

rett, 1987; Gmitter et al., 1996), and citrus nematodes

(Tylenchulus semipenetrans; Ducharme, 1948; Cameron

et al., 1954; Ling et al., 2000), and highly tolerant to Phy-

tophthora species causing citrus seedling damping-off,

root and foot rot, and gummosis (Graham, 1990; Yang

et al., 2001; Kamiri et al., 2018; Tian et al., 2018). A single

dominant locus (Ctv) has been identified for the CTV resis-

tance in P. trifoliata (Gmitter et al., 1996), and genetically

and physically mapped (Deng et al., 2001; Yang et al.,

2003). Poncirus trifoliata can provide high levels of toler-

ance to HLB and confers resistance to ACP (George and

Lapointe, 2019). Poncirus trifoliata has been a major source

of valuable genes for use in citrus sexual hybridization and

somatic hybridization. It is expected to be a very important

source of valuable genes for using cisgenic approaches to

improving Citrus toward enhanced resistance to important

biotic and abiotic stresses. Poncirus trifoliata also has con-

siderable medicinal values, with anti-inflammatory, anti-tu-

mor and anti-anaphylactic activities (Yi et al., 2004;

Rahman et al., 2015).

Another important feature of P. trifoliata is its cold tol-

erance. Poncirus trifoliata is extremely cold-hardy and can

survive �26°C (Spiegel-Roy and Goldschmidt, 1996). This

capability was probably acquired during its evolution in a

cold habitat in northeastern Asia (Oustric et al., 2017).

Other than P. trifoliata, Ichang papeda (Citrus ichangensis)

has been considered the most cold-hardy among ever-

green Citrus species (Gmitter and Hu, 1990). Kumquats

(Fortunella spp.) are considered cold tolerant within the

Aurantioideae sub-family of the citrus family (Krueger and

Navarro, 2007). On the other hand, C. maxima and C.

medica are the most cold-sensitive species in Citrus

(Nordby and Yelenosky, 1982; Crif�o et al., 2011). There-

fore, a comparative analysis of these cold-tolerant and

cold-sensitive genomes would yield insights into the evo-

lutionary signatures leading to their differences in cold

tolerance. Studies in Arabidopsis have shown that the C-

repeat/DREB binding factor (CBF) pathway plays an impor-

tant role in plant tolerance to cold stresses (Shi et al.,

2018). When plants are under cold environmental condi-

tions, CBF genes are induced rapidly to express and then

activate the downstream target cold-regulated (COR)

genes or CBF regulons (Gilmour et al., 1998; Liu et al.,

1998; Shi et al., 2018). However, CBFs only regulate less

than 20% of the COR genes (Park et al., 2015; Shi et al.,

2015). Therefore, CBF-independent pathways are also criti-

cal for cold signaling regulation (Park et al., 2015). In P.

trifoliata, a few genes have been well characterized and

involved in cold tolerance, including bHLH (Huang et al.,

2013), PRP (Peng et al., 2015), ICE1 (Huang et al., 2015)

and ERF109 (Wang et al., 2018b). A previous transcrip-

tome study revealed differentially expressed P. trifoliata

genes (DEGs) in response to cold stresses at three time

points (6, 24 and 72 h) after cold treatment (Wang et al.,

2015). Overall, the molecular mechanisms of cold toler-

ance in P. trifoliata remain poorly understood. Thus, more

studies are needed to fully exploit this unusual and strik-

ing feature of P. trifoliata, which makes it a perfect model

and valuable source of candidate genes for improving

cold tolerance in citrus. With the potential to confer to

citrus these many favorable traits, including resistance to

several major diseases and cold tolerance, a reference

genome of P. trifoliata would greatly expedite the genetic

and genomic research and improvement of citrus.

In order to explore the unique features of P. trifoliata, we

performed genome sequencing and de novo assembly,

and obtained a high-quality, chromosome-scale reference

genome for this important species. We investigated the

gene family evolution and positive selection in P. trifoliata

by performing a comparative genomic analysis of the P.

trifoliata genome and publicly available genomes of Citrus.

To further understand Poncirus, we obtained and analyzed

the genome sequences of P. polyandra, the only other spe-

cies in Poncirus, and a number of important accessions of

P. trifoliata and its hybrid cultivars. Moreover, we identified

candidate genes in P. trifoliata by using previously identi-

fied quantitative trait loci (QTLs) for HLB tolerance, and loci

for resistance to CTV and citrus nematodes. The high-qual-

ity genome assembly has uncovered features and evolu-

tionary insights of Poncirus, and it will serve as a valuable

resource for genetic, genomic and molecular research and

manipulation of citrus.
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RESULTS

Genome sequencing and assembly

The HLB-tolerant P. trifoliata accession DPI 50-7 was

selected as the reference genotype for whole-genome

sequencing and assembly. We sequenced the genome of

DPI 50-7 de novo combining ~140 9 PacBio single-mole-

cule long-read sequence reads with ~80 9 Illumina shotgun

sequence (Table S1). To achieve chromosome-scale scaf-

folding, we used Hi-C chromosome conformation capture

data (Figure S1). The nine chromosomal pseudomolecules

were numbered and oriented according to the convention

of C. 9 clementina (Wu et al., 2014; Figure S2). These

sequences represent a non-redundant mosaic of the two

haplotypes of diploid P. trifoliata, representing more than

99% of the assembled contigs (Figure 1). The largest scaf-

fold was 42.7 Mb (Chr3), and the overall N50 length was

27.7 Mb, corresponding to the median chromosome length

(Table 1). The GC content was estimated to be 33.9%.

Genome annotation

A large proportion (42.6%) of the P. trifoliata genome was

comprised of transposable elements (TEs). Long terminal

repeats (LTRs) were the most predominant repeats

(24.62%), including LTR/Gypsy (9.42%) and LTR/Copia

(6.37%; Table S2). Other types of repeats accounted for

smaller proportions of the genome, including DNA trans-

posons (10.40%), LINE (2.57%) and SINE (0.25%). An inte-

grated strategy combining ab initio- and homology-based

methods was applied to predict gene models in the P. trifo-

liata genome. In total, we identified 25 538 protein-coding

genes with 33 230 transcripts. The transcripts for primary

gene models had a mean length of 1667 bp, a mean cod-

ing sequence length of 1268 bp, and a mean exon length

of 296 bp (Table 1). In addition, 4398 genes had spliced

isoforms with an average of 2.7 isoforms per gene. To

evaluate the completeness of our genome, the predicted

protein sequences were compared with the 1440 eukary-

otic genes in the BUSCO OrthoDB9 embryophyta dataset

and obtained a completeness of 97.2%. The completeness

of this genome is currently the highest compared with 10

other publicly available Citrus genomes (Table S3). The

high completeness and N50 length support the quality of

this genome assembly.

Identification of cold signaling-related genes, nucleotide-

binding site (NBS)-leucine-rich repeat (LRR) genes and

transcription factors (TFs)

To identify cold signaling-related genes in Poncirus and

Citrus, we focused on homologs of Arabidopsis genes that

are involved in cold signaling (Guo et al., 2018; Liu et al.,

2018a; Shi et al., 2018) and P. trifoliata genes known to

respond to cold stress. Most of the Arabidopsis thaliana

cold signaling pathway genes and P. trifoliata cold

tolerance-related genes had homologs in Citrus species.

Based on analysis using existing annotations of the 10

Citrus-related genomes, the homologs of A. thaliana cold

signaling pathway genes were assigned to 45 gene fami-

lies containing 69 P. trifoliata genes (Figure 1; Table S4). In

addition, there were 49 gene families containing either

‘first-wave’ TF genes or CBF regulon genes in A. thaliana,

in which 119 P. trifoliata genes were included. Several

gene families containing cold signaling-related genes from

A. thaliana found no members in Citrus-related species.

This may be a consequence of comparing a perennial

woody plant with an herbaceous annual plant, and that dif-

ferent genetic players have been adopted to confer cold

tolerance in Citrus species compared with A. thaliana. After

re-assigning gene families using re-annotated gene mod-

els, an average of ~88% of genes or gene families contain-

ing cold signaling-related genes were recovered for the 10

genomes (Tables S4 and S5). If only considering low-copy

genes (less than two genes for each species), a higher per-

centage (~92%) of genes or gene families were recovered.

