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Abstract 

Korla pear has a unique taste and aroma and is a breeding parent of numerous pear varieties. It is susceptible to Valsa 
mali var. pyri, which invades bark wounded by freezing injury. Its genetic relationships have not been fully defined 
and could offer insight into the mechanism for freezing tolerance and disease resistance. We generated a high-quality, 
chromosome-level genome assembly for Korla pear via the Illumina and PacBio circular consensus sequencing (CCS) 
platforms and high-throughput chromosome conformation capture (Hi-C). The Korla pear genome is ~ 496.63 Mb, 
and 99.18% of it is assembled to 17 chromosomes. Collinearity and phylogenetic analyses indicated that Korla might 
be derived from Pyrus pyrifolia and that it diverged ~ 3.9-4.6 Mya. During domestication, seven late embryogenesis 
abundant (LEA), two dehydrin (DHN), and 54 disease resistance genes were lost from Korla pear compared with P. bet-
ulifolia. Moreover, 21 LEA and 31 disease resistance genes were common to the Korla pear and P. betulifolia genomes 
but were upregulated under overwintering only in P. betulifolia because key cis elements were missing in Korla pear. 
Gene deletion and downregulation during domestication reduced freezing tolerance and disease resistance in Korla 
pear. These results could facilitate the breeding of novel pear varieties with high biotic and abiotic stress resistance.

Keywords Disease, Genome, Overwintering, Pyrus sinkiangensis Yu

Introduction
Pear (family Rosaceae; subfamily Pomoideae) is the most 
important temperate fruit crop after apple and grape, and 
it has been cultivated worldwide for over 3,000 years [1]. 
Pears originated in the mountainous regions of south-
western China during the Tertiary period, 65–55 million 
years ago (Mya) and spread to other regions [2, 3]. There 
are thousands of cultivars, and they are generally classi-
fied as either occidental (European) or oriental (Asiatic). 
To date, only a few species, including Pyrus bretschnei-
deri, P. pyrifolia, P. ussuriensis, P. sinkiangensis, and P. 
communis have been cultivated for fruit production. Of 
these, Korla pear (P. sinkiangensis), variety ‘korla fragrant 
pear’, is the most highly preferred and more frequently 
exported to overseas because of its sweet taste, pleas-
ant aroma, and crisp flesh. Korla pear is a native plant 
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of Xinjiang, China, and it is a primal parent for breeding 
novel pear varieties such as Xin 6, Xin 9, Zhongli 10, and 
others [4]. However, the genetic relationships of Korla 
pear remain in dispute. The pear originated in south-
west China and spread across central and western Asia 
and Europe, with its dispersal eventually resulting in vari-
ous new cultivars [5]. Preliminary studies on pear traits 
showed that Korla pear may be a hybrid of P. communis 
and P. bretschneideri [6, 7]. However, random amplified 
polymorphic DNA (RAPD) markers were used to assess 
the genetic relationships of the pear cultivars in Xinjiang 
and showed that P. sinkiangensis is actually a hybrid of 
P. communis and P. pyrifolia [8]. According to the mini-
mum Euclidean distance between P. sinkiangensis and P. 
bretschneideri determined via the RAPD data, P. sinki-
angensis was classified into the P. bretschneideri group 
[9]. Recently, Korla pear was identified as a hybrid of P. 
communis and P. bretschneideri based on 420 single-copy 
conserved genes from nine pear species [5]. Therefore, 
an understanding of the whole genome is essential and 
could be used to accurately identify the genetic relation-
ships for Korla pear.

Pear trees are susceptible to a wide range of pathogens, 
such as Valsa mali var. pyri, which can cause an aggres-
sive pear canker responsible for substantial crop and 
economic losses [10, 11]. This fungus invades the host 
tissue through bark wounds or girdling of the lateral and 
main stems and induces vascular tissue necrosis and tree 
death [12–15]. Valsa mali var. pyri secretes necrotizing 
and ethylene-inducing peptides and effector proteins that 
manipulate host immunity and enable successful fungal 
colonization in the plants [16, 17]. A total of 50–80% of 
Korla pear plants were found to be infected by V. mali 
in a recent study [18]. Since this disease is difficult to 
control without using chemical treatment, the com-
mon method used to prevent spreading of the disease is 
destruction of infected plants. Thus, understanding the 
reason that Korla pear is vulnerable to V. mali is vital to 
breeding new varieties with high resistance to the patho-
gen and will prevent sever yield loss.

To defend against microbial pathogens, a host may 
possess a robust innate immune system that includes 
pattern-triggered immunity (PTI) and effector-trig-
gered immunity (ETI) [19]. Genes regulating the immu-
nity pathway in plants include NOD-like receptors 
(NLRs), ascorbate peroxidase 1 (APX1), BRI1-associ-
ated receptor kinase 1 (BAK1), botrytis-induced kinase 
1 (BIK1), mitogen-activated protein kinases (MAPKs), 
UDP-glucose:phloretin 2’-O-glucosyltransferase 
(UGT88F1), and others [20–24]. However, the num-
bers and expression modes of various disease resistance 
genes differ among plant species and even cultivars. For 
example, the incidences of Valsa mali var. pyri in Yali 

(A kind of Pyrus bretschneideri), Crisp (Another kind of 
Pyrus bretschneideri), and Korla pear are 30%, 30–50%, 
and 50–80%, respectively [18]. Pyrus betulifolia Duli is 
highly resistant to V. mali var. pyri [18]. In general, V. 
mali var. pyri disease outbreaks mainly occur during 
spring and autumn. Moreover, extreme low wintertime 
temperatures exacerbate disease severity. Low tempera-
tures were found to promote V. mali colony growth and 
increased disease incidence in apple [25]. Homeodo-
main-leucine zipper I and II (HD-Zip I and II), which 
regulate the response to fungal invasion, were identi-
fied in apple and are regulated by abscisic acid (ABA) 
and methyl jasmonate (MeJA) signaling [26]. We found 
that overexpress PsHBs could enhance freeze resist-
ance in hybrid Broussonetia papyrifera [27]. Therefore, 
the disease induced by V. mali var. pyri is secondary 
to freezing injury, and both the molecular genetics of 
overwintering and a potential defense mechanism were 
areas of interest in our analysis.

Fruit tree dormancy is vital for ensuring survival dur-
ing the cold season [28, 29]. It may be induced and main-
tained by ABA signaling [30–32]. Cellular dehydration 
and membrane injury are the two main mechanisms of 
freezing damage [33], so numerous osmoprotectants 
accumulate in the cytoplasm during acclimation and 
overwintering. Soluble proteins encoded by LEAs and 
DHNs help stabilize protein structures and membranes 
while preventing excessive cytoplasmic water loss. It was 
previously shown that Betula platyphylla dehydrated 
during seasonal cold acclimation and that DHN accu-
mulation increased with ABA content [34, 35]. LEA14 
improves low-temperature stress tolerance in P. commu-
nis. Thus, LEA genes are associated with freezing toler-
ance in overwintering trees [36].

