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Abstract

Brassica rapa includes various vegetables with high economic value. Among them, green petiole type pakchoi (B. rapa ssp. chinensis)
is one of the major vegetables grown in southern China. Compared with other B. rapa varieties, green petiole type pakchoi shows a
higher level of heat resistance, which is partially derived from the rich epicuticular wax. Here we sequence a high-quality genome
of green petiole type pakchoi, which has been widely used as the parent in breeding. Our results reveal that long terminal repeat
retrotransposon insertion plays critical roles in promoting the genome expansion and transcriptional diversity of pakchoi genes
through preferential insertions, particularly in cuticle biosynthetic genes. After whole-genome triplication, over-retained pakchoi
genes escape stringent selection pressure, and among them a set of cuticle-related genes are retained. Using bulked-segregant
analysis of a heat-resistant pakchoi cultivar, we identify a frame-shift deletion across the third exon and the subsequent intron
of BrcCER1 in candidate regions. Using Nanopore long-read sequencing, we analyze the full-length transcriptome of two pakchoi
cultivars with opposite sensitivity to high temperature. We find that the heat-resistant pakchoi cultivar can mitigate heat-caused leaf
damage by activating an unfolded protein response, as well as by inhibiting chloroplast development and energy metabolism, which
are presumably mediated by both transcriptional regulation and splicing factors. Our study provides valuable resources for Brassica

functional genomics and breeding research, and deepens our understanding of plant stress resistance.

Introduction

The Brassica genus comprises a variety of oilseed and
vegetable crops [1, 2]. The ‘triangle of U’ model was pro-
posed to describe the evolution of these Brassica species,
including three diploid species, Brassica rapa (A genome),
B. nigra (B genome), and B. oleracea (C genome), and three
allopolyploid species, Brassica napus (A and C genome),
Brassica juncea (A and B genome), and Brassica carinata (B
and C genome) [3, 4]. The Brassica genomes have under-
gone three successive paleo-polyploidy events (y, 8, and
a) [5, 6], followed by a Brassiceae-lineage-specific whole-
genome triplication (WGT) [7-9]. This complex evolution-
ary history resulted in the asymmetric characteristics of
the Brassica genomes [10].

B. rapa is a widely cultivated and economically
important vegetable crop worldwide, which includes
many subspecies, including Chinese cabbage, pakchoi,
and turnip [11, 12]. Pakchoi is one of the most popular

vegetables in Southeast Asia, and past natural selection
and breeding past has allowed pakchoi to adapt to
subtropical and tropical climates. Elucidation of the
genomic basis of the adaptability of pakchoi would help
us to understand the geographical distribution of this
vegetable crop and accelerate future molecular breeding.

In addition to physiological adjustment, changes in
organ or tissue characteristics can also affect plant
responses to stresses. Cuticle, as a hydrophobic layer,
has been known to play key roles in protection against
excessive water evaporation, high temperature, UV
radiation, and pathogen attack [13-15]. Compared with
the closely related B. rapa subspecies, pakchoi forms
relatively thicker cuticle layers, which probably enhance
its adaptation to the subtropical and tropical climate in
Southeast Asia. The previously published draft genomes
of two B. rapa ssp. chinensis cultivars, purple pakchoi [16]
and NHCCO001 [17], have enhanced our understanding
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Table 1. Comparison between the PC-fu genome and other published B. rapa genome versions.

Genome features PC-fu Purple pakchoi NHCC001 Chiifu (v3)
Genome assembly
Assembled genome size (Mb) 411.4 370.4 405.3 353.1
GC content (%) 37.68 37.13 36.83
Number of scaffolds 2288 313 1301
Contig N50 (bp) 4700 3813 4437
Scaffold N50 (bp) 39389 2830 1498

TE rate (% of genome)
BUSCO

260.3 Mb (63.3%)

Missing core genes (%) 0.80%
Genome annotation
Protein-coding genes 52511
Average gene length (bp) 2220
Reference This study

180.3 Mb (48.68%)
1.10%

45363

279.8 Mb (58.57%) 163.8 Mb (46.4%)

0.93% 1.60%
48158 45985
2119 1864
(17] [18]

of B. rapa genome evolution. However, it is still not
clear how natural selection and gene evolution have
synergistically shaped pakchoi genome architecture
and gene composition during long-term evolution and
cultivation. In addition, breeding heat-resistant pakchoi
cultivars has been hindered by the lack of gene resources,
particularly heat-stress resistance (HSR) genes. A high-
quality genome assembly, exploring pakchoi genome
variation and mining agronomic trait-related genes, will
greatly promote the genetic improvement of pakchoi.