Therefore, the vast majority of genes were not influenced

(when it comes to finding the gene) by the bias of different

annotation pipelines of genomes. By matching P. trifoliata

genes from the current study to previously identified DEGs

upon cold treatment in P. trifoliata (Wang et al., 2015), a

total of 118, 467 and 1292 genes were found to be differen-

tially expressed at 6, 24 and 72 h after cold treatment,

respectively. The evolutionary dynamics of these candidate

cold signaling-related genes were further investigated in

the following sections.

A total of 348 NBS genes was identified in the genome

of P. trifoliata (Figure 1; Table S6). These NBS genes were

further classified into different classes based on the pres-

ence of Toll/Interleukin-1 receptor (TIR), coiled coil (CC)

and LRR domains. The two largest classes with at least

one of these domains were the ‘CC-NBS’ (84; 24.1%) and

‘CC-NBS-LRR’ (77; 22.1%) types. A small proportion (58;

16.7%) contained the TIR domain compared with other

domains. Through phylogenetic analysis, these NBS genes

could be classified into three major groups (Figure S3).

The TF analysis revealed a total of 1493 putative TF genes

in 58 families, representing 5.8% of the predicted gene

models in the P. trifoliata genome (Table S7). The most

predominant TF family in P. trifoliata is the bHLH family

(124), followed by NAC (123), ERF (110) and MYB (109)

families.

Gene family analysis and evolutionary dynamics among

Citrus-related species

The gene family assignment using existing annotations

was first explored to have a global view of gene families

among the 10 genomes. A total of 253 788 (86.7%) genes

from the 10 species, including P. trifoliata and nine other

Citrus and Citrus-related species, were assigned to 28 226
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gene families, among which 15 763 (55.8%; 98 960 genes)

represented one-to-one orthologous gene families (Fig-

ure 2a; Table S8). There were 11 597 (41.1%) gene families

shared by all 10 species, which implied their conservation.

In P. trifoliata, 9467 (37.1%) genes were single-copy ortho-

logs, 208 genes were assigned to 67 gene families specific

to P. trifoliata, while 1529 genes were unclustered (Fig-

ure 2a; Table S9). Among these genes, analysis using re-

annotations supported that 605 genes are specific to P. trifo-

liata. These exonerate recoverable genes are not present in

other genomes under the same annotation method. By cal-

culating the percentage of shared gene families relative to

Figure 1. Characterization of the Poncirus trifoliata genome.

I. The nine assembled pseudomolecules (in Mb) corresponding to the nine chromosomes (Chr1�Chr9) of Citrus 9 clementina.

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. Orange: locations of quantitative trait loci (QTLs) associated with Huanglongbing (HLB) tolerance and loci for resistance to citrus tristeza virus (Ctv) and citrus

nematode (Tyr1). Red: Ctv region. Purple: Tyr1 region.
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the total (unique) gene families of each pair of species, P.

trifoliata shared a higher proportion of its gene families

with C. 9 clementina (Figure 2b). To explore the phyloge-

netic relationship of the 10 Citrus-related species, a high-

confidence phylogenetic tree was constructed using the

protein sequences of 5747 single-copy orthologs (Fig-

ure 2c). The species tree topology obtained from the coales-

cence method was the same as that of the concatenation

method. The phylogenetic tree revealed that P. trifoliata

diverged from the common ancestor of Citrus clade about

9.8 million years ago (MYA). This result is close to previous

estimations on Citrus�Poncirus divergence time (4.0–
9.6 MYA in Pfeil and Crisp, 2008; 9.1–9.2 MYA in Wu et al.,

2018). Within the Citrus clade, C. ichangensis is located at

the basal position, while C. maxima (pummelo) and C. med-

ica (citron) form a distinct cluster. Fortunella hindsii (kum-

quat) is located at a basal position relative to

C. 9 clementina (Clementine), C. reticulata (mandarin), C.

unshiu (Satsuma) and C. 9 sinensis (sweet orange). It is

noteworthy that the cold-tolerant species, P. trifoliata, C.

ichangensis and F. hindsii all seem to be located at a more

basal position than other cold-sensitive species. The re-an-

notation and analysis of single-copy gene families showed

a high agreement between existing annotations and re-an-

notations (Table S10). The same species tree topology was

obtained after re-constructing the tree using exonerate

models. Therefore, the phylogenetic tree obtained from

existing annotations was used for further analysis.

Through gene family expansion and contraction analysis

using existing annotations, in P. trifoliata there were 45

rapid evolving gene families that were significantly

expanded (41) or contracted (4) across the species tree

with a family-wide P ≤ 0.01 and branch-specific P ≤ 0.01

(Table S11). We performed further filtering on these gene

families through re-analysis using re-annotated gene mod-

els. An expanded family was considered supported by re-

annotation if it met the following thresholds: (i) at least

half of the P. trifoliata genes from this family were recov-

ered by re-annotation and the exonerate models were

assigned to the same family; (ii) the re-analysis using

exonerate models also showed a family-wide P ≤ 0.01 and

branch-specific P ≤ 0.01. No significantly contracted fami-

lies were supported by re-annotation. We finally identified

six significantly expanded gene families for P. trifoliata,

which were supported by both existing annotations and re-

annotations (Table S11). To further investigate the gene

functions, gene ontology (GO) enrichment analysis was

performed on the 605 genes specific to P. trifoliata, and on

the six rapid evolving gene families in P. trifoliata, respec-

tively (Table S12). The structural constituents of cell wall

(GO:0005199) and plant-type cell wall organization

(GO:0009664) were significantly enriched for genes specific

to P. trifoliata. Three GO terms were significantly enriched

for the rapid evolving genes, including protein binding

(GO:0005515), DNA binding (GO:0003677) and protein

dimerization activity (GO:0046983). Specifically, among the

six rapid evolving gene families, one family (OG1.5_1006)

encodes a group of LRR proteins, whose only homolog in

Arabidopsis (AT2G34930) encodes a disease resistance

family protein involved in defense response. Interestingly,

two gene families were associated with TEs, including a

gag protein family associated with retrotransposon

(OG1.5_1264) and a Tam3-transposase family associated

with DNA transposon (OG1.5_1413). Another family was a

group of zinc finger proteins with hAT dimerization

domain. The remaining two families had unknown func-

tions.

As shown in Table S4, most of the gene families con-

taining cold signaling-related genes had similar gene num-

bers across all Citrus-related species, showing no

significant differential gene gain/loss between cold-hardy

and other Citrus species, including cold-sensitive C. max-

ima, C. medica and C. 9 sinensis. However, a larger num-

ber of genes was observed in cold-tolerant P. trifoliata and

F. hindsii for an amino acid transporter family

(OG1.5_1258) containing a DEG responsive to cold stress

in P. trifoliata. This gene family contains fewer gene mem-

bers in the cold-sensitive Citrus species. Interestingly, for

an FAR1 TF family (OG1.5_1201) containing two DEGs

responsive to cold stress, a much larger number of genes

was observed in all three cold-tolerant species than in the

cold-sensitive Citrus species. A similar trend was observed

for gene assignment using re-annotated gene models.

These P. trifoliata genes may potentially play an important

role in increasing its cold tolerance.

Whole-genome duplication (WGD) and divergence

between the two Poncirus species

To investigate the evolutionary history of the P. trifoliata

genome and other Citrus genomes, the Ks was estimated

Table 1 Summary statistics of the Poncirus trifoliata genome
assembly and annotation

Total size of genome assembly 264.9 Mb
Chromosome number (2n) 18
Number of chromosomal pseudomolecules 9
Number of scaffolds 152
Longest scaffold 42.7 Mb
Scaffold N50 length 27.7 Mb
Number of contigs 809
Contig N50 length 842.8 kb
GC content 33.9%
Number of gene models 25 538
Number of genes with isoforms 4398
Mean transcript length 1667 bp
Mean coding sequence length 1268 bp
Mean exon length 296 bp
Percentage of TEs 42.6%

TE, transposable element.
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for paralogous gene groups in each species. A clear sec-

ondary peak (Ks = ~1.5) was identified for P. trifoliata, simi-

lar with C. 9 clementina, C. 9 sinensis, as well as with

other Citrus-related genomes (Figures S4a and S5a–g).
Similar results have been observed previously in

C. 9 clementina (Ks peak = 1.5; Wu et al., 2014) and

C. 9 sinensis (Ks mean = 1.27; Xu et al., 2013). Thus, as

expected, we confirm that the Citrus�Poncirus lineage

shared an ancient WGD event, which is also shared with

other eudicots. To study the divergence between Poncirus

species, we predicted a total of 8326 gene models for P.

polyandra based on the existing re-sequencing data, and

Figure 2. Comparative genomics of the 10 Citrus and Citrus-related species analyzed in this study using existing annotations.