To achieve the purpose of revealing the genetic basis 
for evolution and the reduced stress resistance, whole 
genomic analysis is necessary for Korla pear. In this 
study, both genome and transcriptome sequencing were 
conducted on Korla pear to identify the genes which 
control its overwintering mechanism. A chromosome-
level genome was produced through the PacBio circular 
consensus sequencing (CCS) platforms. The assembly 
was corrected using the high-throughput chromo-
some conformation capture (Hi-C) algorithm. The Korla 
pear genome was ~ 496.63  Mb and highly heterozygous 
(2.1%). Korla pear was found to be an Asiatic variety that 
diverged from P. pyrifolia ~ 3.9–4.6 Mya. During long-
term evolution, numerous genes were deleted from the 
Korla pear genome compared with that of P. betulifolia. 
For instance, several genes regulating overwintering and 
disease resistance were not induced by freezing. The fore-
going findings explained the low overwintering capacity 
and lack of disease resistance of Korla pear and could 
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provide theoretical and empirical guidance for breeding 
novel cold- and disease-tolerant Korla pear varieties.

Methods
Korla pear genome estimation
The Korla pear genome DNA was extracted from tissue 
culture seedlings via ultrasonic oscillation. The tissue 
culture seedings of Korla pear was provided by Agricul-
tural Science Research Institute of the second division 
of Xinjiang Production and Construction Corps (Korla, 
Xinjiang, China). A library with 350-bp insert size was 
constructed for use in Illumina HiSeq 2500 paired-end 
150 (PE150) sequencing (Illumina, San Diego, CA, USA). 
Raw data (29  Gb) were used to estimate sample DNA 
pollution, genome size, GC content, and heterozygo-
sity. Sample DNA pollution was estimated via the NCBI 
Blast + v. 2.9.0 package (https:// ftp. ncbi. nlm. nih. gov/ 
blast/ execu tables/ blast+/ LATEST/) against the nucleo-
tide (NT) database (https:// www. ncbi. nlm. nih. gov/ nucle 
otide/) using the parameters -num_descriptions 100, 
-num_alignments 100, and -evalue 1e-05 [37]. The k-mer 
frequency distribution was calculated and plotted. Extra-
nuclear DNA was detected using SOAP v. 2.21 (https:// 
www. soapui. org/ downl oads/ soapui/) with cutoffs -m 260 
and  -x 440 [38]. The k-mer frequency distribution was 
used to estimate the Korla pear genome size.

De novo genome assembly using PacBio CCS reads
According to the Korla pear genome estimates, 
31,327,856,661  bp with an estimated depth of coverage 
of ~ 59.65 X was obtained using PacBio circular con-
sensus sequencing (PacBio CCS) technology (https:// 
github. com/ Pacifi cBio scien ces/ ccs). The average CCS 
read length was ~ 13,469 bp and N50 = 13,563 bp. Highly 
accurate CCS data were used to assemble the Korla pear 
genome with hifiasm v. 0.12 (https:// github. com/ chhyl 
p123/ hifia sm). Redundant sequences were eliminated 
with purge_dups software (https:// github. com/ dfguan/ 
purge_ dups) [39]. De novo genome quality was estimated 
and properly mapped to the Illumina HiSeq data and the 
CEGMA v. 2.5 (https:// github. com/ KorfL ab/ CEGMA_ 
v2/ tree/ v2.5) and BUSCO v. 4 (https:// busco. ezlab. org/ 
busco_ v4_ data. html) databases [40, 41]. The Illumina 
HiSeq reads were mapped to the Korla pear genome 
using bwa_mem (https:// github. com/ bwa- mem2/ bwa- 
mem2) with its default parameters [42].

Chromosome‑scale scaffold anchoring with Hi‑C
High-throughput chromosome conformation capture 
(Hi-C) was used to categorize and order the contigs and 
erect chromosome-scale scaffolds [43]. Cells and tissues 
from a fresh pear sample were cross-linked with formal-
dehyde to establish and maintain interactions between 

the cellular DNA and the proteins and between DNA 
and RNA. Nuclear DNA was then digested with the 
restriction endonuclease HindIII. The sticky ends were 
filled with biotinylated nucleotides and the interacting 
DNA was cyclized with blunt ends. The DNA segments 
crosslinks were reversed, and the DNA segments were 
sheared to 300-700 bp fragments. Interacting DNA frag-
ments were captured with streptomycin magnetic beads 
and used to construct an Illumina sequencing library. The 
quality of the latter was determined with a Qubit 2.0 fluo-
rometer (Thermo Fisher Scientific, Waltham, MA, USA) 
and an Agilent 2100 bioanalyzer (Agilent Technologies, 
Santa Clara, CA, USA) and by qPCR.