Here, using single-molecule Nanopore long-read
sequencing and high-throughput chromosome confor-
mation capture (Hi-C) technologies, we constructed a
high-quality genome assembly of the diploid genome of
B. rapa ssp. chinensis cultivar PC-fu, a green petiole type
pakchoi (2n=2x=20) that is rich in epicuticular wax and
has high temperature resistance. In addition, we devel-
oped segregating populations of cultivars with opposite
epicuticular wax traits, and identified the mutated site in
BrcCER1 by bulked sergeant analysis (BSA). Using Oxford
Nanopore single-molecule sequencing, we analyzed
the full-length transcriptome of the two cultivars with
opposite sensitivity to high temperature. We found that
both the gene expression pattern and the alternative
splicing (AS) pattern play important roles in the high-
temperature resistance and chloroplast stability of
pakchoi. These results provide important resources for
molecular breeding of pakchoi.

Results
Genome assembly and annotation

We sequenced the genome of a commonly grown parent
cultivar of green petiole type pakchoi, named ‘PC-
fu'. Illumina short-read and single-molecule Nanopore
long-read sequencing yielded ~36.70 Gb (73x genome
coverage) and 60.69 Gb (147.52x genome coverage),
respectively (Supplementary Data Table S1). The final
assembly of 411 Mb was then generated, with 4.70 Mb
for the contig N50 and 27.3 Mb for the longest con-
tig (Table 1). Based on k-mer analysis of short-read
sequences, the draft assembly accounts for ~80% of

the estimated genome size of pakchoi (Supplementary
Data Fig. S1). The completeness of the pakchoi genome
assembly was further evaluated using Benchmarking
Universal Single-Copy Ortholog (BUSCO) [19] and short-
read mapping analysis. Our analysis showed that 97.5%
of the total 1440 core eukaryotic genes were identified
in the final assembly (Supplementary Data Table S2).
For pakchoi the read alignment rate was high (>98%)
and both tools indicated a meaningful improvement
after the correction, suggesting final error rates were
low at the base pair (bp) level. We also constructed Hi-
C libraries of pakchoi. The result showed that 397.0 Mb
(96.50%) of the assembly, including 1364 scaffolds, was
placed on 10 linkage groups. Among them, the direction
of 95.98% scaffolds could be determined in an orderly
manner (Supplementary Data Fig. S2, Supplementary
Data Table S3). A total of 52511 protein-coding genes
were annotated in the pakchoi genome using MAKER [19].
Of the predicted genes, 51199 (97.5%) were homologous
to at least one publicly known protein (Supplementary
Data Table S4).

Evolutionary analysis of B. rapa ssp. chinensis

The total of 533 single-copy orthologous genes from
nine plant species were further identified to construct a
maximum-likelihood phylogenetic tree (Supplementary
Data Fig. S3A). It showed that Brassica diverged from the
Arabidopsis lineage ~20 million years ago (MYA). Since
then the Brassica lineage independently experienced
WGT events ~14 MYA. Pakchoi (BRC) and B. rapa ssp.
pekinensis (BRP) diverged at a relatively recent time
of ~2.0 MYA (Supplementary Data Fig. S3A and S3B).
We identified 24979 orthologous gene families which
originated from the most recent common ancestor. A
total of 4882 species-specific genes belonging to 4771
gene family clusters were discovered in pakchoi.

To better understand the evolution of gene fam-
ilies during species divergence, we analyzed family
expansion and contraction using CAFE software. The
result indicated that 575 families comprising 6977 genes
were significantly expanded (P <.001) and 44 families
comprising 100 genes were considerably contracted
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(P <.001) in pakchoi. On the other hand, only 318 families
(3164 genes) showed significant expansions (P <.001) and
174 families (450 genes) had contractions (P <.001) in B.
rapa ssp. pekinensis after the divergence. In Brassica, mul-
tiple paralogous genes were retained in the triplicated
synthetic regions that have promoted the evolution of
the biosynthetic processes of primary metabolism [21].
Gene Ontology (GO) functional enrichment analysis of
the significantly expanded gene families (P <.001) in
pakchoi revealed that they are mainly involved in energy
metabolism and other primary metabolisms associated
with photosynthesis, oxidative phosphorylation, oxi-
dation-reduction, and carbohydration (Supplementary
Data Table S5, Supplementary Data Fig. S4).