(a) Gene numbers for different types of orthologous/paralogous gene family relationships in 10 species. Detailed classification of orthologous/paralogous types

is provided in Table S5 (column ‘Classification’).

(b) A heatmap for comparison of shared gene families for each pair of species.

(c) A phylogenetic tree containing 10 analyzed species. Note that some citrus, e.g. Citrus 9 sinensis, arose as the offspring of previously admixed individuals,

and thus divergence times between admixtures are not meaningful for these so-called species.
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calculated the Ks values between these genes and their P.

trifoliata orthologs. We observed a clear peak at Ks = 0.007

(Figure S4b). By assuming the neutral substitution rate r to

be 1 ~ 2 9 10�9 (Wu et al., 2014), the divergence time

between P. trifoliata and P. polyandra was estimated to be

approximately 1.75 ~ 3.5 MYA. Among the 8326 genes

identified from P. polyandra, 2170 match to the 5747 sin-

gle-copy orthologs among 10 Citrus-related species. If we

include P. polyandra gene models when constructing the

Poncirus�Citrus phylogenetic tree (using 2170 single-copy

orthologs including P. polyandra), the estimated diver-

gence time between P. trifoliata and P. polyandra is about

2.82 MYA, which falls into the range of the Ks-based

method (Figure 2c). These results indicate that from an

evolutionary perspective the P. polyandra/P. trifoliata split

is one of the most recent divergences among the 11 Citrus-

related species.

Positive selection (dN/dS analysis)

To gain more insight into adaptive evolution in the P. trifo-

liata genome, positive selection was first tested for the

5747 single-copy orthologs from P. trifoliata and nine

Citrus species using a branch-site model. Our analysis

revealed that 35 genes underwent positive selection specif-

ically in the P. trifoliata lineage, which was supported by

both existing annotations and re-annotations (Table S13;

‘Category 4’). To further compare the positively selected

genes among the three cold-tolerant species, additional

analyses were performed using the three cold-sensitive

species as the background branch (Table S13; ‘Category 1–
3’). Similar with C. ichangensis, P. trifoliata has evolved

particular adaptation in both the CBF-dependent and CBF-

independent cold signaling pathways to tolerate the cold

environment from a more northern and temperate natural

habitat (Figure 3a). Four genes (shown in Figure 3a) from

P. trifoliata and C. ichangensis were supported by both

existing annotations and re-annotations. Strikingly, the

homolog of a CBF regulon, LOW-TEMPERATURE-INDUCED

65 (LTI65), was positively selected in two cold-tolerant spe-

cies P. trifoliata and C. ichangensis (Figure 3a). However,

P. trifoliata has a larger number of positively selected sites

(25) than C. ichangensis (1). We further noticed LTI65

remains a positively selected gene when treating the nine

species as the background branch and P. trifoliata as the

foreground branch. Therefore, P. trifoliata, the most cold-

hardy species among the 10, underwent extensive and lin-

eage-specific adaptations in LTI65, a player in the CBF-de-

pendent cold signaling pathway. The other two positively

selected genes in P. trifoliata were COR413-PM1, another

CBF regulon, and hybrid proline-rich protein (PRP). Impor-

tantly, the PRP gene has already been characterized in P.

trifoliata previously and confirmed to confer cold tolerance

(Peng et al., 2015). Additionally, three DEGs responsive to

cold stress were also positively selected uniquely in the P.

trifoliata genome, which was supported by both existing

annotations and re-annotations (Table S13; ‘Category 4’).

Figure 3. Candidate genes associated with cold tolerance and disease resistance.

(a) Positively selected genes associated with cold signaling pathways and specific to two cold-tolerant species. Genes in brown ovals were specifically positively

selected in the Poncirus trifoliata lineage. Genes in green ovals were specifically positively selected in the Citrus ichangensis lineage.

(b) A graphic map showing quantitative trait loci (QTL) and candidate genes in the P. trifoliata genome associated with tolerance to the Huanglongbing (HLB)

disease, as well as candidate genes associated with citrus tristeza virus (CTV) and nematode resistance within Ctv and Tyr1 regions.
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These species-unique adaptations together with the unique

expansions of genes responsive to cold stress may explain

why P. trifoliata is the most cold-tolerant species among

the 10 species analyzed.

Candidate genes associated with HLB tolerance and

resistance to CTV and citrus nematodes

To further exploit the HLB tolerance feature of P. trifoliata,

we mapped the markers flanking 14 QTL intervals associ-

ated with HLB tolerance that were previously placed on link-

age maps of P. trifoliata (Huang et al., 2018). Their genomic

locations were found in the P. trifoliata genome with a phys-

ical size ranging from 0.24 Mb (QTL: FS-2016-t8) to

10.61 Mb (QTL: CD-2015-t8; Table S14). Some of the QTLs

are overlapping; after overlapping QTLs were merged,

seven unique genomic regions for the 14 QTLs were

observed (highlighted in Figure 3b). By searching the P. tri-

foliata counterparts (reciprocal best hits) of DEGs respon-

sive to CLas infection within these QTL regions, we

identified 20 P. trifoliata genes that are counterparts of pre-

viously identified DEGs potentially associated with HLB

(Figure 3b; Table S15; Fu et al., 2016; Hu et al., 2017; Yu

et al., 2017). Interestingly, a TF WRKY70 (or-

ange1.1g020291m/Ptrif.0006s1042) was upregulated upon

CLas infection in sweet orange and positively selected

uniquely in P. trifoliata (considering nine species as the

background branch). The positive selection of this gene was

also supported by re-annotations. Considering the evi-

dence, this TF gene may play an important role in P. trifoli-

ata tolerance to HLB. Strikingly, 11 NBS genes (putative

disease resistance genes) were found in these QTL regions,

and 10 of them (as two clusters) are located in a single QTL

FS-2015-t9a (phenotypic variation explained 24.5%; physical

size 3.75 Mb) on Chromosome 9 (Table S16). Moreover,

one of them (Ptrif.0009s1449) is a counterpart of a DEG (or-

ange1.1t00706.1) responsive to CLas infection. Overall,

these genes can serve as candidate genes for further inves-

tigation of the genetic factors conferring HLB tolerance in P.

trifoliata.

By mapping the Ctv locus controlling CTV resistance and

Tyr1 locus controlling nematode resistance to the P. trifoli-

ata genome, candidate disease resistance genes (NBS

genes) within these regions were identified (Figure 3b;

Table S16). Strikingly, there was a total of 15 NBS genes (as

two clusters) located within the Tyr1 region (1 Mb in size).

Overall, these major loci controlling disease resistance in P.

trifoliata have clusters of NBS genes. Chromosomes 7 and 9

of P. trifoliata may play a very important role in conferring

resistance/tolerance to HLB, CTV and citrus nematodes.

Genetic diversity and relatedness of Poncirus and hybrids

All four P. trifoliata accessions (DPI 50-7, Flying Dragon, Little

Leaf and Rubidoux) have genome-wide average heterozy-

gosity at 0.5–0.6% (Figure 4a), similar to that observed in

most pure Citrus species (Wu et al., 2018). By contrast, the

heterozygosity of the P. polyandra accession is much lower

(~0.2%). The Poncirus/Citrus hybrids are characterized by

inter-specific/generic sequence divergence with heterozygos-

ity 2.3–2.4% (Figure 4a, where the three-letter codes for the

17 accessions are also defined). Admixture analysis using

194 598 nuclear genic single nucleotide polymorphisms

(SNPs) revealed the genetic composition of the 17 re-se-

quenced accessions. At k = 3, the three source populations

correspond to Poncirus, C. maxima (pummelos) and C. retic-

ulata (mandarins). With k = 4, P. polyandra (PCP) separates

from P. trifoliata, with the six Poncirus/Citrus hybrids show-

ing no genetic contribution from P. polyandra (Figure 4b).