A total of 51,120,244,986 bp raw data (~ 98.17 × of the 
estimated genome size) was generated on the Illumina 
HiSeq 2500 platform (Illumina, San Diego, CA, USA). 
Clean reads were mapped with Burrows-Wheeler Aligner 
(BWA v. 0.7.10-r789) (mapping mode; -aln and default 
cutoffs) (https:// sourc eforge. net/ proje cts/ bio- bwa/ 
files/) to the Korla pear genome. A total of 171,078,949 
read pairs were mapped to the genome, and 125,295,815 
read pairs were uniquely mapped. Among the latter, the 
number of valid interacting read pairs was 78,369,912 
(62.55%), and they were analyzed by HiC-Pro v. 2.10.0 
(https:// github. com/ nserv ant/ HiC- Pro/ relea ses) [44]. 
The valid interacting read pairs data were used to cor-
rect the contig sequence of the de novo genome. Both 
the valid interacting read pairs and the corrected de 
novo genome contigs were divided into subgroups, 
sorted, and oriented with LACHESIS (https:// github. 
com/ shend urelab/ LACHE SIS) into chromosome scale 
scaffolds using the following parameters: CLUSTER_
MIN_RE_SITES = 100; CLUSTER_MAX_LINK_DEN-
SITY = 2; ORDER_MIN_N_RES_IN_TRUNK = 79; and 
ORDER_MIN_N_RES_IN_SHREDS = 86. The final 
genome assembly was confirmed by Hi-C contact heat-
map and collinearity analysis. The genomes of P. betu-
lifolia (ftp:// downl oad. big. ac. cn/ gwh/ Plants/ Pyrus_ 
betul ifolia_ Pbe- SD_ GWHAA YT000 00000), P. commu-
nis (https:// www. rosac eae. org/ organ ism/ Pyrus/ commu 
nis), P. x bretschneideri (https:// www. ncbi. nlm. nih. gov/ 
assem bly/ GCF_ 000au to315 295.1/), Vitis vinifera (ftp:// 
ftp. ensem blgen omes. org/ pub/ plants/ relea se- 45/ fasta/ 
vitis_ vinif era/), P. pyrifolia Nijisseiki (https:// www. rosac 
eae. org/ rosac eae_ downl oads/ Pyrus_ pyrif olia/ ppyri folia_ 
v1.0/), P. pyrifolia Cuiguan (https:// downl oad. cncb. ac. 
cn/ gwh/ Plants/ Pyrus_ pyrif olia_ Pyrus_ pyrif olia_ culti 
var_ ’Cuigu an’_ GWHBA OS000 00000/), Malus domestica 
(ftp:// ftp. ncbi. nlm. nih. gov/ genom es/ all/ GCF/ 002/ 114/ 
115/ GCF_ 00211 4115.1_ ASM21 1411v1), Arabidopsis 
thaliana (https:// www. arabi dopsis. org/ downl oad/ index- 
auto. jsp? dir=% 2Fdow nload_ files% 2FGen es% 2FTAI R10_ 
genome_ relea se% 2FTAI R10_ chrom osome_ files), Betula 
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pendula (https:// genom evolu tion. org/ coge/ Genom 
eInfo. pl? gid= 35080), and Prunus persica (https:// www. 
ncbi. nlm. nih. gov/ genom e/? term= PEACH) were used to 
construct collinearity with the Korla pear genome. Dia-
mond v. 0.9.29.130 with the parameters e < 1e-5 and C 
score > 0.5 (https:// github. com/ bbuch fink/ diamo nd/ relea 
ses? after= v0.9. 21) was used to identify gene orthologs 
[45]. The adjacent relationships of the orthologous genes 
targeting in the chromosomes of two species were iden-
tified via MCScanX (https:// github. com/ wyp11 25/ 
MCSca nX) [46]. The collinearity was plotted with JCVI 
v. 0.9.13 (https:// pypi. org/ proje ct/ jcvi/) and VGSC soft-
ware (https:// dvb. ac. cn/ vgsc2/ servi ce/ index. php? mode= 
VGSCo nline) [47, 48].

Genome annotation
The tandem and interspersed repeat sequences were 
categorized. The latter included transposable elements 
(TE), which are major annotations of repeat sequences. 
RepeatModeler2 v. 2.0.1 (http:// www. repea tmask er. 
org/ Repea tMode ler/) was used for de novo prediction 
by invoking RECON v. 1.0.8 (http:// repea tmask er. org/ 
RECON-1. 08. tar. gz) and RepeatScout v. 1.0.6 (https:// 
anaco nda. org/ bioco nda/ repea tscout) [49–51]. Repeat-
Classifier (https:// github. com/ Dfam- conso rtium/ Repea 
tMode ler/ blob/ master/ Repea tClas sifier) classified pre-
dictions based on the repbase v. 19.06 (https:// www. girin 
st. org/ repba se/) [52], REXdb v. 3.0 (http:// repea texpl 
orer. org/? page_ id= 918) [53], and Dfam v. 3.2 (https:// 
dfam. org/ home) [54] databases. Long terminal repeats 
(LTR) were annotated de novo with LTR_retriever v. 
2.8 (https:// github. com/ oushu jun/ LTR_ retri ever) based 
on the LTRharvest v. 1.5.9 (https:// github. com/ oushu 
jun/ LTR_ HARVE ST_ paral lel) and LTR_FINDER v. 1.1 
(https:// github. com/ xzhub/ LTR_ Finder) analyses [55–
57]. The preceding results and databases were used to 
construct a specific redundancy-free repeat sequences 
database. The Korla pear genome TE was annotated with 
RepeatMasker v. 4.1.0 (http:// repea tmask er. org/ Repea 
tMask er/) against the specific repeat sequences database 
[58]. The tandem repeats were annotated with MIcroSAt-
ellite Identification Tool v. 2.1 (https:// webbl ast. ipk- gater 
sleben. de/ misa/) and Tandem Repeats Finder v. 409 using 
the parameters 1 1 2 80 5 200 2000 -d -h (https:// mybio 
softw are. com/ trf-4- 04- tandem- repea ts- finder. html) [59, 
60].

Protein-coding genes were identified by de novo 
homolog- and transcriptome-based prediction. Tran-
scriptome prediction was performed by Augustus v. 2.4 
(https:// github. com/ Gaius- Augus tus/ Augus tus) and 
SNAP v. 2006–07-28 (https:// github. com/ KorfL ab/ 
SNAp) [61, 62]. Homology prediction was conducted 
with GeMoMa v. 1.7 (https:// anaco nda. org/ bioco nda/ 

gemoma), which aligned the gene orthologs of conge-
nerics [63]. Fruit, leaf, and stem samples were mixed and 
used in transcriptome sequencing on the Illumina HiSeq 
2500 platform. The transcriptome was assembled with 
the reference genome by HISAT v. 2.0.4 (http:// daehw 
ankim lab. github. io/ hisat2/) and StringTie v. 1.2.3 (http:// 
ccb. jhu. edu/ softw are/ strin gtie/). GeneMarkS-T v. 5.1 
(https:// github. com/ Magdo ll/ SQANT I2/ blob/ master/ 
utili ties/ gmst/ README. GeneM arkS-T) was used to pre-
dict the protein-coding genes in the genome [64–66]. The 
transcriptome assembly with no reference genome was 
acquired with Trinity v. 2.11 90 (https:// www. osc. edu/ 
resou rces/ avail able_ softw are/ softw are_ list/ trini ty) [67]. 
PASA v. 2.0.2 (https:// sourc eforge. net/ proje cts/ pasa/) 
was used to predict the coding genes in the genome [68]. 
The foregoing results were integrated with EVM v. 1.1.1 
(https:// github. com/ EVide nceMo deler/ EVide nceMo 
deler/ relea ses) [69]. The primary gene set was modified 
with PASA v. 2.0.2 to produce the final gene set. The 
accuracy of protein-coding genes was qualified with 
BUSCO v. 4.0 against the BUSCO embryophyta database 
(http:// busco. ezlab. org/ v2/ datas ets/ embry ophyta_ odb9. 
tar. gz). The percentage of RNA-Seq clean data mapped to 
the protein-coding genes was determined with HISAT2 
software.

