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Abstract

Background: Gossypium hirsutum L. is the most widely cultivated cotton species, and a high-quality reference genome would be a huge
boost for researching the molecular mechanism of agronomic traits in cotton.

Findings: Here, Pacific Biosciences and Hi-C sequencing technologies were used to assemble a new upland cotton genome of the No.
1 Chinese cotton variety CRI-12. We generated a high-quality assembled CRI-12 genome of 2.31 Gb with a contig N50 of 19.65 Mb,
which was superior to previously reported genomes. Comparisons between CRI-12 and other reported genomes revealed 7,966 struc-
tural variations and 7,378 presence/absence variations. The distribution of the haplotypes among A-genome (Gossypium arboreum),
D-genome (Gossypium raimondii), and AD-genome (G. hirsutum and Gossypium barbadense) suggested that many haplotypes were lost
and recombined in the process of polyploidization. More than half of the haplotypes that correlated with different tolerances were
located on chromosome D13, suggesting that this chromosome may be important for wide adaptation. Finally, it was demonstrated
that DNA methylation may provide advantages in environmental adaptation through whole-genome bisulfite sequencing analysis.

Conclusions: This research provides a new reference genome for molecular biology research on Gossypium hirsutum L. and helps
decode the broad environmental adaptation mechanisms in the No. 1 Chinese cotton variety CRI-12.
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Background
Each agricultural crop has its own unique domestication and di-
versification history through which its genetic composition was
artificially altered, leading to a series of new phenotypic and phys-
iological differences compared with wild types [1]. Upland cotton
(Gossypium hirsutum, NCBI:txid3635) is not only the most impor-
tant natural-fiber–producing cotton species worldwide but also an
ideal research system for studying polyploidization [2, 3] owing to
its stronger tolerances to biotic and abiotic environmental factors
and high-yield characteristics. Gossypium hirsutum L. accounts for
>90% of annual fiber production and originated from the allopoly-
plodization event of A-genome–like ancestral species, resembling
Gossypium herbaceum or Gossypium arboretum, and D-genome–like
species, resembling Gossypium raimondii, ∼1–2 million years ago
(MYA) [4, 5]. The intergenomic interaction in allotetraploid cottons
has enabled higher yields, better fiber quality, stronger tolerances,
and better suiting to mechanization, coincident with the expres-
sion bias of these trait-related genes, which provides the prefer-
ence of selection and domestication of these agronomic traits in
cotton [6–8].

To date, much of the genome work on upland cotton has fo-
cused on the genetic standard TM-1 and its draft genome, and
an improved genome has been released [1, 5, 9, 10]. In addi-

tion, another upland cotton cultivar, the ZM24 (Zhongmiansuo 24)
genome, was also assembled and compared with the genetic stan-
dard TM-1 to investigate the genetic variations correlated with
agronomic traits [11]. Altogether, these genome-assembled tech-
nologies and genomic resources offer a series of new opportuni-
ties for dissecting the mechanistic basis of primarily agronomic
and economic traits.

A haplotype is a set of genes that are linked together at the
genome level, which could be inherited by subsequent genera-
tions. In our previous research [12], haplotype block inheritance
and recombination of agronomically important genes were stud-
ied in artificial selection. In cotton evolution, polyploidization
played an extremely important role; in addition, the haplotype
mechanism in polyploidization was also an important factor. To
investigate the haplotype mechanism in CRI-12 (Zhongmiansuo
12), a high-quality assembly of the genome is necessary.

CRI-12 (Zhongmiansuo 12) is a cotton cultivar well known in
China for broad adaptation with high yield, high quality, and re-
sistances to multiple biotic and abiotic stresses, winning the First
Prize of National Invention Award in 1990. It has been the No. 1
cotton cultivar in the cotton breeding field for decades since the
commercialization of the CRI-12 variety. In addition, hundreds of
new cotton varieties have been bred using CRI-12 as 1 of the 2 par-
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ents, leaving a significant influence on the history of cotton breed-
ing in China and the rest of the world. The planting area of CRI-12
occupied >70% of the cotton planting area in China, and it was
the No. 1 cotton variety in China in the 1990s. To investigate agro-
nomically important genes in the CRI-12 genome, whole-genome–
wide identification and filtration of haplotype blocks correlated
with different resistances based on a series of linked genes was re-
ported [12], but this has been insufficient to answer many research
questions. Therefore, de novo assembly of the CRI-12 genome and
genome-wide comparative studies are needed to further unravel
the genomic components responsible for contrasting traits, pro-
viding insights into structural variations (SVs) and crop improve-
ment. This would also provide a high-quality reference genome
for cotton molecular research, especially in China and Asia.

Results
Genome sequencing and high-quality assembly
of CRI-12
The Pacific Biosciences (PacBio) platform and Hi-C sequencing
technology were selected to perform chromosome-scale assem-
bly for G. hirsutum L. CRI-12 (Fig. 1a and Supplementary Fig. S1),
which was bred in a fusarium wilt and verticillium wilt nursery
for many years through the crossing of Uganda4 and Xingtai687
cultivars. CRI-12 has become the most widely planted cotton vari-
ety in China from 1989 to the present owing to its excellent perfor-
mance (Supplementary Table S1) in 3 major cotton production re-
gions, including the Yangtze, the Yellow River, and Inland regions.
In total, we produced ∼264 Gb of high-quality data, and the se-
quencing depth reached 110.94× (the estimated genome size was
2,379.62 Mb). In addition, a second-generation small-fragment li-
brary was constructed and sequenced with an insert size of 350 bp
using the Illumina platform to assist genome assembly, and 53 Gb
of data were generated with a mean read length of 150 bp (∼22.27
coverage) (Supplementary Table S2). Approximately 264 Gb PacBio
reads (∼110.94 coverage) were obtained to assemble the CRI-12
genome. After correction using the Illumina short reads, we gen-
erated a CRI-12 genome of 2.31 Gb with a contig N50 of 19.65 Mb
(Table 1 and Supplementary Table S3). Total scaffold length was
2,199.32 Mb, and the length of scaffold N50 reached 91.74 Mb.