These six hybrids exhibit three patterns of admixture, with

four being mandarin/Poncirus hybrids, one as pummelo/

Poncirus hybrid (PXP), and the Carrizo citrange (PXO) being

consistent with its parentage C. 9 sinensis 9 P. trifoliata.

The sweet orange (SWO, C. 9 sinensis) is an admixture of C.

maxima and C. reticulata with a complex origin (Figure 4b;

Wu et al., 2014). Note that the ADMIXTURE software did not

reveal the small amount of pummelo admixture in C. reticu-

lata cultivars Cleopatra (CLP) and Sunki (SNK) as identified

with local ancestry analysis (Wu et al., 2018). Principle com-

ponent analysis with the same set of nuclear genic SNPs

revealed a population structure that is consistent with admix-

ture analysis (Figure 4c). In particular, PC1 separates Pon-

cirus from Citrus with Poncirus/Citrus hybrids at

intermediate positions. PC2 separates pummelos from man-

darins with sweet orange situated between the two parental

species (Figure 4c). Poncirus polyandra splits from the other

accessions with PC3.

Genetic relatedness among the P. trifoliata accessions

and Poncirus/Citrus hybrids are computed following the

method of Wu et al. (2018). The four P. trifoliata accessions

are genetically related to each other with coefficient of

relatedness > 0.5 (Figure 4d). Throughout the genome,

each Poncirus pair shares either one or both haplotypes

(Figure S6). In particular, Flying Dragon and Rubidoux are

related by somatic mutations with r = 1, though their phe-

notypes are quite different, including the dwarfing trait of

Flying Dragon (Cheng and Roose, 1995). This clonal relat-

edness is in line with an earlier proposal that Flying Dra-

gon originated as a mutant of a non-dwarfing genotype

(Cheng and Roose, 1995). We also note that a previously

published Poncirus accession (P. trifoliata Pomeroy; Wu

et al., 2018) is clonally related to Little Leaf. The high

degree of relatedness among the four P. trifoliata acces-

sions indicates a very narrow genetic base for the Poncirus

accessions in the US germplasm, and points to the impor-

tance of exploring additional genetic variation that exists

in the native habitat of Poncirus (Zhu et al., 2015).

Among the six Poncirus/Citrus hybrids, genome-wide

haplotype sharing analysis verified the parentage of Car-

rizo citrange with C. 9 sinensis as the maternal parent and
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P. trifoliata Flying Dragon/Rubidoux (or its somatic mutant)

being the paternal parent. The pummelo/Poncirus hybrid

(PXP) has P. trifoliata Little Leaf as the paternal parent,

with the maternal parent being an unknown C. maxima

that is different from the Siamese pummelos LAP and SIA.

Of the four mandarin/Poncirus hybrids, FXC = Cleopatra

mandarin 9 P. trifoliata Flying Dragon, PXC = P. trifoliata

Little Leaf 9 Cleopatra mandarin, FXS = unknown man-

darin 9 P. trifoliata Little Leaf, and FS2 = unknown man-

darin 9 P. trifoliata Flying Dragon, where the maternal

parents are listed first, we did not distinguish between

somatic mutants in listing the parentage (e.g. FLD and

RUB). By ‘unknown mandarin’ in the parents of FXS and

FS2, we meant that the parents cannot be found in the

three mandarins (CLP, SNK, SCM) of our analysis.

DISCUSSION

The availability of a high-quality reference genome is a

prerequisite for effective and efficient mining of a crop

genome. As a major rootstock in the citrus industry and a

major source of resistance genes for citrus breeding, P. tri-

foliata has many desirable traits, including resistance to

several major diseases, especially tolerance to HLB, and

cold tolerance. Since more than a century ago, many of

these traits have been targeted for introducing into citrus

for crop improvement. However, a P. trifoliata genome

assembly was not available until now. Our study filled this

gap by providing a high-quality and chromosome-scale

reference genome of P. trifoliata to the citrus research

community. This genome should lay a solid foundation for

future genetic, genomic and molecular studies in this

important species.

De novo assembly and TE

Assembling heterozygous genomes de novo has been a

challenge (Kajitani et al., 2014). High contents of repetitive

sequences often present a major barrier to reliable assem-

bly of such genomes from short-read sequences. We

Figure 4. Genetic diversity and relatedness of Poncirus and hybrids.

(a) Heterozygosity of five Poncirus accessions and six Citrus accessions, including Poncirus trifoliata (RUB = Rubidoux, LLF = Little Leaf, FLD = Flying Dragon,

and DPI = DPI 50-7), Poncirus polyandra (PCP), Citrus reticulata (CLP = Cleopatra, SNK = Sunki, and SCM = Sun Chun Sha Kat), Citrus maxima (LAP = low acid

and SIA = Siamese) and Citrus sinensis (SWO), and six Poncirus/Citrus hybrids [PXO = Carrizo citrange (C. 9 sinensis 9 P. trifoliata), PXP = Citrus maxima 9 P.

trifoliata, and four C. reticulata/Poncirus hybrids FXC, PXC, FXS, FS2]. Accession IDs are provided in Table S1.

(b) Admixture analysis at k = 4 reveals the genetic makeup of the re-sequenced accessions in terms of four species. Each bar represents the ancestry proportion

of one accession, and the accessions are ordered as in panel. Note that Poncirus polyandra (PCP) represents a genetic isolate.

(c) Principle component analysis (PCA) shows a population structure that is consistent with admixture analysis.

(d) Genetic relatedness among the four P. trifoliata accessions. The coefficient of relatedness is shown for each pair of accessions. In particular, FLD and RUB

are clonally related (r = 1), and all pairs show high degrees of relatedness (r ≥ 0.5).
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applied an integrated assembly strategy combining

Illumina short-read sequencing, PacBio long-read sequenc-

ing and Hi-C scaffolding technology to facilitate the assem-

bly process and improve the accuracy. Our assembly

strategy has proven to be effective. The Hi-C data and result-

ing scaffolding improved the assembly N50 length by

approximately 32-fold. To our knowledge, this genome is

the fourth reference genome assembly at chromosome-scale

or pseudomolecule-level in Citrus-related genera or, more

broadly speaking, in the family Rutaceae, following C. 9 si-

nensis (Xu et al., 2013), C. 9 clementina (Wu et al., 2014)

and C. maxima (Wang et al., 2018a). The completeness of

this genome is 97.2% based on the BUSCO score, which is

higher than that of previous reports, such as C. reticulata

(96%; Wang et al., 2018a) and F. hindsii (95.1%; Zhu et al.,

2019). A considerable proportion of the P. trifoliata genome

is comprised of TEs (42.63%), and the most abundant repeat

types are LTR retrotransposons (Copia and Gypsy most

frequent). This seems a shared feature among Citrus-related

genomes.

Re-annotation of genes of interest

One limitation of using existing gene model annotations of

other citrus genomes for comparative analysis is that some

findings could be potentially caused by the different anno-

tation pipelines. Therefore, we first used existing annota-

tions to gain a global view of gene family assignment and

identified a preliminary set of genes or gene families of

interest, including homologs of cold signaling-related

genes, rapid evolving gene families, P. trifoliata-specific

genes and single-copy genes across 10 genomes. To

address and minimize potential biases from different anno-

tation pipelines, we therefore applied a homology-based

gene annotation pipeline (Blast/Exonerate) to all the geno-

mic regions potentially containing the preliminary set of

genes of interest for all the 10 genomes, including P. trifoli-

ata itself. Findings from existing annotations were further

filtered according to the re-analysis using the re-annotated

gene models (under the same pipeline).

Phylogenetic analysis

A phylogenetic tree is needed to understand the evolution-

ary relationships among species. The use of highly con-

served and low-copy nuclear genes in resolving

phylogenetic relationships has long been recognized

(Duarte et al., 2010; Zhang et al., 2012). Previously, as the

genome of P. trifoliata was unavailable, a phylogenetic tree

was constructed by using SNPs located within low-copy

genes for nine Citrus-related species, including P. trifoliata

(Zhu et al., 2019). With the availability of 10 Citrus-related

genomes including this P. trifoliata genome, we were able

to use protein sequences of 5747 conserved and single-

copy nuclear genes (genome-wide) across the 10 species

to re-construct a highly confident species tree. The species

tree topology was supported by both the concatenation

method and the coalescence method after using either

existing annotations or re-annotations. To test the effect of

gene numbers on tree structure for the concatenation

method, we also constructed additional trees by using a

subset of these single-copy genes, including using 100,

1000, 2000, 3000 and 4000 randomly selected genes. It was

found that when using more than 2000 genes, the general

tree structure became stable and remained unchanged

even if more genes were included. Therefore, this species

tree can be considered relatively confident and stable. In

this analysis, P. trifoliata showed the closest relationship to

C. ichangensis among the analyzed species, which is con-

sistent with a previous report (Wu et al., 2018). The P. trifo-

liata genome will be useful for phylogenetic studies in

citrus.