Non-coding RNA was predicted according to the RNA 
classification. The software tRNAscan-SE v. 1.3.1 (http:// 
trna. ucsc. edu/ tRNAs can- SE/) was used to predict the 
tRNA [70]. The rRNA was identified with the barrnap 
v. 0.9 (https:// github. com/ tseem ann/ barrn ap) and the 
Rfam v. 12.0 (https:// rfam. xfam. org) databases [71, 72]. 
The microRNA (miRNA) was predicted with miRbase 
(https:// www. mirba se. org) [73]. The snoRNA and the 
snRNA were predicted with Infernal v. 1.1 (http:// eddyl 
ab. org/ infer nal/) against the Rfam v. 12.0 database [71, 
74]. The pseudogene sequences are usually similar to 
those of functional genes but might have lost their bio-
logical function because of certain genetic mutations 
such as insertions and deletions. GenBlastA v. 1.0.4 
(https:// mybio softw are. com/ genbl asta-1- 0-4- genbl astg-
1- 39- homol ogous- gene- seque nces. html) was used to 
scan the entire genomes after the predicted functional 
genes were masked. Putative candidates were analyzed 
by searching for non-mature and frameshift mutations 
with GeneWise v. 2.4.1 (https:// www. ebi. ac. uk/ Tools/ psa/ 
genew ise/) [75, 76].

Functional annotations were assigned by blast searches 
against the NR (202,009, ftp:// ftp. ncbi. nlm. nih. gov/ blast/ 
db), SWISS-PROT (http:// ftp. ebi. ac. uk/ pub/ datab ases/ 
swiss prot; accessed May 2020) [77], and KEGG (http:// 
www. genome. jp/ kegg; accessed December 20, 2019) 
databases [78]. All genes were then subjected to eggNOG 
v. 5.0 (http:// eggno g5. embl. de/ downl oad/ eggnog_ 5.0/) 
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[79] and GO (http:// geneo ntolo gy. org; accessed June 15, 
2020) annotations. Gene families were assigned with 
Pfam v. 33.1 (http:// pfam. xfam. org) [80] and InterPro-
Scan v. 5.34-73.0) (https:// www. ebi. ac. uk/ about/ news/ 
updat es- from- data- resou rces/ Inter Pro- 73.0/) [81]. Over-
all, 38,296 of the predicted genes (99.92%) were assigned 
to functional descriptions.

Comparative genomic analysis
The genomes of P. betulifolia, V. vinifera, P. persica, A. 
thaliana, P. communis, M. domestica, P. bretschneideri, 
P. betulifolia, P. pyrifolia Nijisseiki, P. pyrifolia Cuiguan 
and B. pendula were subjected to comparative genomic 
analysis. Protein sequence sets were collected from all of 
the aforementioned species. Orthofinder v. 2.4 with the 
parameters -align model diamond and -e 0.001 (http:// 
www. steve kelly lab. com/ softw are/ ortho finder) was used 
to assign the gene families [82]. The latter were then 
annotated with the PANTHER v. 15 database (pantherdb.
org) [83] and subjected to GO and KEGG annotations.

A total of 1,857 single-copy gene sequences were 
extracted from all 10 species and aligned with MAFFT 
v. 7.205 using the parameters -localpair and -maxiterate 
1000 (https:// mafft. cbrc. jp/ align ment/ softw are/) [84]. 
Poorly aligned sequences and regions were estimated 
and deleted with Gblocks v. 0.91b using the param-
eter -b5 = h (https:// bioweb. paste ur. fr/ docs/ modul es/ 
gbloc ks/0. 91b/). In this manner, a supergene sequence 
was generated [85]. The optimal phylogenetic tree was 
JTT + F + I + G4, and it was determined with ModelF-
inder in IQ-TREE v. 1.6.11 (https:// github. com/ Cibiv/ 
IQ- TREE/ relea ses/ tag/ v1.6. 11) [86, 87]. The latter pro-
gram was then used to construct the maximum likeli-
hood (ML) phylogenetic tree with 1,000 bootstraps. A 
rooted tree was constructed by setting Vitis vinifera as 
the outgroup. The divergence time was estimated with 
the MCMCTREE package in PAML v. 4.9 (http:// abacus. 
gene. ucl. ac. uk/ softw are/ paml. html) [88]. The divergence 
times for P. communis_Vs_M. domestica (19-46 Mya) and 
P. communis_Vs_V. vinifera (105-115 Mya) were acquired 
from the TimeTree database (http:// www. timet ree. org/). 
The gradient and Hessian parameters were estimated 
with the MCMCTREE package in PAML v. 4.9 [88]. The 
ML phylogenetic tree was then constructed, and a cor-
related molecular clock and JC69 were used to estimate 
the divergence time. The numbers of Markov chain itera-
tions were set to burnin = 5,000,000, sampfreq = 30, and 
nsample = 10,000,000. The correlation coefficient of two 
independent runs was determined to confirm the accu-
racy of divergence time estimation. The phylogenetic tree 
with divergence time was displayed with MCMCTreeR v. 
1.1 (https:// www. rdocu menta tion. org/ packa ges/ MCMCt 
reeR/ versi ons/1.1) [89].

CAFE v. 4.2 (https:// hahnl ab. github. io/ CAFE/) was 
used to detect gene family expansion and contrac-
tion based on the gene family clustering results and the 
estimated divergence times between species [90]. The 
standard for determining gene family expansion and con-
traction was based on P < 0.05.

The protein sequences of the single-copy families were 
extracted from P. betulifolia, P. bretschneideri, P. sinki-
angensis, P. communis, P. pyrifolia Nijisseiki, P. pyrifolia 
Cuiguan and M. domestica were aligned with MAFFT 
using the parameters -localpair and -maxiterate 1000. 
The aligned sequences were then reversed into codon 
sequences with PAL2NAL software (http:// www. bork. 
embl. de/ pal2n al/). The chi2 program in PAML was used 
to perform likelihood ratio tests based on the branch-site 
model of CodeML and to identify significant differences 
(P < 0.05). Sites with P > 0.95 were considered positive 
gene selections based on the empirical Bayes method.

Whole-genome duplication (WGD) was identified 
from the distribution curve of synonymous substitutions 
per synonymous site (Ks) and four-fold synonymous 
(degenerative) third-codon transversion (4DTv). The Ks 
distribution was plotted with wgd v. 1.1.1 (https:// wgd. 
readt hedocs. io/ en/ latest/ index. html) [91]. The Ks peak 
corresponded to a WGD event. The 4DTv distribution 
was plotted according to Scripts (https:// github. com/ 
Jinfe ngChen/ Scrip ts) and corrected through a HKY sub-
stitute model.