We then annotated the functional domains of the
expanded genes using the Pfam database and the
SMART protein domain annotation resource, and found
significant enrichment of the domains involved in the
F-box associated domain, leucine-rich repeat (LRR),
and protein kinase domain in pakchoi (e-value <.01)
(Supplementary Data Fig. S5). F-box proteins play a wide
range of roles in plant development, hormone signal
transduction, and stress responses [22-25]. We identified
888 F-box coding genes in pakchoi, which is more than in
Arabidopsis thaliana (692), B. oleracea (469), and eight other
B. rapa subspecies [26] (Supplementary Data Fig. S6).
F-box proteins can be classified into 19 categories based
on C-terminal domains. Although the domain composi-
tion and organization of most F-box proteins were gen-
erally similar among these species, the larger categories,
including LRR-FBD/LRR/FBD, FBA1/FBA3 and Kelch/Kelch
repeats, showed significant differences in gene numbers
(Supplementary Data Table S6). The phylogenetic analy-
ses of all 2262 F-box genes from A. thaliana and two B. rapa
subspecies showed that the three species shared 486
clusters, among which 210 clusters had similar gene
number across species, indicating the intensive con-
servation of F-box genes. Thirty-three non-conservative
clusters across the three species evolved into species-
specific clusters. The clustered genes are mainly related
to the processes of embryogenesis, male meiosis,
photomorphogenesis, and stress responses [27, 28] (Sup-
plementary Data Table S7). The evolutionary patterns of
F-box genes seem to be associated with their functions.

Genome expansion driven by long terminal
repeat retrotransposons in pakchoi

Approximately 63.3% (260.3 Mb) of the pakchoi genome
consisted of transposable elements (TEs), which is a
larger proportion than in Chinese cabbage (163.8 Mb,
46.4%) (Table 1, Supplementary Data Table S8). Both
DNA- (13.9 Mb) and retro- (172.1 Mb) TEs appeared to
accumulate more in pakchoi compared with Chinese
cabbage (154 Mb, 116.8 Mb). To understand if this
phenomenon is common in B. rapa, we further identified
TEs in the genomes of seven additional representative B.
rapa subspecies [26]. We found that the length of TEs
in the pakchoi genome was slightly larger than that
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in six other subspecies (Supplementary Data Table S9).
We next analyzed the distribution of TEs in syntenic
and non-syntenic regions across nine genomes. The
results showed that the length of retrotransposons
in the syntenic region in pakchoi was slightly higher
than that in other subspecies except for Chinese
cabbage (Supplementary Data Fig. S7A). The length and
numbers of long terminal repeat retrotransposon (LTR-
RT) insertions in the non-syntenic blocks in pakchoi
(126.3 Mb, 77.6%) were significantly higher than these
in Chinese cabbage (57.8 Mb, 54.6%), but opposite trends
were found in the syntenic region (Figs 1A and B and
2). Thus, It is a fact that Chinese cabbage has more
retrotransposon insertions in the syntenic region than
other subspecies.

As a result of the extensive accumulation of TEs, espe-
cially LTR-RTs in the non-syntenic regions, the genome
size of pakchoi has become larger than that of Chi-
nese cabbage. The phylogenetic analysis showed that
Chinese cabbage had more LTR-RT families, and it had
more members of most families (Copia and Gypsy) in
the syntenic region than the pakchoi genome (Fig. 1C,
Supplementary DataFig. S7B). Furthermore, in Chinese
cabbage the total number of LTRs located in the flanking
regions (2 kb) of the orthologous genes in the syntenic
regions was significantly greater than that in pakchoi
(Fig. 1D). As the insertion of LTR-RTs affects both genome
structure and the transcription of the nearby genes, the
LTRs in B. rapa subspecies could lead to the differential
expression of these orthologous genes between Chinese
cabbage and pakchoi. TE silencing is an important epige-
netic suppression of gene expression, and transcription-
ally inactivated genes can accumulate mutations, which
eventually causes the inability to deregulate transposons
[29-31]. To explore the functional importance of LTR-RT
insertion, we compared the expression levels of homol-
ogous genes in the syntenic region, which include genes
carrying at least one LTR insertion in Chinese cabbage
while containing no adjacent TE insertion in pakchoi. The
result revealed that the expression level of 670 homolo-
gous genes was significantly different in the two species.
Compared with the genes with LTR insertions in Chinese
cabbage, the corresponding homologous genes in pak-
choi exhibited significantly higher expression levels (fold
change >2, P <.05) (Fig. 1E). Combination of functional
enrichment analyses by GO terms and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway mapping
showed 670 genes are significantly enriched in multiple
metabolisms, including arginine and proline metabolism
(ko00330, k000220), carotenoid biosynthesis (ko00906),
and cutin/suberin/wax biosynthesis (ko00073) (P <.05)
(Fig. 1F, Supplementary Data Table S10).