Poncirus polyandra

Poncirus polyandra is the only existing species within Pon-

cirus other than P. trifoliata. Almost extinct in the wild, P.

polyandra has been classified as a protected wild plant (na-

tional second-class) in China (http://rep.iplant.cn/protlist).

Recently, the chloroplast genome of P. polyandra was

sequenced and its 105 predicted gene models were used

for phylogenetic analysis (Li et al., 2019; Yang et al., 2019).

In this study, the genome sequences of P. polyandra were

reported, and a pipeline combining reference-based

assembly using RGAAT and gene prediction using Gene-

wise was applied for gene model predictions. We obtained

8326 high-quality predicted protein-coding genes in P.

polyandra. This pipeline can also be applied to other spe-

cies with a reference genome available from a close rela-

tive. On the basis of these 8326 genes, we proposed a

divergence time of 2.82 MYA between P. trifoliata and P.

polyandra. Our study provided additional genomic

resources to this rare and endangered species, which can

be useful for future research of P. polyandra and may pro-

vide guidance to develop conservation strategies.

What’s unique about the genome of Poncirus trifoliata ?

Our analysis using existing annotations revealed that

11 597 gene families were shared by the 10 analyzed Pon-

cirus and Citrus species, indicating that these gene families

may have conserved functions and represent the essence

of Citrus-related species. However, there were 605 genes in

P. trifoliata that are not shared with the remaining nine

species. These P. trifoliata-specific genes are likely not

required for the basic growth and development of Citrus

species, but they may represent the diversity or unique-

ness of P. trifoliata. Notably, the GO enrichment analysis

revealed that two cell-wall-related GO terms were signifi-

cantly enriched in P. trifoliata-specific genes, which may

indicate a unique cell wall structure and organization in P.

trifoliata. LRR proteins play an important role in plant
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innate immunity against pathogens, and most immune

receptors contain the LRR domain for pathogen recogni-

tion (Padmanabhan et al., 2009). While the NBS-LRR genes

are the most common type of disease resistance genes in

plants (McHale et al., 2006), interestingly, we identified a

rapid evolving gene family in P. trifoliata comprised of

non-NBS type LRR genes. The expansion of this family in

the P. trifoliata genome may have a potential role in its dis-

ease resistance as their single homolog in Arabidopsis

belongs to a disease resistance gene family. TEs provide

an abundant source of genetic variations, thereby con-

tributing to the evolution and genetic diversity of plants

(Kidwell and Lisch, 1997; Butelli et al., 2012; Borred�a et al.,

2019). In P. trifoliata, we identified two significantly

expanded gene families encoding the retrotransposon gag

protein and Tam3-transposase. Interestingly, in contrast to

most TEs whose regulations are epigenetic dependent, the

activity of Tam3 is controlled by its own Tam3-transposase

as characterized in Antirrhinum majus (Zhou et al., 2017).

Moreover, the transposition of Tam3 is closely controlled

by temperature, with more transposition activities at lower

temperatures and repressed at higher temperatures

(Hashida et al., 2003, 2006). Therefore, it is likely that the

cold habitat of P. trifoliata is associated with the expansion

of Tam3-transposase gene families. Overall, the enriched

functions for lineage-specific genes and rapid evolving

genes in P. trifoliata may be essential for its adaptive evo-

lution, and contribute to the characters specific to this spe-

cies.

Adaptive evolution of Poncirus trifoliata and Citrus

As the most cold-hardy species among all Citrus-related

species (Spiegel-Roy and Goldschmidt, 1996), the P. trifoli-

ata genome provides a valuable candidate gene pool to

improve cold tolerance in citrus. Our analysis revealed

specific adaptions potentially associated with cold toler-

ance not only in P. trifoliata, but also in the other well-

known cold-tolerant species, C. ichangensis. Our analysis

indicated that P. trifoliata and C. ichangensis had adapta-

tions in both the CBF-independent and CBF-dependent

pathways. One positively selected gene homologous to

LTI65 was shared by P. trifoliata and C. ichangensis. There-

fore, LTI65 could be important in regulating cold signaling

as it was positively selected in two cold-tolerant species.

These positively selected genes can be good candidates

for further studies and genetic engineering to improve cold

tolerance in citrus. Apart from the above adaptations, the

DEGs responsive to cold and positively selected specifi-

cally in P. trifoliata branch may reveal genetic factors and

mechanisms of cold tolerance in P. trifoliata.

Tolerance to HLB, CTV and citrus nematode

A recent study identified QTLs for HLB tolerance in P. trifo-

liata (Huang et al., 2018), based on linkage maps of P.

trifoliata and reference genomes of C. 9 clementina and

C. 9 sinensis. Because the P. trifoliata genome was not

available then, the study was not able to associate the

QTLs with P. trifoliata genes or genomic sequences. With

the availability of this P. trifoliata genome, candidate genes

located within these QTLs could be mined. To be consid-

ered as a candidate gene controlling HLB tolerance, it

would be reasonable to assume that its expression likely

will change after infection with CLas. Therefore, we cata-

logued P. trifoliata genes that are counterparts of DEGs

responsive to CLas infection based on three previous tran-

scriptome studies. The WRKY70 TF gene under positive

selection on Chromosome 6 and QTL FS-2015-t9a harbor-

ing two NBS gene clusters on Chromosome 9 may be

promising candidates for further studies. Similarly, NBS

gene clusters were also observed within Ctv and Tyr1

regions on Chromosome 7. The NBS genes identified in

this study may facilitate understanding the disease resis-

tance in Poncirus and expedite introgression of resistance

genes into Citrus.

Need to preserve the genetic diversity in Poncirus

Poncirus is extremely important for current citrus breeding

and future genetic improvement of citrus. Our study

reveals a surprisingly narrow genetic base in the US germ-

plasm collection, and indicates a strong need for further

exploration and preservation of its natural genetic varia-

tion. A previous study (Zhu et al., 2015) indicates a wide

genetic diversity in the native habitat of P. trifoliata in

China. While still in existence, preserving and sharing this

natural variation should be considered as an important

item on the agenda of citrus germplasm researchers in the

world to prevent the tragedy that had happened to P.

polyandra, the only other species in Poncirus.

Conclusion

In summary, our study significantly enriched the genomic

resources for P. trifoliata, an extremely important relative

of Citrus with remarkable disease resistance and cold toler-

ance. Our reference genome and comprehensive evolu-

tionary analysis are expected to contribute to a better

understanding of disease resistance, cold tolerance and

other unique biological features of P. trifoliata, and play an

important role in breeding, genetic, genomic and molecu-

lar research of Citrus.