Transcriptome sequencing of Korla pear and P. betulifolia 
during overwintering
Two-year branches were harvested from Korla pear and 
P. betulifolia trees in Korla City, Xinjiang Province, China 
on November 11, 2020, December 25, 2020, and Febru-
ary 15, 2021. Each sample had three biological repli-
cates. Phloem was scraped from the branches after they 
were frozen in liquid nitrogen and stored in an ultracold 
freezer. Total RNA was extracted with TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s instructions. The RNA quality was evaluated by 
agarose gel electrophoresis and analysis using a Qubit 2.0 
fluorometer and an Agilent 2100 bioanalyzer. RNA-Seq 
libraries were constructed with a TruSeq RNA sample 
preparation kit (Thermo Fisher Scientific) following the 
manufacturer’s instructions. After raw read QC, ≥ 6  Gb 
data/sample were obtained on an Illumina HiSeq 2500 
platform.

HISAT2 was used with its default parameters to map 
the clean reads to the reference genome. The transcript 
sequences were assembled with StringTie. The gene 
expression level was calculated per kilobase transcript 
per million fragments mapped (FPKM) using feature-
Counts (https:// subre ad. sourc eforge. net/ featu reCou nts. 
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html) [92]. Differentially expressed genes (DEGs) were 
analyzed with DESeq2 (https:// bioco nduct or. org/ packa 
ges/ relea se/ bioc/ html/ DESeq2. html) [93, 94]. P-values 
were calculated by the Benjamini-Hochberg method to 
obtain the false discovery rates (FDR). The DEGs were 
identified using the criteria |log2(FC)|> = 1, P < 0.5, and 
FDR < 0.01. All genes were annotated in the GO (gene-
ontology.org), KEGG (https:// www. genome. jp/ kegg/), 
KOG (https:// mycoc osm. jgi. doe. gov/ help/ kogbr owser. 
jsf ), NR (https:// https. ncbi. nlm. nih. gov/ refseq/ about/ 
nonre dunda ntpro teins/), and SwissProt (https:// www. 
expasy. org/ resou rces/ unipr otkb- swiss- prot) databases. 
The transcription factors (TFs) were annotated using 
the hmmscan function in iTAK software (https:// github. 
com/ kentnf/ iTAK) against the PlnTFDB and PlantTFDB 
(planttfdb.gao-lab.org) databases.

Results and discussion
Genome sequencing, assembly, annotation
We sequenced the Korla pear genome through the PacBio 
CCS sequencing platforms and corrected the assembly 
with the Hi-C algorithm. We obtained 31,327,856,661 
base pairs (bp) (average read length = 13,469  bp) 
and 51,120,244,986  bp of the Hi-C paired-end reads 
(Table  S1). We used the high-quality PacBio CCS 
data to assemble the Korla pear genome with hifi-
asm v. 0.12 [39] and generated an initial contig set with 
N50 = 30,533,258 bp (Table S2). We obtained 84 contigs 
with total length = 525,179,194 bp. To determine assem-
bly quality, we generated 25.75 Gb clean reads on the 
Illumina HiSeq 2500 platform. The proportion of NGS 
sequencing short reads mapped to the assembly genome 
with the BWA software package was 98.19% (Table  S3). 
Hence, the pear genome assembly had high accuracy 
[42]. We identified most of the core eukaryotic genes in 
the CEGMA v. 2.5 (98.91%) and BUSCO v. 4 databases 
(Tables S4 and S5). The foregoing results indicated that 
the initial contigs were properly assembled.

We used LACHESIS software to assemble the chromo-
some-level Korla pear genome. We integrated the Hi-C 
paired-end reads data (Table  S6) [95], and we assigned 
502,229,930 bp contigs data (99.18%) to 17 chromosomes 
(Fig.  1A; Table  1). The scaffold N50 was 29,545,866  bp, 
and the GC content was 37.67% (Table  S7). According 
to the genome elucidated by Illumina HiSeq sequencing, 
the Korla pear genome was highly heterozygous (2.1%) 
and was 496.63 Mb in size (Tables S8-S10; Fig. S1). About 
99.77% of the Korla pear genome was accurately assem-
bled. To validate the results of the Korla pear genome 
assembly, we plotted a heatmap with Hi-C data and 

showed that all bins could be clearly assigned to all 17 
chromosomes (Fig. S2). The foregoing analyses illustrated 
that the Korla pear genome was correctly and completely 
assembled at the chromosome scale.

We found that 52.32% of the Korla pear genome com-
prises repeat sequences including 21,860,188 bp tandem 
repeat sequences (4.32%) and 246,097,064 bp transpos-
able elements (48.60%) (Tables S11 and S12).

The retroelement type had the highest proportion at 
39.13% (Table S11). As for other plants, the long termi-
nal repeats (LTRs) consisted mainly of Gypsy, Unknown, 
and Copia elements. However, the proportion of DNA 
transposon elements was higher in the Korla pear 
genome (9.47%) than it was in those of the other plants. 
The DIRS (Dictyostelium intermediate repeat sequence) 
and LARD (large retrotransposon derivative) proportions 
were lower in Korla pear than paper mulberry (5.11% and 
8.68%, respectively), and accounted for 0.01% and 0% of 
the genome, respectively.

We identified 38,327 protein coding genes, 4,558 non-
coding genes (corresponding to 850 tRNAs, 3,593 rRNAs, 
and 115 miRNAs), and 264 pseudogenes in the Korla 
pear genome (Tables S13 and S14). Of these, we identi-
fied 1,539 genes (95.35%) in the Embryophyta data of the 
BUSCO database (Table S15). Moreover, the gene length 
distribution trend of the Korla pear genome was similar 
to those of P. betulifolia, P. communis, and P. bretsch-
neideri (Fig. S3). However, the Korla pear genome had 
fewer genes than that of P. betulifolia (59,520 genes) but 
more than those of P. communis (37,430) and P. bretsch-
neideri (34,661) (Table S16). We annotated 38,296 genes 
(99.92%) in the GO, KEGG, KOG, SwissProt, TrEMBL, 
eggNOG, and NR databases (Table  2). The Unknown 
function term (10,132, 31.51%) was the most highly 
enriched in the Korla pear genome according to the egg-
NOG annotation (Fig. S4). Only 302 genes (0.94%) were 
assigned to the Defense mechanism term. Korla pear had 
a lower gene number than P. betulifolia in the Defense 
mechanism term [96].