The results indicated that the GC content was 34.34% and the
ratio of N was 0, suggesting that the ratio of 4 bases was correct
(Supplementary Table S4 and Supplementary Fig. S2). In addition,
Hi-C libraries that have been widely used to aid the assembly of
contigs on chromosomes [13–15] were used. The results showed
that ∼98.55% of 2.31 Gb of data were successfully oriented, and
from these data were organized into 26 chromosomes (Fig. 1B and
Supplementary Table S5). In comparison with several recently re-
ported genome assemblies for G. hirsutum L., the updated CRI-12
genome showed higher contiguity and quality (19.65 vs 15.51 [1],
4.8 [11], and 2.1 Mb [11]; and 91.74 vs 48 Mb [1]. BUSCO (version
5.2.1) assessment was also used to estimate the integrity of the
CRI-12 genome, and the results showed that 99.60% of the com-
plete single-copy genes were assembled from 1,614 orthologous
homologous single-copy genes, indicating that the assembly re-
sult was relatively complete (Supplementary Table S6). The LAI
(LTR Assembly Index) was also used to assess the integrity of the
CRI-12 genome assembly, and the LAI score was 14.39, indicating
that the CRI-12 genome can be used as a reference genome.

Synteny analysis of different cotton species indicated that both
A and D subgenome showed high collinear relationships (Fig. 1C).
Phylogenetic and evolutionary analysis of CRI-12 genome showed

that both A and D subgenome derived from G. hirsutum L., but
the relationship between D subgenome and A subgenome was
different in different cotton species (Supplementary Fig. S3). Us-
ing the orthologous gene pairs of G. hirsutum L. CRI-12 and other
species, including Arabidopsis, Coffea, and Durio, identified by gene
collinearity and paralogous pairs identified by gene clustering,
4DTv (4-fold degenerate synonymous sites of the third codons)
values were calculated for all of the duplicated pairs (Fig. 1D).
A relatively close species divergence peak (4DTv ∼ 0.15) was ob-
served between CRI-12 and Durio, while larger divergences were
found between CRI-12 and Arabidopsis (4DTv ∼ 0.55) and coffee
(4DTv ∼ 0.65).

Annotation analysis of CRI-12 genome
Building upon the high-quality assembly of the CRI-12 genome,
detailed annotations were performed (Fig. 2). In the CRI-12
genome, annotation results showed that a total of 72,293 genes
were obtained with multiple prediction tools (Table 2 and Sup-
plementary Fig. S4). Compared with previous reports, the num-
ber of predicted genes in the CRI-12 genome was slightly greater
than that reported in Island cotton Hai7124, and less than that
in upland cotton TM-1 and ZM24, which may be correlated with
the higher integrity and continuity of the CRI-12 genome. We
also compared the different elements in proximal species (Sup-
plementary Fig. S5).

Among all predicted genes, it was found that the mean gene
length, CDS length, number of exons per gene, exon length,
and intron length were 2,834.36 bp, 1,134.46 bp, 4.98, 227.97 bp,
and 427.50 bp, respectively. A total of 99.30% of CRI-12 genes
were functionally annotated and shared homology with already
known genes in the Swiss-Prot, Nr, KEGG, InterPro, GO, and Pfam
databases (Supplementary Table S7 and Fig. 3A). Repeat se-
quences are widely distributed throughout most plant genomes
and play a vital role in genome divergence [16]. Overall,∼63.55% of
the assembly sequences were annotated as repeat sequences with
the RepeatMasker program based on the repeat database pre-
dicted by de novo and the homologous repeat database predicted
by RepBase (Supplementary Table S8), which was slightly lower
than that in TM-1 and ZM24. Among all repeat sequences, 62.57%
were terminal elements (TEs), including DNA transposons, long
interspersed nuclear elements (LINEs), short interspersed nuclear
element (SINEs), long terminal repeats (LTRs), and some other un-
known TEs (Supplementary Table S9). LTR transposons were the
largest category, with a ratio of 93.06% among all TE transposons,
while SINE transposons accounted for only 1.60%. In addition,
based on the Repbase protein database, the degree of ramifica-
tion of TEs derived from the genome assembly of CRI-12 and the
sequences in the Repbase database was investigated (Supplemen-
tary Fig. S6), and the results indicated that the degree of ramifica-
tion of TEs between them conforms to a normal distribution as a
whole.

Furthermore, we examined the number of non-coding RNAs
including microRNAs (miRNAs), transfer RNAs (tRNAs), riboso-
mal RNAs (rRNAs), and small nuclear RNA (snRNAs) (snRNA, CD-
box, HACA-box, splicing), in the CRI-12 genome and finally iden-
tified 523, 2,214, 2,749, and 8,160 miRNAs, tRNAs, rRNAs, and
snRNAs, respectively (Supplementary Table S10). The total length
of miRNAs was 67,890 bp, and the mean length was 129 bp,
while the total length of tRNAs was 166,317 bp, and the mean
length was 75 bp. In addition, the total length of snRNAs was
the longest among all non-coding RNAs with 882,686 bp, while
the average longest non-coding RNAs were rRNAs, and the mean
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Figure 1: Phenotype of CRI-12 and synteny relation of different cotton genomes. A, Phenotype of CRI-12. B, Hi-C map of CRI-12. From left to right, each
square represents a chromosome from chromosome 1 to 26. C, Synteny analysis of different cotton species. D, Whole-genome duplications in Malvales
through 4DTv analysis. The percentages of the orthologous gene pairs between CRI-12 and other species and 4DTv values were calculated. Fourfold
degenerate synonymous site (4DTV) is used as an evolutionary parameter to evaluate whether a genome-wide replication event has occurred. The site
of a codon at which all nucleotides encode the same amino acid is a quadruple degenerate site.

length was 254 bp, which may be correlated with the specific
functions of rRNAs in the process of protein translation and
modification.

Expanded and contracted gene families related
to stress tolerance in CRI-12
To reveal the genetic basis underpinning G. hirsutum L. CRI-12,
we investigated the number and evolution of gene families that
were unique or shared among different cotton species. Gene fam-
ilies are frequently derived from the same ancestor, undergo-
ing a series of gene duplications and species differences of ≥2
copies and sharing obvious similarities in structure, function, and
protein products. Identification and annotation analysis of gene
family clustering is an important aspect of evolutionary analysis,
which is also associated with biological characteristics. In our re-
search, 22,854 gene families were shared by CRI-12, G. hirsutum

TM-1, Gossypium barbadense, Gossypium mustelinum, and Gossyp-
ium darwinii, while 555 gene families were retained only by CRI-
12 (Fig. 3B). Based on the gene family clustering analysis, to in-
vestigate the expansion and contraction of gene members in
CRI-12 and other cotton species, 6 gene families, including MYB,
WRKY, DREB, bZIP, NAC, and AP2, were finally selected. The results
showed that 3 gene families were expanded and 40 gene fami-
lies were contracted among 1,188 gene families shared in MRCA
(most recent common ancestor) analysis (Fig. 3C). Among the 3 ex-
panded gene families, 36 genes were discovered, mainly located on
chromosomes A08, D08, A11, and D11. The discovery of abundant
stress-related gene families and genes demonstrates the utility of
the newly assembled CRI-12 genome as a reference genome for
research on stress-related molecular biology.