EXPERIMENTAL PROCEDURES

Plant materials

Poncirus trifoliata accessions DPI 50-7, Flying Dragon, Little Leaf
and Rubidoux, six P. trifoliata/Citrus hybrids, including Carrizo
citrange, US-802, US-812, US-897 and US-942, and XCitroncirus
X639, and one P. polyandra accession were sequenced (Table S1).
Poncirus trifoliata DPI 50-7 is an accession maintained by Florida
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Department of Plant Industry (DPI; https://www.fdacs.gov/Divi
sions-Offices/Plant-Industry). This accession has been used in vari-
ous studies (Graham et al., 2003; Albiach-Marti et al., 2004). Based
on genotyping data (F.G. Gmitter Jr.), its heterozygosity was lower
than some other Poncirus accessions and it has a high percentage
of nucellar seedlings that develop from nucellar embryos, a type
of apomixis that is important for P. trifoliata to be used as citrus
rootstock. According to the most recent 2018–2019 report from
Florida Department of Agriculture and Consumer Services Bureau
of Citrus Budwood Registration (2019; https://www.fdacs.gov/Divi
sions-Offices/Plant-Industry/Bureaus-and-Services/Citrus-Bud
wood-Registration), Poncirus accessions and Poncirus hybrids
were used as the rootstock for 3 224 857 citrus trees in Florida in
2018–2019. Poncirus and Poncirus hybrid rootstocks accounted for
82.2% of the top 20 rootstocks used in the 2018–2019 citrus propa-
gation cycle (a total of 3 918 440 citrus plants budded on the top
20 rootstocks). Six Poncirus hybrids were included in this study,
including Carrizo citrange, US-802, US-812, US-897, US-942 (Cas-
tle et al., 2009; Bowman et al., 2016) and XCitroncirus X639
(Table S1). Nucellar embryony is widespread in Citrus and Pon-
cirus (Wang et al., 2017). It is very important and valuable for root-
stock cultivars, because it allows for production of highly uniform
plants (because of origin from the nucellar tissue) from seeds for
use as rootstock for grafting (Castle et al., 2009). On the other
hand, this may have led to high levels of relatedness among Pon-
cirus accessions in germplasm collections. The selected and pre-
served accessions may have some differences in morphology and
have different names, but might have originated from nucellar
seedlings and have little to minor differences at the DNA level or
in the genome. Young leaf tissues were collected from the above
accessions and immediately put into liquid nitrogen for subse-
quent DNA extraction using the CTAB method (Cheng et al., 2003).

Genome sequencing and assembly

The genome of P. trifoliata accession DPI 50-7 was sequenced
using PacBio, Illumina HiSeq 2500 (125 bp paired-end reads)
and Hi-C technology. High-molecular-weight DNA was extracted
from approximately 30 g of young leaves of P. trifoliata DPI 50-7
seedlings as described by Kim et al. (2014) and sent to the
University of Florida Interdisciplinary Center for Biotechnology
Research (UF/ICBR; Gainesville, FL, USA), where library construc-
tion and SMRT sequencing were performed. A total of 10 µg of
DNA was sheared in a Covaris g-tube and converted to a
sequencing library using the PacBio SMRT-bell template kit fol-
lowing the manufacturer’s instructions (20 kb template prepara-
tion using BluePippin size selection) with a low threshold of
15 kb. A total of two continuous long-read (CLR) libraries were
made and sequenced. A total of 41 SMRT cells were run on an
RS II sequencer using the P6-C4 chemistry and a 4�6-h movie
length. Illumina whole-genome shotgun sequencing was per-
formed by Novogene Corporation (Beijing, China) for P. trifoliata
accessions DPI 50-7, Flying Dragon, Little Leaf and Rubidoux, P.
polyandra and P. trifoliata hybrids using the Illumina HiSeq 2500
platform (125-bp paired-end reads). The standard Illumina
sequencing protocol was followed for short-insert paired-end
libraries. PacBio sequencing yielded 4 953 819 polymerase reads
with an N50 length of 10 874 bp and a total of 37.1 Gb poly-
merase read bases (approximately 140 9 coverage) for DPI 50-7.
A total of 21.2 Gb of raw short-read sequences (approximately
80 9 coverage) was obtained for DPI 50-7, and 8.6–12.4 Gb of
raw short-read sequences (approximately 32–46 9 coverage) was
obtained for each of the other P. trifoliata accessions and
hybrids (Table S1).

The Poncirus trifoliata DPI 50-7 genome was assembled using
~140 9 depth of sequencing coverage in PacBio CLR data as input
to Falcon (Chin et al., 2016; v2018.03.12-04.00) using the following
parameters: genome_size=300000000 input_type=raw length_cut-
off=5000 length_cutoff_pr=5000 pa_HPCdaligner_option=[-v -B20 -
t16 -k14 -e.70 -l3000 -s100] ovlp_HPCdaligner_option=[-v -B20 -t32
-k25 -w5 -h70 -e.94 -l3000 -s100] pa_DBsplit_option=[-x500 -s350]
ovlp_DBsplit_option=[-x500 -s350] falcon_sense_option=[--output_-
multi --min_idt 0.70 --min_cov 2 --min_cov_aln 4 --max_cov_aln 30
--n_core 4] overlap_filtering_setting=[--max_diff 38 --min_cov 3 --
max_cov 58 --bestn 10 --min_len 5000]. Short-insert paired-end
Illumina sequencing reads from DPI 50-7 were aligned to the pri-
mary contigs with BWA-MEM (Li, 2013; v0.7.17-r1188) and filtered
for properly-paired primary alignments using SAMtools (Li et al.,
2009; v1.6), then the median depth of each contig was calculated
using BEDtools (Quinlan and Hall, 2010; v2.27.0). Primary contigs
with median depth approximately half the expected depth (or
lower) were aligned to all other primary contigs with minimap2
(Li, 2018; v2.5-284-g1739a26). Contigs with alignments at 90% sim-
ilarity and aligned over 90% of their lengths were deemed redun-
dant and set aside as alternate haplotigs. The remaining contigs
were then scaffolded using the Dovetail Genomics HiRise Hi-C-
based scaffolder. The assembly was curated for correctness and
residual redundancy in JuiceBox (Durand et al., 2016a; Dudchenko
et al., 2018; v1.9.0) with the JuiceBox Assembly Tools using Hi-C
alignments performed with Juicer (Durand et al., 2016b; v1.5.6-64-
g94ec691). PacBio long reads were aligned to the scaffolds and
alternate haplotigs with BLASR (Chaisson and Tesler, 2012) via
pbalign (smrtlink v2.3.0, patch 5; parameters: --nproc 8 --algorithm
blasr --maxHits 1 --algorithmOptions “-useQuality -minRea-
dLength 5000 -minSubreadLength 5000”) and the scaffolds pol-
ished using the Arrow (Chin et al., 2013) polishing algorithm
(parameters: --diploid --noEvidenceConsensusCall lowercaserefer-
ence --refineDinucleotideRepeats). A total of two long-read signal
polishing iterations were performed. The DPI 50-7 short-insert
paired reads were aligned to the scaffolds and filtered (as
described above), variants were called with FreeBayes (Garrison
and Marth, 2012; v1.3.1-17-gaa2ace8; parameters: --genotype-qual-
ities --use-mapping-quality --report-genotype-likelihood-max --s-
tandard-filters --haplotype-length 2 --strict-vcf), and the resulting
variants selected for supporting depth within the range of 10–135
9, which were then used to patch small-scale errors using a cus-
tom script (ILEC v0.2.0-28-g190e036; https://bitbucket.org/rokhsar-
lab/map4cns). This short-read-based polishing process was per-
formed twice to yield the intermediate v1.2 assembly, and a total
of six times to produce the final v1.3 assembly. The final polished
scaffolds (v1.3) were then ordered, oriented and named to corre-
spond to that of the Citrus 9 clementina (v1.0) assembly (down-
loaded from Phytozome).

Genome annotation

A de novo TE library was constructed and annotated by Repeat-
Modeler (Smit and Hubley, 2010). For LTR retrotransposons, we
applied LTR_finder (Xu and Wang, 2007) and LTR_harvest (Elling-
haus et al., 2008) to identify candidates in the P. trifoliata genome.
Outputs were processed using LTR_retriever (Ou and Jiang, 2018).
The unknown predicted TEs were further classified using TEClass
(Abrus�an et al., 2009). The above predicted TEs were integrated
into RepBase (Bao et al., 2015). Finally, RepeatMasker (Tarailo-
Graovac and Chen, 2009) was used for TE annotation in P. trifoli-
ata genome assembly.

For gene model annotation, transcript assemblies for DPI 50-7
were first generated from ~39 million pairs of 125-bp (paired-end)
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Illumina RNA-seq reads using PERTRAN (Shu et al., 2013). A total
of 46 423 transcript assemblies was generated using PASA (Haas
et al., 2003) from above RNA-seq transcript assemblies. Protein-
coding gene loci were determined based on transcript assembly
alignments and/or EXONERATE alignments of protein sequences
from Arabidopsis, poplar, cotton, Clementine mandarin, citrus,
Kitaake rice, green foxtail, grape and Swiss-Prot proteomes,
aligned to the repeat-soft-masked P. trifoliata genome using
RepeatMasker. Alignment footprints were extended up to 2 kb
sequences in both directions unless extending into another locus
on the same strand. Gene models were predicted by the homol-
ogy-based predictors, FGENESH+ (Salamov and Solovyev, 2000),
FGENESH_EST, GenomeScan (Yeh et al., 2001), PASA assembly
open reading frames (ORFs), and from AUGUSTUS via BRAKER1
(Hoff et al., 2015). For each locus, the best scored predictions were
selected considering several positive factors (EST and protein sup-
port) and one negative factor (overlapping with repeats). PASA
was used to further improve the selected gene predictions, includ-
ing adding UTRs, splicing correction and adding alternative tran-
scripts. A protein homology analysis was performed by
comparing the PASA-improved gene model proteins with the
above-mentioned proteomes to obtain the Cscore and protein cov-
erage. The selected gene models were subject to Pfam analysis.
The gene models whose protein sequences matched more than
30% of the Pfam TE domains were filtered out.