Genomic evolution of Korla pear
We used IQ-TREE v. 1.6.11 software to plot a phylo-
genetic tree with the sequences of single-copy gene 
set and analyze the evolution of Korla pear. Pyrus spp. 
mentioned in this study and Malus domestica diverged 
from each other ~ 6.9–26.9 Mya (Figs. S5 and 6). The 
results indicated that Korla pear, P. pyrifolia (Cuiguan 
and Nijisseiki) and P. bretschneideri, the most closely 
related species, diverged ~ 3.9–4.6 Mya. The five Asiatic 
pear species [Korla pear, P. bretschneideri, P. pyrifolia 
(Cuiguan and Nijisseiki), and P. betulifolia] had more in 
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common than the P. communis that diverged ~ 4.9-6.8 
Mya. All other phylogenetic analyses strongly corrobo-
rated this finding (Supplementary Fig.  6 and Fig.  1B). 
Moreover, the Korla pear genome had greater similar-
ity to that of P. pyrifolia (89.74%) than that of P. betu-
lifolia (89.11%), P. bretschneideri (84.59%) and Pyrus 

communis (76.76%) based on the number of common 
families. These discoveries were partially consistent 
with previously reported estimates that Korla pear 
was a hybrid of Pyrus communis and P. bretschneideri 
or P. pyrifolia [6, 7, 97]. According to our analysis, 
the genetic information of Korla pear is more closely 

Fig. 1 The information of Korla pear chromosomes. A Korla pear pseudochromosomes. a, Chromosome ideograms. b, Transposable element (TE) 
content in each chromosome. c, Gene density in each chromosome. d, GC content in each chromosome. B Phylogenetic tree analysis of Korla 
pear genome with number of gene family expansion and contraction. + , gene family expansion. -, gene family contraction. The scale represents 
divergence times (million years ago). C Alignment of Korla pear chromosomes shown by pairwise dot plots
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related to that of P. pyrifolia than that of P. bretschnei-
deri and P. communis. There had been identified that 
the P. bretschneideri was diverged from the P. pyrifolia 
[5]. On the other hand, the Korla pear showed higher 
synteny with P. pyrifolia than P. bretschneideri (Fig. 2A). 
Accordingly, all these results illustrated that the Korla 
pear and P. pyrifolia have exhibited a close genetic rela-
tionship, suggest a common ancestral divergence.

Pairwise comparisons of the 17 Korla pear chromo-
somes showed strong collinearity between the large seg-
ments of chromosomes 1 and 7, 2 and 15, 3 and 11, 4 
and 12, 5 and 10, 6 and 14, 8 and 15, 9 and 17, and 13 
and 16 (Fig. 1C; Fig. S7). Hence, a whole-genome dupli-
cation (WGD) event occurred in Korla pear. The WGD 
event was clearly identified by the distribution of the 

synonymous substitutions per synonymous site (Ks) and 
by fourfold degenerate transversion rate (4DTv) analy-
sis (Fig. 2B). A sharp peak (~ 0.15) in the Ks distribution 
indicated a recent WGD event in evolutionary history 
(Fig. 2B). The Ks peak values and the time sequence after 
the WGD event also showed that Korla pear diverged 
from Malus domestica, P. communis, P. betulifolia, and P. 
bretschneideri. The Ks peak values for apple (0.20) and P. 
betulifolia (0.17) were close to that of Korla pear. There-
fore, our results indicated that the pear and apple species 
were derived from a common ancestor, which is in agree-
ment with previous research [96, 98]. The time of diver-
gence for Korla pear aligned with the phylogenetic tree.

Eudicots originated from a common ancestor wherein 
a karyotype consisting of seven (pre-γ ancestor) pro-
tochromosomes evolved into 21 (post-γ ancestor) chro-
mosomes through a paleohexaploid event (WGT-γ) 
[99]. No remnant of any ancient duplication event was 
detected in Korla pear, according to the Ks distribution 
analysis. However, there was an obvious Ks peak value 
(~ 1.6) in apple [98]. Pairwise comparisons and syntenic 
blocks of the genome disclosed high collinearity between 
Korla pear and apple. Thus, the chromosome structures 
of both genomes were stable (Supplementary Figs. 8 and 
9). Identical segments in chromosomes 9 and 17, 6 and 
14, and 13 and 16 resembled those in apple and were col-
linear with chromosomes 1, 14, and 17 in grape, which is 
an ancient hexaploid [100]. The remnant of a paleohexa-
ploid state of the eudicot progenitor revealed that Korla 

Table 1 Sequences distribution of Korla pear chromosome-level genome

Chromosomes Cluster Number Cluster Length (bp) Order Number Order Length (bp)

Chr01 3 24,866,863 1 24,564,898

Chr02 2 30,561,580 1 30,533,258

Chr03 18 30,115,825 1 29,545,866

Chr04 1 23,100,000 1 23,100,000

Chr05 1 34,388,895 1 34,388,895

Chr06 1 26,681,330 1 26,681,330

Chr07 1 28,997,902 1 28,997,902

Chr08 1 25,579,965 1 25,579,965

Chr09 2 28,084,273 2 28,084,273

Chr10 1 34,166,355 1 34,166,355

Chr11 1 32,444,340 1 32,444,340

Chr12 1 21,764,265 1 21,764,265

Chr13 3 32,553,751 2 32,304,445

Chr14 1 27,211,198 1 27,211,198

Chr15 3 41,898,571 3 41,898,571

Chr16 1 30,492,774 1 30,492,774

Chr17 1 29,322,043 1 29,322,043

Total (Ratio %) 42 (48.84) 502,229,930 (99.18) 21 (50.0) 501,080,378 (99.77)

Table 2 Statistic gene annotation of Korla pear genome

#Anno_Database Annotated_Number Annotated_
Ratio

GO_Annotation 32,132 83.84

KEGG_Annotation 29,880 77.96

KOG_Annotation 22,276 58.12

Swissprot_Annotation 31,514 82.22

TrEMBL_Annotation 38,238 99.77

eggNOG_Annotation 32,157 83.9

nr_Annotation 38,295 99.92

All_Annotated 38,296 99.92
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Fig. 2 Evolution of the Korla pear genome and comparative genomic analysis. A Collinearity analysis of Korla pear with White pear, European pear 
and Asian pear. B 4DTv and Ks distribution curve showing pairwise comparisons of Korla pear and other plant genomes
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pear and apple experienced analogous paleoduplication 
events.

Comparative genomic analysis
We assigned 37,368 genes to 20,615 gene families in the 
Korla pear genome (Figure S10). A comparative analysis 
of Korla pear, P. pyrifoliaSL, P. pyrifoliaCG, P. betulifo-
lia, and P. bretschneideri showed 14,595 gene families in 
all five species and 320 species-specific gene families in 
the Korla pear genome. There were 1,136 expansion and 
7,332 contraction families through comparative analy-
sis in Korla pear gene families(Fig.  1B). A GO enrich-
ment analysis disclosed that the catalytic activity and 
transporter activity terms were the most abundant in 

the specific Korla pear gene families (Fig. S11). Most 
genes with catalytic activity were implicated in galactose 
metabolism, RNA polymerase, sphingolipid metabo-
lism, pyrimidine metabolism, diterpenoid biosynthesis, 
amino sugar and nucleotide sugar metabolism, among 
other functions (Fig. S12). These genes might regulate the 
unique taste and aroma of Korla pear.