Positive selection refers to a single-copy gene family, in which
a gene is affected by environmental or human factors in the pro-
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Table 1: Global statistical analysis of CRI-12

Category CRI-12

Total contig (Mb) 2,199.32
Contig N50 (Mb) 19.65
Total scaffold N50 (Mb) 2,199.32
Scaffold N50 (Mb) 91.74
Scaffold L50 (Mb) 108
Longest scaffold (Mb) 127.37
Genes anchored and oriented (%) 98.55
Gap size (bp) 59,500
Fragmented (%) 1.2
Missing (%) 1.6
miRNAs (copy, w) 523
tRNAs (copy, w) 2,214
rRNAs (copy, w) 5,498
snRNAs (copy, w) 16,320
Repeat sequence (%) 63.55
TE proportion (%) 62.57

Note: Contigs with longer than 100 bp were selected for the genome assembly.

cess of evolution, and non-synonymous mutation occurs at the
amino acid level to adapt to environmental changes. The prob-
ability of positive selection is detected by calculating Ka/Ks us-
ing the maximum likelihood ratio. In this study, CRI-12 was used
as the foreground branch, and upland cotton, island cotton, wool
cotton, yellow brown cotton, and Darwin’s cotton were used as
the background branches. Multiple sequence alignments of pro-
tein sequences from single-copy gene families were performed us-
ing MUSCLE software. For each gene family, the branch-site model
of the Codeml tool in PAML (a package of programs for phylo-
genetic analyses of DNA and protein sequences using maximum
likelihood) was used to detect whether the gene family was pos-
itively selected in the CRI-12 branch. In PAML, instead of simply
searching for genes with the Ka/Ks ratio >1, positive selection is
determined by likelihood ratio tests of the 2 hypotheses. Finally,
by likelihood ratio detection, 384 candidate genes were identified
in CRI-12 (Fig. 3D and Supplementary Table S11). On the basis of
the selected genes, results with P < 0.05 were filtered out accord-
ing to Fisher exact test, and 63 and 27 significant pathways were
obtained by Gene Ontology (GO) and KEGG enrichment analysis,
respectively (Supplementary Tables S12 and S13). One of the en-
riched GO terms “intracellular” (GO: 0005622, P � 0.01) contains
many stress-related genes, including many MYB transcription fac-
tors [17], cytochrome P450 genes [18], and E3 ubiquitin-protein
[19], which were reported to be closely correlated with multiple
tolerances in cotton. The results showed that many genes corre-
lated with the cell membrane were reasonably important for en-
vironmental adaptation.

Major structural changes compared with other
cultivated genomes
High-quality reference genomes provide a basis for accurate
genome-wide SVs, which are closely correlated with multiple
agronomic traits between different species. In our research, a to-
tal of 7,966 SVs were identified with a mean length of 48,791 bp
compared with other cotton species, including G. hirsutum TM-1,
G. barbadense, G. mustelinum, and G. darwinii (Supplementary Table
S14). Among all SVs, 46.16% (3,677) were deletion variations and
40.57% (3,232) were insertion variations, while only a small pro-
portion of 8.29% and 4.98% were copy number variants and inver-
sion variations, respectively, which suggested that deletion vari-
ations and insertion variations were 2 main drivers in the differ-

entiation process of cotton species. The largest SV was located on
chromosome D11. In addition, 7,379 presence/absence variations
(PAVs) were obtained with lengths ranging from 51 to 2,452,232 bp
and a mean length of 24,585 bp (Supplementary Table S15). The
largest PAV was located on the D02 chromosome. The results also
showed that the percentage of variations of both SVs and PAVs
on the Dt subgenome was lower than that on the At subgenome.
In particular, there were fewer PAV variations (13.80%) in the Dt
subgenome than that in the At subgenome, indicating that varia-
tions in the A subgenome were the main reason for the difference
in agronomic characteristics.

We also investigated the SV and PAV variations on each chro-
mosome, and the results showed that chromosome D01 covered
529 SVs (7.17%, mainly comprising copy number variants, dele-
tion variations, insertion variations, and inversion variations) and
363 PAVs (4.56%), which was the most compared with PAVs on
other chromosomes. GO enrichment analysis of PAV-related genes
(Fig. 4A) showed that molecular transducer activity (GO: 0060089,
P < 0.01), signaling receptor activity (GO: 0038023, P < 0.05), and
the G-protein-coupled receptor signaling pathway (GO: 0007186,
P < 0.05) were 3 main terms while SV-related genes (Fig. 4B)
were mainly enriched in organelle (GO: 0043226, P < 0.01), in-
tracellular non-membrane-bounded organelle (GO: 0043232, P <

0.001), and non-membrane-bounded organelle (GO: 0043228, P <

0.0001), which all belong to cellular components. Pathway enrich-
ment analysis of SV- and PAV-related genes showed that most
variation-related genes were correlated with organelles, signaling
receptor, and molecular transducers, indicating that the evolution
and differences of organelles, signal reception, and transduction-
related genes may be important factors leading to the great differ-
ences of agronomic traits among different cotton varieties (Fig. 4C
and D). In contrast, several chromosomes contained less vari-
ation, e.g., D03 (138 SVs and 124 PAVs), D04 (169 SVs and 115
PAVs), and D13 (189 SVs and 129 PAVs), which indicated that 2
chromosomes may be conserved for containing many fundamen-
tal growth-related genes in the long-term evolution process of
cotton.

Based on our previous research, 420 genes were obtained by
selective sweep analysis in CRI-12, including 2, 2, and 20 hap-
lotype blocks correlated with Verticillium wilt, salt, and drought
tolerance, respectively [12]. Among these haplotype blocks, more
than half (13 of 24) were located on chromosome D13. Inter-
estingly, these 12 of 13 haplotype blocks were correlated with
drought-tolerance (Supplementary Table S16), indicating that the
D13 chromosome played a crucial role in the process of drought
resistance adaptation of cotton varieties. In addition, another hap-
lotype block (M2: ATCTCGCATGTAGAGTTCAT CCGGTAGAAAC-
CGTTTTACAT) was also found to be correlated with Verticillium
wilt, suggesting that chromosome D13 may be important for the
formation process of multiple tolerances.