Comprehensive search for cold signaling pathway and

cold signaling-related genes

For the analysis of cold signaling genes in P. trifoliata, the CBF-de-
pendent and CBF-independent cold signaling pathway genes char-
acterized in A. thaliana were summarized from three most recent
reports (Guo et al., 2018; Liu et al., 2018a; Shi et al., 2018). The
protein sequences of a total of 66 non-redundant genes from the
three reports were downloaded from NCBI (https://www.ncbi.nlm.
nih.gov) or UniProt (https://www.uniprot.org/). In addition, 44 CBF
regulon genes contributing to freezing tolerance and 27 cold-in-
duced ‘first-wave’ TF genes that are induced in parallel with CBF
genes in A. thaliana were also included in the analysis (Park et al.,
2015, 2018). The homologs of the above genes in Citrus-related
genomes were determined using the Blast/OrthoMCL method as
described in gene family analysis below. A previous transcriptome
study revealed P. trifoliata DEGs in response to cold stress at three
time points (6, 24 and 72 h) after cold treatment (Wang et al.,
2015). To find P. trifoliata genes corresponding to the expressed
sequence tag (EST) assemblies in that report, the EST sequences
were compared with the transcript sequences of P. trifoliata gene
models using BLAST. To ensure finding the correct corresponding
genes, a high cutoff of alignment was used: (i) best hit from
BLAST; (ii) [(alignment length 9 percentage of identity)/(query or
subject length)] ≥ 99%.

Analysis of NBS-LRR genes

To identify NBS-containing genes in the P. trifoliata genome, the
protein sequences were first scanned using the NBS Hidden Mar-
kov Model (HMM) profile (PF00931) and ‘hmmsearch’ in Hmmer
under E-value 1e-04 (Finn et al., 2011). In addition, a P. trifoliata-
specific NBS domain HMM profile was made by using the high-
quality hits from ‘hmmsearch’ (E-value 1e-60) and ‘hmmbuild’,
which was also used to scan the protein sequences. The presence
of NBS domain was further confirmed using PfamScan (Finn
et al., 2016). The TIR and LRR domains were identified using the
NCBI conserved domain tool. The CC domain was identified using
Marcoil (probability > 90%; Delorenzi and Speed, 2002). To

construct a phylogenetic tree for NBS genes, the NBS domain
sequences for those with a complete NBS domain were included
for tree construction using RAxML same as below. The phyloge-
netic tree was visualized using MEGA7.

TF gene analysis

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

Candidate gene identification within regions associated

with disease resistance

Our previous report of QTLs associated with HLB tolerance (Huang
et al., 2018) was based on linkage maps of P. trifoliata and either
C. clementina or C. sinensis as the reference genomes. With the
availability of this P. trifoliata reference genome, we mapped the
markers flanking the QTL intervals directly to their own P. trifoliata
reference genome. To search for candidate genes associated with
CLas infection and HLB tolerance, three transcriptome studies
reporting DEGs responsive to CLas infection in C. sinensis, C.
jambhiri (rough lemon) and/or C. hystrix (Kaffir lime) were utilized
(Fu et al., 2016; Hu et al., 2017; Yu et al., 2017). To find the counter-
part genes of these DEGs in P. trifoliata, a combination of Recipro-
cal Best Hit and OrthoMCL (same as below) methods were
applied. Thus, a P. trifoliata gene was considered as the counter-
part if it is the reciprocal best hit of and orthologous to a DEG
responsive to CLas infection. Other genes were also searched
within the QTL regions, including NBS genes and positively
selected genes specific to the P. trifoliata lineage among the 10
species described above. The two major loci associated with CTV
(Ctv) and nematode resistance (Tyr1) were also mapped to the
genome for candidate gene identification (Ling et al., 2000; Yang
et al., 2003).

Gene family analysis

The protein sequences of collected cold signaling-related genes
from above and gene models from C. clementina (v1.0), A. thali-
ana TAIR10 (downloaded at Phytozome), Citrus 9 sinensis (v2), C.
ichangensis (v1.0), C. reticulata (v1.0), C. maxima (v1.0), C. medica
(v1.0), Atalantia buxifolia (v1.0), Fortunella hindsii (v1.0; down-
loaded from http://citrus.hzau.edu.cn/orange/download/index.
php), C. unshiu (http://www.citrusgenome.jp) and P. trifoliata
(from this study) were compared using all-against-all BLAST (E-
value 1e-5). For gene models with multiple isoforms, protein
sequences corresponding to the longest ORF were selected for
further analysis. Homologous/orthologous gene families were
assigned using OrthoMCL (inflation value 1.5; Fischer et al., 2011).
The gene families were compared between the three cold-hardy
species (P. trifoliata, C. ichangensis and F. hindsii) and three cold-
sensitive Citrus species, including C. maxima, C. medica (Nordby
and Yelenosky, 1982; Crif�o et al., 2011) and C. 9 sinensis. The
functions of genes were retrieved from the genome annotation
files. GO enrichment analysis was performed using FatiGO soft-
ware (http://babelomics.org).

Phylogenetic analysis

A total of 5747 single-copy gene families (one-to-one) across all 10
Citrus-related species were used to construct a phylogenetic tree.
The species tree topology was constructed using two methods,
including a concatenation method and a coalescence method. For
the concatenation method, the protein sequences for each gene
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family were first aligned using MAFFT (Katoh et al., 2005). Then,
alignments were trimmed using Gblocks (Talavera and Castre-
sana, 2007). The resulting sequence alignments were concate-
nated into a supermatrix to construct a species tree using RAxML
with 1000 bootstraps (Stamatakis, 2014). The best protein substitu-
tion model ‘PROTGAMMAJTTF’ was selected using a perl script
ProteinModelSelection.pl (https://cme.h-its.org/exelixis/web/sof
tware/raxml/). Atalantia buxifolia was treated as the outgroup. The
evolution time was calibrated using r8s by fixing the Citrus root
age at 8 MYA (Wu et al., 2018). The phylogenetic tree was visual-
ized using MEGA7 (Kumar et al., 2016). In addition, a coalescence
method was applied using the same set of single-copy gene fami-
lies to compare the tree topologies with that of the concatenation
method. Firstly, individual gene trees were constructed for each of
the single-copy gene families using the same method described
for the concatenation method (using RAxML under the ‘PROT-
GAMMAJTTF’ model with 1000 bootstraps). The best-scoring
maximum likelihood (ML) gene trees were further analyzed using
ASTRAL (v5.7.3; Zhang et al., 2018) to estimate a species tree
under a multi-species coalescent model with default parameters.

Gene family evolution analysis

CAF�E was used to investigate gene family expansion and contrac-
tion across all branches of the species tree (De Bie et al., 2006).
Only gene families containing at least one gene in no less than
two species were included for the analysis. We also excluded from
this analysis gene families containing more than 100 genes for
one or more species. CAF�E was run with ‘-s’ option to estimate
the gene birth-death parameter lambda and P-value cutoff 0.01.

Positive selection analysis

We first performed a positive selection analysis using the single-
copy gene families across all 10 Citrus-related species (Table S13;
‘Category 4’). The protein alignments were converted to their cor-
responding CDS alignments. The P. trifoliata branch was used as
the foreground branch, while other branches were used as back-
ground branches under the branch-site model in PAML (Yang,
2007; Jeffares et al., 2015). The likelihood ratio test (LRT) was con-
ducted to compare the two models (model A and A1). Genes with
an FDR < 0.05 and at least one positively selected site (Bayes
probability > 95%) were considered positively selected. To further
compare the positively selected genes among cold-tolerant spe-
cies, three additional phylogenetic trees were constructed using
RAxML and single-copy genes from three combinations of spe-
cies, including the three cold-sensitive species (background
branch) and each of the cold-tolerant species (foreground branch),
for positive selection analysis (Table S13; ‘Category 1–3’).