Pyrus betulifolia is a wild species with high tolerance to 
several abiotic and biotic stressors [101]. We found 6,058 
gene families consisting of 12,761 genes that were specific 
to P. betulifolia (Fig. S10). The annotation revealed 151 
genes in 85 orthogroups related to gene transcription, 
353 genes in 188 orthogroups related to protein kinase 
activity, 54 genes in 23 orthogroups related to disease 

Fig. 3 LEA family and disease resistance genes mapped to P. betulifolia genome. Orange markers represent LEA genes deleted in the Korla pear 
genome. Red markers represent DHN genes deleted in the Korla pear genome. Blue markers represent disease resistance genes deleted in the Korla 
pear genome
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resistance, and 9 genes in the LEA family possibly related 
to wintertime freezing resistance (Fig. 3).

Deciduous fruit trees have complex mechanisms 
enabling them to survive detrimental winter environ-
ments [102]. For example, phytohormone abscisic acid 
(ABA) induces dormancy and regulates the expression 
of genes encoding antifreeze proteins [103–105]. LEA14 

in P. communis encodes an antifreeze protein gene that 
confers wintertime freezing resistance. The expression 
patterns of this gene resemble those of PcDREB1A and 
PcDREB1C [36]. The LEA genes play important roles in 
freezing resistance under cold winter conditions. How-
ever, the Korla pear genome lost seven LEA and two 
DHN genes during long-term artificial selection. Hence, 

Fig. 4 Comparative transcriptomic analyses of Korla pear and P. betulifolia. A transcriptome sequencing sampling method for Korla pear and P. 
betulifolia. B Venn analysis of differentially expressed genes (DEGs) in Korla pear and P. betulifolia. OG: orthogroup ID. C, GO enrichment analysis 
of significantly differentially expressed genes in P. betulifolia but not Korla pear
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Korla pear might have lower freezing resistance and 
higher disease susceptibility during winter.

Microorganism-associated molecular patterns 
(MAMPs) elicit vital pattern-triggered immunity (PTI) 

and effector-triggered immunity (ETI) in plants. Nev-
ertheless, 54 genes encoding disease resistance were 
depleted in the Korla pear genome compared with that 
of P. betulifolia. Most of these genes encode pattern 

Fig. 5 Expression profiles of LEA family and disease resistance genes in overwintering pear species. A expression profiles of LEA family and disease 
resistance genes in Korla pear. B expression profiles of LEA family and disease resistance genes in P. betulifolia. Common-pbe/psin-lea: LEA genes 
common to Korla pear and P. betulifolia. Common-pbe/psin-dr: disease resistance genes common to Korla pear and P. betulifolia. Specific-pbe/
psin-lea: LEA genes localized only to P. betulifolia or Korla pear genome. Specific-pbe/psin-dr: disease resistance genes localized only to P. betulifolia 
or Korla pear genome. OG: orthogroup. TB, TM, and TF: early, middle, and late overwintering stage, respectively, in Korla pear sampling. DB, DM, 
and DF: early, middle, and late overwintering stage, respectively, in P. betulifolia sampling
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recognition receptors (PRRs) required to elicit PTI. Chitin 
elicitor receptor kinase 1 (CERK1) is a key immunoreg-
ulator in many plants [106–110]. No NOD-like recep-
tors (NLRs) triggering ETI were identified among the 34 
genes. However, a heat shock protein 90 (HSP90) required 
for nucleotide-binding leucine-rich domain (NLR) matu-
ration was detected [111]. Therefore, both PTI and ETI 
immunity were attenuated in Korla pear compared with 
P. betulifolia.

Transcriptome sequencing of Korla pear and P. betulifolia 
during overwintering
Plant overwintering is highly complex and includes 
freezing and disease resistance during dormancy. We 
subjected early-, mid-, and late winter branch phloem 
samples to transcriptome sequencing to understand the 
differences in overwintering ability between Korla pear 
and P. betulifolia (Fig.  4A). We identified 7,526 DEGs 
by comparing the three wintertime stages of Korla pear 
(Table S17). By contrast, we found 15,676 DEGs in P. bet-
ulifolia (Table S18). A Venn analysis revealed 4,195 OGs 
(5,401 DEGs in Korla pear and 6,467 DEGs in P. betulifo-
lia) for both Korla pear and P. betulifolia in winter, 2,125 
DEGs (including 1,553 DEGs in 1,390 OGs) specific to 
Korla pear, and 9,209 DEGs (including 7,528 DEGs in 
5,860 OGs) specific to P. betulifolia (Fig. 4B).

We performed GO enrichment analyses of the spe-
cific DEGs in P. betulifolia to demonstrate the differ-
ences between Korla pear and P. betulifolia. Twenty GO 
terms were assigned to the biological process category, 
including “cellular process” (5.18%), “response to stimu-
lus” (2.42%), and “regulation of transcription, DNA-tem-
plated” (2.74%) (Fig. 4C). The most highly enriched GO 
term under the molecular function category was “ATP 
binding” (9.88%). The most highly enriched GO term 
under the cellular component category was “nucleus” 
(8.33%). The foregoing results showed that either numer-
ous genes implicated in overwintering were down-
regulated or they were depleted in the Korla genome 
compared with that of P. betulifolia.

Expression analysis of genes regulating freezing 
and disease resistance
Certain LEA family genes were lost in the Korla pear 
genome compared with that of P. betulifolia (Fig.  3). 
There were 75 LEA genes and 10 Dehydrin genes 
(DHNs) in the Korla pear genome. Of these, seven 
LEA and eight DHN genes participated in overwinter-
ing (Fig.  5A). However, 24 LEA and eight DHN genes 
in P. betulifolia were differentially expressed during 
winter. There were 18 orthogroups (21 LEA genes) in 
the Korla pear genome, but they were not expressed 
during overwintering (Fig.  6). Hence, mutation of the 
Korla pear genome during long-term domestication 
resulted in downregulation of the genes induced by low 
temperatures and other signals. Seventy-seven disease 
resistance genes were differentially expressed in Korla 
pear during overwintering (Fig. 5B). Compared with P. 
betulifolia, there were 17 orthogroups with 31 disease 
resistance genes in the Korla pear genome that were not 
differentially expressed during overwintering (Fig.  6). 
Hence, wintertime disease resistance was markedly 
lower in Korla pear than it was in P. betulifolia.