Strong haplotypes were discovered in the
polyploidization and evolution of diploid cottons
A haplotype means a group of genes that have a close linkage re-
lationship in an organism, and these haplotypes can be passed on
by parents to their descendants. In our previous research, haplo-
type polymorphisms in CRI-12 and its descendants and different
reported genomes (G. arboreum, G. raimondii, G. hirsutum, and G. bar-
badense) were investigated [12]. All allotetraploid cotton species
came from a single polyploidization event between the A-genome
and D-genome ∼1–2 MYA [11, 20]. In the polyploidization pro-
cess, 2 diploid genomes were hybridized into a tetraploid genome,
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Figure 2: Genomic landscape of CRI-12 genome. From the outside to the inside, each circle represents LTR retrotransposon density, LINE
retrotransposon density, SINE retrotransposon density, DNA transposons, gene density, GC content, and miRNA density in 1-Mb sliding windows.

along with the fusion and recombination of haplotypes in each
diploid cotton. With that in mind we investigated the haplotype
polymorphisms in the A-genome (G. arboreum), D-genome (G. rai-
mondii), TM-1 (G. hirsutum), and Hai7124 (G. barbadense) and ob-
tained 31,769, 37,177, 51,682, and 51,023 haplotypes, respectively
(Supplementary Table S17). A total of 56,267 haplotypes were dis-
covered in CRI-12, which was the highest number in the different
cotton species. Alongside G. hirsutum and G. barbadense, in CRI-
12 the number of haplotypes was smaller than the sum of the
A-genome (G. arboreum) and D-genome (G. raimondii), indicating
that >10,000 haplotypes were lost or recombined in the process
of polyploidization (Fig. 5). Comparisons between G. hirsutum CRI-
12 and G. barbadense Hai7124 showed that the number of haplo-
types between them was ∼10% more than that between G. hir-

sutum TM-1 and G. barbadense Hai7124, suggesting that the hap-
lotype polymorphism in CRI-12 was more abundant than other
tetraploid cotton species, which may be correlated with a great
deal of human selection and strong haplotypes in the breeding
process in CRI-12.

DNA methylation may provide adaptive
advantages in broad environmental adaptation
in CRI-12
DNA methylation variations are the most common epigenetic
modification and are closely correlated with normal growth and
development, organ differentiation, stress responses, and envi-
ronmental adaptation [21]. To investigate whether DNA methy-
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Table 2: Prediction results of gene structure

Gene set No.
Mean gene
length (bp)

Mean CDS
length (bp)

Mean exons
per gene

Mean exon
length (bp)

Mean intron
length (bp)

De novo Augustus 87,013 2,286.03 1,015.76 4.38 232.12 376.26
GlimmerHMM 179,486 10,803.61 568.18 3.01 188.95 5,099.91
SNAP 129,571 3,395.43 550.58 3.59 153.49 1,099.60
Geneid 139,759 4,699.24 682.85 3.92 174.26 1,376.15
Genscan 97,875 13,613.92 970.22 5.17 187.61 3,030.99

Homolog Ath 145,589 1,307.79 705.31 2.57 274.02 382.79
Gar 86,180 2,585.62 1,194.63 3.88 308.10 483.43
Gba 76,449 2,409.54 1,223.53 3.90 313.74 408.99
Ghi_L 319,648 1,122.67 630.78 2.16 292.64 425.70
Ghi_ZM24 250,369 2,726.79 1,186.63 3.69 321.53 531.69
Gra 78,710 2,679.26 1,352.37 4.61 293.11 443.88

RNA-seq PASA 117,481 2,387.37 911.22 4.31 211.36 445.80
Cufflinks 114,567 4,007.92 1,770.99 5.66 313.03 480.28

EVM 97,655 2,415.39 951.18 4.23 224.92 453.45
Pasa-update∗ 97,360 2,690.87 945.51 4.16 227.12 464.73

Final set∗ 72,293 2,834.36 1,134.46 4.98 227.97 427.50

Note: De novo prediction of gene structure was performed with Augustus, GlimmerHMM, SNAP, Geneid, and Genscan; species annotated comprised Arabidopsis
thaliana, Gossypium arboreum, Gossypium barbadense, Gossypium hirsutum L., Gossypium hirsutum ZM24, and Gossypium raimondii.

Figure 3: Genome annotation of CRI-12. A, Statistical results of gene functional annotation. B, Number of common and unique gene families. C,
Expansion and contraction in gene families. D, Expression analysis of partial positive selection genes under Verticillium wilt, salt, and drought stress.
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Figure 4: Statistics of pathway enrichment of SV- and PAV-correlated genes. A, GO enrichment of SV variation–related genes. Gene Ontology (GO)
contains 3 components, cellular component (CC; green), molecular function (MF; pink), and biological process (BP; orange). B, GO enrichment of PAV
variation–related genes. Purple bars represent MF, orange bars represent CC, and green bars represent BP. Only several main enrichments are listed. C,
Statistics of pathway enrichment of SV variation–related genes. D, Statistics of pathway enrichment of PAV variation–related genes.

lation was involved in the formative process of important agro-
nomic traits in CRI-12, whole-genome bisulfite sequencing of
leaves under drought and salt stress was performed. In our pre-
vious results, we revealed the haplotype inheritance and recom-
bination of agronomically important genes in artificial selection
[12], and combined with the haplotypes identified before, a total
of 66 differentially methylated haplotypes were found in the CRI-
12 family (Supplementary Table S18). Among these haplotypes,
6 were derived from its female parent Uganda4 and 19 haplo-
types were derived from its male parent Xingtai6871, indicating
that the greater contribution of DNA methylation haplotypes was
from the male parent Xingtai6871 as it was a domestic variety
while Uaganda4 was a foreign variety. Twelve percent (8/66) of
DNA methylation haplotypes were enriched on chromosome D13,
suggesting that DNA methylation variations on D13 may play a
crucial role in the regulatory mechanism of haplotypes in CRI-
12. In addition, methylation types in each haplotype were studied,
and the results showed that 6 haplotypes were labeled as CG-up
methylation under both drought and salt treatment (Supplemen-

tary Fig. S7), which indicated that DNA methylation variations in
these haplotypes may provide adaptive advantages in responding
to different stresses (Fig. 6).

Discussion
In this study, we performed de novo assembly of the CRI-12 genome
by integrating multiple sets of data from the PacBio platform,
110× genome equivalent sequencing, and Hi-C technology. All
these results indicated substantial improvements to the conti-
guity and accuracy of assembly, with a significant enhancement
in the assembly of centromeres. By comparing the 2 high-quality
genome assemblies (CRI-12 and G. hirsutum ZM24), 7,966 SVs (ac-
counting for 12.65% of the assembled genome) and 7,378 PAVs
(accounting for 17.85% of the assembled genome) were obtained
between different species, demonstrating that these large varia-
tions projected differences in traits and species differentiation.
SVs are generally considered to be relatively large variations and
stable; hence, SV-related genes may be the main cause for the
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Figure 5: Haplotypes in polyploidization of diploid cottons. Red bars indicate haplotypes; the more red bars, the higher the haplotype density. A01–A13
represent 13 chromosomes in A genome (Gossypium arboreum), while D01–D13 represent 13 chromosomes in D genome (Gossypium raimondii). At and Dt
represent A subgenome and D subgenome in Gossypium hirsutum L., and Chr01–Chr13 represent 13 chromosomes in each subgenome. Tetraploid
cottons G. hirsutum L. and G. barbadense L. originated from the hybridization of A-genome-like ancestors and D-genome-like ancestors ∼1–1.5 million
years ago (MYA).