Re-annotation of the 10 genomes using the same gene

prediction pipeline

To further filter the findings from existing annotations that were
produced previously by different annotation pipelines, a homol-
ogy-based gene prediction pipeline (Blast/Exonerate) was applied
on all the potential genomic regions containing genes of interest
for all the genomes, including P. trifoliata itself. The protein
sequences from P. trifoliata were used as the seeding peptides to
search for potential genomic regions containing their homologs,
including candidate cold signaling-related genes, significantly
expanded gene families, P. trifoliata-specific genes and single-
copy genes used for positive selection analysis. For significantly
contracted gene families, the proteins from the species with the
largest gene number were used as seeding peptides. The seeding

peptides were compared with the 10 genomes using tBlastn/Blastx
under E-value 1e-05. The hits in each genome were extended for
1 kb on each side (if available), and sequences were extracted for
gene prediction using Exonerate (v2.2.0) under the ‘pro-
tein2genome’ model. Exonerate was run twice under either a
stringent cutoff (--percent 80 -n 1) or a less stringent cutoff (--per-
cent 50 -n 5). The best scoring predicted proteins were used for
further analysis. The exonerate models derived from the less strin-
gent cutoff were used to re-run gene family assignment and
expansion/contraction analysis (mainly involving gene numbers)
following the same methods described above. The exonerate
models derived from the stringent cutoff were used to re-run gene
family assignment, phylogenetic analysis and positive selection
analysis (involving gene CDS). For a few homologs of the key cold
signaling pathway genes whose exonerate models were not avail-
able for all 10 species, they were manually re-annotated using
AUGUSTUS for all species.

Prediction of Poncirus polyandra gene models

To obtain P. polyandra gene models for phylogenetic analysis, a
genome assembly of P. polyandra short reads was performed
using the reference-based genome assembly and annotation tool
(RGAAT; Liu et al., 2018b). The reads from whole-genome
sequencing of P. polyandra were aligned to the P. trifoliata gen-
ome using BWA-MEM. Only uniquely mapped reads were retained
for further analysis. Sequence variants were identified using Sam-
tools and Bcftools (Li et al., 2009) according to the instructions of
RGAAT. RGAAT was run using the sequence variant result with
default parameters, except ‘-m 50’ for comparison with different
species. Subsequently, the resulting assembled sequences were
used for gene prediction if their matching P. trifoliata genomic
regions contain a gene with a depth coverage ≥ 3 for all positions.
Poncirus polyandra genes were predicted by comparing between
P. polyandra assembled sequences and their corresponding P. tri-
foliata proteins using Genewise in Wise2 (Birney et al., 2004). Only
predicted genes from Genewise without breaks or frameshift
errors were included for downstream analysis.

WGD analysis and estimation of divergence within

Poncirus

We estimated the WGDs of P. trifoliata genome and other Citrus-
related genomes based on the Ks (number of synonymous substi-
tutions per synonymous site) method using a python pipeline
GenoDup (Mao, 2019). For each species, the paralogous group
information obtained from results of OrthoMCL, proteins and CDS
of genes were used as input with ‘-n 15’ and other parameters as
default. The model plant A. thaliana was also included for compar-
ison of results. To estimate the divergence time between P. trifoli-
ata and P. polyandra, the gene pair information from the previous
step, proteins and CDS from the two species were also input into
the GenoDup pipeline. The divergence time was estimated using
the formula T = Ks/2r, where the neutral substitution rate r was
assumed to be 1 ~ 2 9 10�9 (Wu et al., 2014).

Re-sequencing data analysis

Illumina paired-end reads from five Poncirus accessions, six Pon-
cirus/Citrus hybrids and six citrus cultivars (including sweet
orange, two pummelos and three mandarins) were mapped to the
haploid Poncirus reference sequence V1.3 using BWA-MEM.
Sequences of sweet orange (SWO), Sunki mandarin (SNK) and
low acid pummelo (LAP) were from previous publications (Wu
et al., 2014, 2018). Duplicate reads are removed with sambamba
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before calling variants with GATK HaplotypeCaller (version 3.7-0-
gcfedb67; McKenna et al., 2010). To reduce variant call errors, the
following filters are applied as done previously (Wu et al., 2014):
variants are bi-allelic, read mapping quality ≥ 20, base quality ≥
20, genotype quality ≥ 20, read depth between 1/2 9 and 2 9 the
genome-wide median, allele balance on heterozygous sites. To
determine the chloroplast type of each accession, the Illumina
paired-end reads are mapped to the chloroplast genome sequence
of sweet orange (Bausher et al., 2006), and variants are called
using GATK as above.

For principal component analysis (PCA), Eigensoft (Patterson
et al., 2006) was used on SNPs in the genic regions with missing
rate < 0.05. Admixture analysis was performed with ADMIXTURE
(Alexander et al., 2009), using the same set of SNPs as in PCA. For
relatedness analysis, genome-wide haplotype sharing between
accession pairs were calculated in sliding windows of 100 kb, and
the coefficient of relatedness was estimated following Wu et al.
(2014).
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Figure S1. Genome-wide Hi-C contact map of the Poncirus trifoli-
ata V1.3 assembly (X and Y axes) at 250 kb matrix resolution. The
nine chromosomes and 143 unplaced scaffolds are numbered and
oriented according to Clementine V1.0, and are presented as blue
boxes in descending order (from upper left to lower right). Con-
tacts (red pixels) within chromosomes are denser than between
chromosomes, with contacts between adjacent genomic loci (pix-
els nearer to the diagonal) being denser than those at greater
inter-locus distances (pixels farther off of the diagonal). This fea-
ture of Hi-C was exploited to perform the scaffolding shown.

Figure S2. Dot-plot showing segmental correspondence between
P. trifoliata V1.3 reference sequence (y-axis) and haploid Clemen-
tine reference sequence V1.0 (x-axis). Aligned segments between
assemblies shown with lines; purple lines indicate alignments
between sequences in the same orientation, while light-blue lines
indicate alignments in the reversed orientation.

Figure S3. A phylogenetic tree of identified NBS genes in Poncirus
trifoliata. Three major clusters were identified (blue, orange and
purple dashed lines).

Figure S4. WGD and divergence between Poncirus trifoliata and
Poncirus polyandra. (a) The Ks distribution for paralogous gene
groups in P. trifoliata, C. 9 clementina, C. 9 sinensis and Ara-
bidopsis (as a control). (b) The Ks distribution between P. trifoliata
and P. polyandra obtained from the 8326 gene pairs.

Figure S5. WGD in other Citrus-related species.

Figure S6. Genetic relatedness among four P. trifoliata accessions.
Each row represents one pair of accessions with codes explained
in Figure S5(a). Dark and light green colors denote sharing two
and one haplotypes, respectively, whereas gray stands for the
absence of haplotype sharing.

Table S1. Summary of sequenced Poncirus accessions using Pac-
Bio and Illumina Hiseq 2500 platforms

Table S2. TEs in P. trifoliata genome

Table S3. Comparison of completeness and statistics of assem-
blies among all published Citrus-related genomes

Table S4. Summary of gene families containing cold signaling-re-
lated genes

Table S5. Summary of cold signaling-related genes recovered by
re-annotation

Table S6. Classification of identified NBS genes in P. trifoliata

Table S7. Summary of identified TF genes in P. trifoliata genome

Table S8. Gene family assignment of 10 Citrus-related species
based on existing annotations

Table S9. Genes specific to P. trifoliata

Table 10. Summary of re-annotation of single-copy gene families
across 10 genomes

Table S11. Summary of rapid evolving gene families in P. trifoliata
lineage from CAF�E analysis

Table S12. GO enrichment analysis of P. trifoliata-specific genes
and fast evolving genes in P. trifoliata

Table S13. Summary of positively selected genes
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Table S14. QTLs associated with HLB tolerance mapped to P. trifo-
liata genome and locations of Ctv and Tyr1 regions

Table S15. Candidate P. trifoliata genes responsive to CLas infec-
tion and located within QTLs associated with HLB tolerance

Table S16. NBS genes located within QTL associated with HLB tol-
erance and Ctv and Tyr1 regions
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