Plants in various habitats have evolved different 
molecular mechanisms to adapt to their ambient envi-
ronments. In Arabidopsis, core binding factor genes 
(CBFs) regulate cold acclimation required to resist 
freezing stress. The CBF regulon also controls various 
cold-responsive genes (CORs; LEAs and DHNs). How-
ever, tomato and Arabidopsis CBF overexpression did 
not improve freezing stress tolerance in tomato; the 
CBF regulons controlled only four genes in tomato. 
Certain genes detected in the Korla pear and P. betu-
lifolia genomes were only differentially expressed in P. 
betulifolia during overwintering. Certain cis elements 
of these common gene promoters were deleted in Korla 
pear compared with those of P. betulifolia (Table 3). The 
cis elements such as GATA motif, G box, ABRE, and 
others associated with low temperature or ABA signal 
induction, were absent in nearly all these genes (87%) 
(Table  3). The most vital cis elements associated with 

Fig. 6 Evolutionary mechanism by which disease resistance and winter hardness decreased in Korla pear
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Table 3 Deletion Cis-element of Korla pear genes comparison with P. betulifolia 

Orthogroups Gene ID Deletion Cis‑element type

OG0000663 Psin03G015750 G‑box, WUN-motif, MRE, GATA‑motif, TCT-motif, MSA-like, ARE, GARE‑motif, ATCT-motif

Psin03G015770 CAT-box, G‑box, MYB, MRE, GATA‑motif, MSA-like, Box 4, GARE‑motif, Myb-binding site, LTR, ATCT-motif

Psin11G017180 G‑box, ATCT-motif

OG0001765 Psin05G025970 G‑box, WUN-motif, circadian, MRE, AE-box, TCT-motif, ERE, TCA , TGA‑element, TC‑rich repeats, DRE core
Psin10G024390 MRE, AE-box, ERE, LTR, TGA‑element, ATCT-motif

OG0002397 Psin02G003780 GT1-motif, TCT-motif, MBS, CARE, Box 4, Myb, GCN4_motif, TCA‑element
Psin15G014940 CARE, Box 4, GCN4_motif, TCA‑element

OG0004580 Psin13G014220 AE-box, I‑box, LAMP-element

Psin14G003900 TATC-box, ABRE4, AE-box, GATA-motif, WRE3, ABRE3a, I‑box, re2f-1, box S, LAMP-element

OG0006572 Psin04G011310 TATC-box, MRE, AE-box, TCT-motif, Box 4. Myb, GARE‑motif, Gap-box, AACA_motif, chs-Unit 1 m1

Psin12G013410 Sp1
OG0007775 Psin04G011330 CGTCA‑motif, ABRE4, as-1, W box, AE-box, ABRE3a, TCT-motif, TGACG‑motif, ERE, AT ~ ABRE, TGA‑box

Psin12G013430 MYC, AAGAA-motif, AC-I

OG0007905 Psin06G008070 Circadian, GTGGC-motif,  O2-site

Psin14G009930 GTGGC-motif,  O2-site, TCA 
OG0009066 Psin01G006360 GATA-motif, MBS, Myb‑binding site, LAMP-element

OG0009468 Psin03G010340 Box 4

Psin11G011430

OG0012178 Psin06G008090 TGA‑element, AT1-motif

Psin14G009940 P‑box, WRE3, MYB recognition site, CCAAT-box, Gap-box, TC‑rich repeats, chs-CMA1a, AT1-motif

OG0017813 Psin17G018570 WUN-motif, TGA‑element, Gap-box, chs-CMA1a

OG0019795 Psin14G008620 TATC-box, AT-rich sequence, MRE, MSA-like, Box 4, MYB, CCAAT-box, AuxRR-core, LTR, Box II -like sequence, TC-rich 
repeats, TGA-box

OG0000881 Psin11G006020

Psin11G006030 G‑Box, ABRE4, WUN-motif, ABRE3a, ABRE
Psin11G006040

OG0002053 Psin01G001630 MBS, Myc, MYB, STRE, CCAAT-box, ERE, GTGGC-motif, I‑box, TCA‑element, TGA‑element, ATCT-motif, GC-motif, 
CTAG-motif, DRE1, GA-motif, chs-CMA1a

Psin02G006920 G‑Box, MBSI, AAGAA-motif, MBS, MYB, CCAAT-box, GTGGC-motif, TCA‑element, TGA‑element, GC-motif, CTAG-
motif, DRE1, GA-motif, chs-CMA1a

Psin02G019970 P‑box, MRE, MBSI, TCT-motif, Myc, MYB, CCAAT-box, GTGGC-motif, TCA‑element, ATCT-motif, GC-motif, CTAG-motif, 
DRE1, GA-motif, chs-CMA1a

OG0002884 Psin01G017180 ABRE4, CAT-box, GT1-motif, W box, MYB, GATA-motif, ABRE3a, CCAAT-box, I‑box, AT-rich element,  O2-site, TCA , TC-
rich repeats

Psin07G020990 MYB, GATA-motif, Box 4, CCAAT-box, I‑box, Sp1, TC-rich repeats

OG0002938 Psin04G006730 AAGAA-motif, TCT-motif, MYB,  O2-site

Psin04G006740 AAGAA-motif

OG0004845 Psin13G006630 WUN-motif, GATA-motif, MSA-like, MYB, CCAAT-box, ERE, ARE, AuxRR-core, ATCT-motif

Psin16G006650 MRE, MYB, ATCT-motif

OG0004943 Psin13G005060 CGTCA‑motif, ABRE4, circadian, as-1, W box, F-box, ABRE3a, TCCC-motif, TGACG‑motif, MBS, ERE, GARE‑motif, 
GTGGC-motif, I‑box, AT-rich element, AuxRR-core, TC-rich repeats, 3-AF3 binding site

Psin16G005030 GTGGC-motif, AT-rich element, TCA‑element, AuxRR-core, TC-rich repeats

OG0005094 Psin13G000160 TCCC-motif, GTGGC-motif

Psin16G000120 CGTCA‑motif, G‑Box, ABRE4, as-1, WRE3, ABRE3a, TCCC-motif, TGACG‑motif, MYB, CCAAT-box, GTGGC-motif, 
GCN4_motif, Sp1, chs-CMA2a, AuxRE

OG0009377 Psin07G011590 AAAC-motif, W box, MYB
Psin09G008440 AAAC-motif, MYB, GATA-motif, CCAAT-box,  O2-site

Psin17G008000 TC-rich repeats

OG0009455 Psin15G011450 TATC-box, P‑box, GATA-motif, TCCC-motif, TC-rich repeats, box S
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low temperature induction, including DRE1, ABRE, and 
LTR, were deleted from 20 genes (38%). W box is a key 
cis element that is bound by WRKY transcription fac-
tors (TFs) and is implicated in biotic stress resistance. 
It was absent in six disease resistance genes (19.4%). 
Therefore, the 53 DEGs in overwintering P. betulifolia 
but not Korla pear were attributed to the loss of key 
cis elements with low temperature tolerance and ABA 
signaling activity in Korla pear.
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