Figure 6: Methylation haplotypes in CRI-12 provide adaptive advantages to abiotic stresses. CRI-12 was developed from a cross between Xingtai6871
(♂) and Uganda4 (♀) in a disease nursery and serious illness field. Methylation haplotypes in 2 parents could be inherited by CRI-12. A total of 66
methylation haplotypes were discovered in CRI-12, 8 of which were located on chromosome D13. Methylation haplotypes in CRI-12 could provide
adaptive advantages to different stresses.

differences in characteristics. Chromosomes D03, D04, and D13
contained <200 SVs, significantly fewer than other chromosomes,
suggesting that these chromosomes are relatively conserved. Cot-
ton polyploidization was a crucial event in cotton history, and
tracking the haplotype mechanism is beneficial for understanding
the evolution of cotton. In addition, strong haplotypes contained
in G. hirsutum CRI-12 suggested that intense human selection and
domestication occurred during the breeding process.

CRI-12, a cotton variety well known by every cotton breeder
in China, has been repeatedly used for breeding new cotton vari-
eties, and haplotype block inheritance and recombination of agro-
nomically important genes is likely one of the main reasons that
CRI-12 is such an effective breeding parent. The whole-genome–
scale methylation map of CRI-12 suggested that DNA methyla-

tion variations may be closely correlated with haplotype block in-
heritance and recombination. To our knowledge, this is the first
genome map of the widely cultivated upland cotton CRI-12, which
could elucidateon and diversification and the, discovery of novel
domestication-related genes conferring agronomically beneficial
traits in future breeding programs. In addition, it demonstrates
the suitability of selecting the CRI-12 genome as a new reference
genome.

Conclusion
In this study multiple sequencing techniques and analytical
methods were used to assemble a new upland cotton genome
of the most popular Chinese cotton variety, CRI-12. The newly
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assembled CRI-12 genome was ∼2.30 Gb in length, and several
benchmarks reveal its improved quality relative to other reported
genomes. This research provides a better alternative for cotton re-
searchers when selecting a reference genome.

Materials and Methods
Plant materials
G. hirsutum L. acc. CRI-12 was selected for genome assembly be-
cause of its excellent performance and wide influence on cotton
breeding and genetic research in China and many other cotton-
growing countries across the globe. CRI-12 seeds were planted in
the greenhouse and grown for 20 days at the Institute of Cot-
ton Research of the Chinese Academy of Agricultural Science and
young leaves from a single plant were harvested and snap frozen
with liquid nitrogen for the extraction of genomic DNA [22]. In ad-
dition, root, stem, and flower tissues were used for transcriptome
sequencing for genome annotation work using 3 replicates.

PacBio sequencing
Genomic DNA of CRI-12 was extracted using an improved CTAB
method utilizing phenol/chloroform/isoamyl alcohol (PCI) solu-
tion (25:24:1); DNase (RNase- and Protease-Free—Molecular Biol-
ogy grade), pH 7.8–8.2; chloroform/isoamyl alcohol, 24:1 (molec-
ular biology grade); elution buffer (10 mM Tris-HCl, pH 8.5);
NH4OAc, concentrated solution; glycogen, 20 mg/mL; 5% (w/v)
PVP40; and β-mercaptoethanol. RNA polymerase (10 mg mL–1)
was added to remove the residual RNA. Genomic DNA degradation
and purity were checked with 1.0% agarose gel and a Nanodrop
2000 to ensure high-quality DNA for sequencing. The DNA/RNA
libraries were sequenced using the PacBio sequencing platform
by LC-Bio Technology Co., Ltd (Hang Zhou, China) (PacBio Sequel
System, RRID:SCR_017989).

Annotation of repeats
After genome assembly, repeat annotation was performed for
the CRI-12 genome. Repetitive sequences include transposable
elements (TEs) and tandem repeats. Two approaches were used
to discover TEs. RepeatMasker (RepeatMasker, RRID:SCR_012954)
(version 3.3.0) [23] found TEs in an integrated repeat library de-
rived from a known repeat library (Repbase 15.02) and the de
novo repeat library, built by RepeatModeler1 (RepeatModeler, RRID:
SCR_015027) (version 1.0.5), RepeatScout (RepeatScout, RRID:SC
R_014653) [24], Piler (PILER, RRID:SCR_017333), and LTR_FINDER
(LTR_Finder, RRID:SCR_015247) [25]. Repeat ProteinMask [23] was
performed to detect TEs in the CRI-12 genome by comparing the
TE protein database. Tandem repeats were ascertained in the
genome using TRF [26]. The results showed that repetitive se-
quences comprised 63.55% of the CRI-12 genome.

Hi-C experiment
Leaves were fixed with 1% formaldehyde solution in MS buffer
(10 mM potassium phosphate, pH 7.0; 50 mM NaCl; 0.1 M sucrose)
at room temperature for 30 min in a vacuum. After fixation, the
leaves were incubated at room temperature for 5 min under vac-
uum in MC buffer with 0.15 M glycine. Approximately 2.0 g of
fixed leaves were homogenized with liquid nitrogen, resuspended
in nuclei isolation buffer, and filtered with a 40-nm cell strainer.
The procedures for enriching nuclei from flow-through and sub-
sequent denaturation were performed according to a 3C protocol
established for maize.

The chromatin extraction method was similar to that used in
the DNase I digestion experiment. The procedures were similar
to those described previously. Briefly, chromatin was digested for
16 h with 400 U HindIII restriction enzyme (NEB) at 37◦C. DNA ends
were labeled with biotin and incubated at 37◦C for 45 min, and the
enzyme was inactivated with 20% SDS solution. DNA ligation was
performed by the addition of T4 DNA ligase (NEB) and incuba-
tion at 16◦C for 4–6 hours. After ligation, proteinase K was added
to reverse cross-linking during incubation at 65◦C for overnight.
DNA fragments were purified and dissolved in 86 μL of ultra-
pure water. Unligated ends were then removed. Purified DNA was
fragmented to a size of 300–500 bp, and DNA ends were then re-
paired. DNA fragments labeled by biotin were finally separated on
Dynabeads® M-280 Streptavidin (Life Technologies). Hi-C libraries
were controlled for quality and sequenced on an Illumina HiSeq
X Ten sequencer (Illumina HiSeq X Ten, RRID:SCR_016385).

Hi-C library preparation and sequencing
Following the standard protocol previously described with certain
modifications [27], we constructed Hi-C libraries using the CRI-12
seedlings as inputs (20-day-old, cultured as described in the main
text). After being ground in liquid nitrogen, seedling tissues were
cross-linked with 4% formaldehyde solution at room temperature
in a vacuum for 30 mins. A 2.5-M quantity of glycine was added
to quench the cross-linking reaction for 5 min and then placed on
ice for 15 min. The sample was centrifuged at 2,500 rpm at 4◦C
for 10 min, and the pellet was washed with 500 μL of phosphate
buffer solution and then centrifuged for 5 min at 2,500 rpm. The
pellet was resuspended in 20 μL lysis buffer (1 M Tris-HCl, pH 8.0;
1 M NaCl; 10% CA-630; and 13 units protease inhibitor), and then
the supernatant was centrifuged at 5,000 rpm at room tempera-
ture for 10 min. The pellet was washed twice in 100 μL of ice cold
1× NEB buffer and then centrifuged for 5 min at 5,000 rpm. The
nuclei were resuspended in 100 μL of NEB buffer and solubilized
with dilute SDS followed by incubation at 65◦C for 10 min. After
quenching the SDS with Triton X-100, a 4-cutter restriction en-
zyme MboI (400 units) was applied for overnight digestion at 37◦C
on a rocking platform.

The following steps were involved in marking the DNA ends
with biotin-14-dCTP and blunt-end ligation of the cross-linked
fragments. The proximal chromatin DNA was religated by liga-
tion enzyme. The nuclear complexes were reversely cross-linked
by incubation with proteinase K at 65◦C. DNA was purified by
phenol-chloroform extraction. Biotin was removed from nonli-
gated fragment ends using T4 DNA polymerase. Ends of fragments
sheared by sonication (200–600 bp) were repaired by the mixture
of T4 DNA polymerase, T4 polynucleotide kinase, and Klenow
DNA polymerase. Biotin-labeled Hi-C samples were specifically
enriched using streptavidin C1 magnetic beads. After adding A-
tails to the fragment ends and the following ligation with the Illu-
mina PE sequencing adapters, Hi-C sequencing libraries were am-
plified by PCR (12–14 cycles) and sequenced on an Illumina HiSeq-
2500 platform (PE 125 bp).

Hi-C assisted assembly
The Hi-C technique obtains information about interactions be-
tween DNA fragments that are spatially connected, i.e., physically
distant. Different contigs or scaffolds were divided into different
chromosomes according to the rule that the interaction probabil-
ity within chromosomes was significantly higher than the interac-
tion probability between chromosomes. The contigs or scaffolds
on the same chromosome are sequenced and oriented on the ba-
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sis of the interaction probability decreasing with the increase of
the interaction distance on the same chromosome.

(1)Comparison with the draft genome. Effective high-quality
sequencing data were compared to the draft genome by BWA
(BWA, RRID:SCR_010910) [28] software, and the comparison
results were removed by SAMTOOLS (SAMTOOLS, RRID:SC
R_002105) [29] to obtain the high-quality data. Meanwhile,
reads near the enzyme cutting sites were extracted for aux-
iliary assembly.

(2)Clustering. First the short reads obtained by sequencing
were compared to the draft genome. Then the number of
interactions between contigs was counted, and contigs were
clustered according to the number of interactions and di-
vided into specified groups according to the number of chro-
mosomes of species.

(3)Ranking and orientation. According to the results of clus-
tering, ranking and orientation were conducted according to
the strength of the interactions of 2 contigs and the location
of the reads comparison.

Sequence quality checking and filtering
To avoid reads with artificial bias, we removed the following types
of reads: (i) reads with ≥10% unidentified nucleotides (N); (ii) reads
with >10 nt aligned to the adapter, allowing ≤10% mismatches;
(iii) reads with >50% bases having phred quality <5; and (d) puta-
tive PCR duplicates generated by PCR amplification in the library
construction process.

Haplotype analysis (alignment, variant calling,
HapCUT analysis)
The high-quality PE Hi-C reads were first mapped to the refer-
ence genome using BWA software [28]. Alignment files were con-
verted to BAM files using SAMtools [29], and then the alignment
results were improved as follows: (i) filter the alignment read with
mapping quality = 0; (ii) sort the BAM files as physical coordi-
nate; (iii) remove potential PCR duplications. If multiple read pairs
have identical external coordinates, only the pair with the high-
est mapping quality is retained. (iv) Local InDel realignment was
performed.

The filtered BAM files of CRI-12 leaves were used as input for
variant calling using GATK version 3.1.1 [30]. SNPs and InDels were
retained if the depth of alternative variants was >2 and the geno-
type quality was >20.

We used the modified version of the HapCUT [31] algorithm to
perform haplotype imputation for each individual. HapCUT con-
structs a graph with the heterozygous variants as nodes and DNA
fragment(s) connecting 2 nodes as edges. Therefore, only frag-
ments with ≥2 heterozygous variants are useful for haplotype
phasing. HapCUT extracts such “haplotype-informative” BAM files
using a sorting method that stores each potential haplotype-
informative read in a buffer until its mate is seen. We set 30 Mb as
the maximum “insert size” for a PE read to be considered as a sin-
gle fragment for phasing. HapCUT uses a greedy max-cut heuristic
to identify the haplotype solution for each connected component
in the graph with the lowest score under the MEC scoring func-
tion. As Hi-C data result in chromosomal spanning haplotypes
with a single large connected component, the higher the number
of heterozygous variants in the largest connected component of
the graph, the lower this parameter. We used a maximum of 1,000
iterations to find the maximum cut for each haplotype block in a
given iteration in CRI-12.

Hi-C read mapping and filtering and generation
of contact matrices
For the Hi-C experiment, chromatin was cross-linked with
formaldehyde, then digested, and religated to capture 3D in-
teractions. In principle, interactions within chromosomes are
more frequent than those among chromosomes, and the intra-
chromosome interaction frequency decays with increasing dis-
tance. Contigs/scaffolds are thus ordered and oriented. The high-
quality PE Hi-C reads were mapped to mm10 and filtered using
HiCUP (HiCUP, RRID:SCR_005569) [32]. The first stage in the HiCUP
pipeline involves truncating reads at the enzyme digestion liga-
tion site (HindIII in our experiment) that separates 2 DNA frag-
ments. After truncation, the resulting trimmed forward and re-
verse reads were sent for alignment by Bowtie2 software (Bowtie
2, RRID:SCR_016368) [33]. These unique high-quality alignments
were retained for further analysis. HiCUP removes sequences rep-
resenting experimental Hi-C artifacts and other uninformative di-
tags because even a small number of invalid di-tags could lead to
incorrect conclusions being drawn concerning genomic structure.

The genome was divided into 1-Mb bins, and the read pair num-
bers in 2 regions were counted as the observed interactions. The
observed matrix was normalized for GC content near the ligated
fragment ends, fragment lengths digested by HindIII,m and the
mappability of the fragment ends [34]. Through normalization,
we obtained the expected interactions between every 2 bins. The
norm interactions were computed by observed interactions di-
vided by expected interactions. We used the norm interactions for
every 2 bins to produce a norm contact matrix.

Messenger RNA library construction and
sequencing
Total RNA was isolated and purified using TRIzol reagent (Invit-
rogen, Carlsbad, CA, USA) in accordance with the manufacturer’s
instructions. The amount and purity of RNA for each sample was
quantified using a NanoDrop ND-1000 (NanoDrop, Wilmington,
DE, USA). RNA integrity was then assessed using a Bioanalyzer
2100 (Agilent, ) with RIN number >7.0, and confirmed by elec-
trophoresis using a denaturing agarose gel. Poly (A) RNA was puri-
fied from 1 μg of total RNA using 2 rounds of Dynabeads Oligo (dT)
25–61005 (Thermo Fisher, CA, USA) purification. The resulting poly
(A) RNA was then fragmented using Magnesium RNA Fragmenta-
tion Module (NEB, cat.e6150, USA) at 94◦C for 5–7 min. The cleaved
RNA fragments were then reverse transcribed to generate the
complementary DNA using SuperScript™ II Reverse Transcriptase
(Invitrogen, cat. 1,896,649, USA), which was next used to synthe-
size U-labeled second-stranded DNAs with Escherichia coli DNA
polymerase I (NEB, cat.m0209, USA), RNase H (NEB, cat.m0297,
USA), and dUTP Solution (Thermo Fisher, cat.R0133, USA).

A-base was added to the blunt ends of each strand for ligation
to the indexed adapters. Each adapter contained a T-base over-
hang to allow ligation of the adapter to the A-tailed fragmented
DNA. Single- or dual-index adapters were then ligated to the frag-
ments, and size selection was performed using AMPureXP beads.
After heat-labile UDG enzyme (NEB, cat.m0280, USA) treatment
of the U-labeled second-stranded DNAs, the ligated products were
amplified via PCR using the following conditions: initial denatura-
tion at 95◦C for 3 min; 8 cycles of denaturation at 98◦C for 15 sec,
annealing at 60◦C for 15 sec, and extension at 72◦C for 30 sec; and
a final extension at 72◦C for 5 min. The mean insert size for the
final complementary DNA library was 300 bp (SD 50). Finally, we
performed 2 × 150 bp PE sequencing (PE150) using an Illumina No-
vaSeq™ 6000 (LC-Bio Technology CO., Ltd., Hangzhou, China) (Il-
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lumina NovaSeq 6000 Sequencing System, RRID:SCR_016387) fol-
lowing the vendor’s recommended protocol.

Messenger RNA sequence and primary analysis
Cutadapt software (version: cutadapt-1.9) was used to remove
the reads that contained adapter contamination (command line:
∼ cutadapt—a ADAPT1 -A ADAPT2 -o out1.fastq -p out2.fastq
in1.fastq in2.fastq -O 5 -m 100). After the removal of the low-
quality and undetermined bases, we used HISAT2 software (ver-
sion: hisat2-2.0.4) (HISAT2, RRID:SCR_015530) [35] to map reads
to the genome (e.g., Homo sapiens Ensembl v96) (command line:
∼hisat2 -1 R1.fastq.gz -2 R1.fastq.gz -S sample_mapped.sam). The
mapped reads of each sample were assembled using StringTie
(version: stringtie-1.3.4d.Linux_x86_64) [36] with default param-
eters (command line: ∼ stringtie -p 4 -G genome.gtf -o output.gtf
-l sample input.bam). Then, all transcriptomes from all samples
were merged to reconstruct a comprehensive transcriptome using
gffcompare software (version: gffcompare-0.9.8. Linux_x86_64).
After the final transcriptome was generated, StringTie (StringTie,
RRID:SCR_016323) and Ballgown were used to estimate the ex-
pression levels of all transcripts and messenger RNAs (mRNAs) by
calculating FPKM (FPKM = total_exon_fragments/mapped_reads
(millions) × exon_length (kB)) (command line: ∼ stringtie -e -B
-p 4 -G merged.gtf -o samples.gtf samples.bam). The differen-
tially expressed mRNAs were selected with fold change >2 or <0.5
and P < 0.05 using the R package edgeR [37] or DESeq2 and then
GO and KEGG enrichment to the differentially expressed mRNAs
[38, 39].

Generation of inter-chromosomal contacts matrix
The expected number of inter-chromosomal interactions for each
chromosome pair i,j was computed by multiplying the fraction of
inter-chromosomal reads containing i with the fraction of inter-
chromosomal reads containing j and multiplying by the total
number of inter-chromosomal reads. The enrichment was com-
puted by taking the actual number of interactions observed be-
tween i and j and dividing it by the expected value.

The inter-chromosomal contact possibility was computed by
the observed read pairs between chromosome pair i,j dividing it
by its expected value. The expected number of inter-chromosomal
interactions for each chromosome pair i,j was calculated by mul-
tiplying the proportion of inter-chromosomal reads containing
i with the proportion of inter-chromosomal reads containing j
and the total number of inter-chromosomal reads. In addition,
based on colinear mapping results, comparative genome analy-
sis between CRI-12 and other published upland genomes was per-
formed to investigate different types of SVs. Enrichment analysis
of SV-related genes was also performed, including GO and KEGG
enrichment.

Promoter-associated interactions statistics
The Eukaryotic Promoter Database (EPD) is a collection of
databases of experimentally validated promoters for selected
model organisms. We downloaded 21,239 mouse transcription
start sites from the EPD database in the mm9 genome version. We
considered the region from 1,000 bp upstream to 100 bp down-
stream of the transcription start site as the promoter region.
These promoter sequences were subsequently mapped to mm10
and retained unique alignment to obtain the promoter region in
the new genome version. After alignment, 21,226 promoters were
left for further statistical analysis. We counted the interaction
numbers in promoter-promoter, promoter-other, and other-other.

Annotation of protein-coding genes
De novo, homolog-based, and RNA-seq–based predictions were
used to annotate the protein-coding genes in the CRI-12 genome.
Five ab initio gene prediction programs were used to predict genes,
including Augustus [40, 41] version 3.0.2 (Augustus, RRID:SCR_008
417), Genescan [42] (version 1.0), Geneid [43], GlimmerHMM [44]
version 3.0.2 (GlimmerHMM, RRID:SCR_002654), and SNAP [45].
Protein sequences of 6 (5) homologous species (e.g., Arabidopsis
thaliana, Oryza sativa) were downloaded from Ensembl or NCBI.
Homologous sequences were aligned against the repeat-masked
CRI-12 genome using TBLASTN [46] (E-value ≤ 1E−05) (TBLASTN,
RRID:SCR_011822). Genewise [47] version 2.2.0 (Genewise, RRID:
SCR_015054) was used to predict gene models based on the align-
ment sequences. There were 2 ways to assemble the RNA-seq data
into the unique sequences of transcripts. One was mapping the
RNA-seq data to the CRI-12 genome using TopHat [48] version
2.0.8 (TopHat, RRID:SCR_013035) and using cufflinks [49] version
2.1.1 (cufflinks, RRID:SCR_014597) for transcript assembly. The
other was applying Trinity [50] to assemble the RNA-seq data, and
then PASA [51] software improved the gene structures. A weighted
and non-redundant gene set was generated by EVidenceModeler
(EVM) (EVidenceModeler, RRID:SCR_014659) [52], which merged all
gene models predicted by the 3 aforementioned approaches. Com-
bined with transcript assembly, PASA adjusted the gene models
generated by EVM. The final reference gene set contained 72,293
protein-coding genes.

Functional annotation
Functional annotation of protein-coding genes was obtained ac-
cording to the best BLAST hit by BLASTP (E-value ≤ 1E−05)
(BLASTP, RRID:SCR_001010) against the SwissProt, TrEMBL [53],
and NCBI non-redundant (NR) protein databases. Motifs and do-
mains were annotated using InterProScan [54] version 4.7 (In-
terProScan, RRID:SCR_005829) to search against InterPro [54]
(v29.0) databases, including Pfam, PRINTS, PROSITE, ProDom, and
SMART. A Gene Ontology [55] (GO) term for each gene was ob-
tained from the corresponding InterPro descriptions. Additionally,
the gene set was mapped to a KEGG [56] (release 53) pathway to
identify the best match classification for each gene. Finally, 72,293
protein-coding genes (accounting for 99.30%) were functionally
annotated.

Non-coding RNA annotation
The tRNA genes were predicted by tRNAscan-SE software
(tRNAscan-SE, RRID:SCR_010835) [57]. The rRNA, miRNA, and
snRNA fragments were identified by INFERNAL [58] software (In-
fernal, RRID:SCR_011809) against the Rfam [59] database (release
9.1).

Gene family cluster
Gene families were generated using OrthoMCL [60]. First, nu-
cleotide and protein data of 5 species (upland cotton, island cot-
ton, wool cotton, yellow brown cotton, and Darwin’s cotton) were
downloaded from the Ensembl (Release 70) and NCBI databases.
Before running an “all against all” BLASTP (E-value ≤ 1E−07) pro-
gram, the longest transcript was selected from alternative splicing
transcripts belonging to 1 gene and genes with ≤50 amino acids
were then removed. Alignments with high-scoring segment pairs
were conjoined for each gene pair using solar [61]. To identify ho-
mologous gene-pairs, a threshold of >30% coverage of the aligned
regions in both homologous genes was required. Finally, align-
ments were clustered into gene families using OrthoMCL using
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a 1.5 inflation index. After clustering, 22,854 gene families were
detected.

Phylogenetic tree construction and divergence
time estimation
Single-copy orthologs were used to construct the phylogenetic
tree. CDS sequences of these orthologs were aligned by MUSCLE
(MUSCLE, RRID:SCR_011812) [62]. Using these CDS alignments,
the phylogenetic tree was constructed by the ML (maximum
likelihood) TREE algorithm in RAxML software [63, 64] version
7.2.3 (RAxML, RRID:SCR_006086). Then the mcmctree program of
PAML (PAML, RRID:SCR_014932) [65] was applied to estimate di-
vergence time among 14 species with main parameters of burn-
in = 100 000, sample-number = 100 000, and sample-frequency =
2. Calibration points were selected and the TimeTree website was
chosen as a normal prior to restrain the age of the nodes. The split
of Kobo was estimated, close to that reported by others.

Gene family expansion and contraction
We determined the expansion and contraction of the gene fam-
ilies through comparing the cluster size differences between the
ancestor and each species using the CAFÉ program [66]. A ran-
dom birth and death model was used to study changes in gene
families along each lineage of the phylogenetic tree. A probabilis-
tic graphical model was introduced to calculate the probability
of transitions in gene family size from parent to child nodes in
the phylogeny. Using conditional likelihoods as the test statistics,
we calculated the corresponding P-values in each lineage, with P-
value of 0.05 used to identify gene families that were significantly
expanded and contracted.

Screening of positively selected genes in CRI-12
The CDS alignments of single-copy gene families were gener-
ated using MUSCLE [62]. Gblocks [66] was applied to filter poorly
aligned positions and divergent regions of the CDS alignments.
With Kobo and Rapi as foreground branches, positive selection
sites were detected based on branch-site models of PAML [65] us-
ing CDS alignments. P-values were computed using the χ2 statistic
and adjusted by the false discovery rate method.

Whole-genome duplication analysis
We used BLASTP (E-value < 1e−5) to perform a homolog search
with the Kobo genome and MCScanX was used to detect syntenic
blocks. Then, Ks rates were calculated for all syntenic genes to
identify putative whole-genome duplication events in Kobo.

Whole-genome DNA methylation analysis
High-quality genomic DNA was isolated and used for the con-
struction of a DNA methylation library according to the previ-
ously described methods [67]. Methylation levels and differen-
tially methylated regions (DMRs) were obtained using swDMR
software [68]. Based on the results of haplotype block inheritance
and recombination of agronomically important genes in CRI-12,
conjoint analysis was performed to discover methylation haplo-
types.

Data Availability
The sequencing data that support the findings of this study have
been deposited in the CNGB Sequence Archive (CNSA) of China
National GeneBank DataBase (CNGBdb) [69, 70] with accession No.
CNP0001942. In addition, the data used in the study are also avail-

able in the NCBI SRA under the BioProject No. PRJNA737739. All
additional supporting data and materials are available in the Gi-
gaScience GigaDB database [71].
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