Covering the surface of most aerial organs, the
cuticle is important in plant development and stress
responses [32]. Among 670 genes, 4 are involved in cuticle
biosynthesis, including three homologs of the Arabidopsis
ECERIFERUM 4 (AtCER4) gene, encoding alcohol-forming
fatty acyl reductase (FAR), and one homolog of the
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Figure 1. Comparison of TE distribution between pakchoi and Chinese cabbage. (A) TE copy number and total length in each genome and syntenic and
non-syntenic regions. Retro, retrotransposon; DNA, DNA transposon. (B) Comparison of LTR distribution in pakchoi (BRC)-B. rapa ssp. pekinensis (BRP)
syntenic blocks located in chromosome A09. (C) Phylogenetic tree of Copia as an example of intact LTRs in syntenic regions in BRC and BRP. (D) Copy
number of LTRs located in the flanking regions (2 kb) and body region of the coding genes in the collinearity region in BRC and BRP. (E) Expression
levels of homologous genes without TE insertion and with LTR insertion in BRC and BRP. **P <.05. (F) GO terms related to cutin, suberin and wax
biosynthesis (red font) among 670 genes.

Arabidopsis ECERIFERUM 1 (AtCER1) gene encoding
aldehyde decarbonylase. FAR enzymes catalyze the for-
mation of primary alcohols, which act as the substrates

for subsequent alkyl ester formation, while CERI is
responsible for the conversion of stem wax long-chain
(C30) aldehydes to alkanes (C29) (Supplementary Data
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Figure 2. Characterization of chromosomes of the pakchoi (BRC) and Chinese cabbage (BRP) genomes. The outer layer of colored blocks represents the
20 pseudomolecules. Tracks are shown as follows: (A) TE density; (B) gene density; (C) A-X gene density; (D) gene expression; (E) LTR density; and

(F) syntenic blocks.

Fig. S8). In Arabidopsis, cer4 and cerl mutants exhibit
reduction of wax [33, 34]. Interestingly, we found that a
homologous gene pair, Bch09g074890 and BraA09g066480
(CER1), were highly expressed in pakchoi but silenced
in Chinese cabbage. LTR insertion in the CERI gene of
Chinese cabbage is located in the fourth intron, with a
length of 461 bp. It was suggested that TE insertion of an
intron often changes the alternative splicing pattern and
potentially affects gene expression and evolution [35-37].
This differential expression pattern of wax genes caused
by LTR-RTs presumably occurred after the split of
subspecies of B. rapa, which could also have led to
the higher accumulation of cuticle in pakchoi than in
Chinese cabbage. This newly formed trait can help to
reduce water loss [38-40], and may play a crucial role in
the adaptation of pakchoi to the high temperatures of
the subtropical environment.

Performance of the dominant subgenome in
environmental adaptation

A ‘two-step polyploidization’ model was proposed to
explain the meso-triplication events in the origination
of B. rapa species [10, 41]. During evolution, the MF1
and MF2 subgenomes (from two diploid genomes)
experienced the first round of gene loss leading to a
fractionated diploid genome [9, 41]. In addition, a third
LF (another diploid genome) was added, and all three

subgenomes experienced a second round of gene loss
[9, 41]. To investigate how biased gene fractionation in
the three subgenomes promotes the genome evolution
of pakchoi, we constructed the ancestral karyotype
(AK) blocks, which contain three copies derived from
polyploidization and subsequent rearrangement (Sup-
plementary Data Fig. S9, Supplementary Data Table
S11). After polyploidization, duplicate-gene retention
is complex and dynamic in gene evolution, including
neo-functionalization, sub-functionalization and gene
product dosage balance [42]. To functionally analyze
the purifying selection of over-retained genes during
the adaptive evolution of pakchoi, we identified 1581
1:1:1 correspondences across the three homologous
subgenomes, referred to as triads. Among the 1581 triads,
we identified 1197 syntenic triads that exhibited a high
FPKM (fragments per kilobase of transcript per million
mapped reads) value (>.5) for the summed expression
of the three homologous subgenomes. The Euclidean
distance and relative expression level were used to
determine the position of syntenic triads in the ternary
plot, which allowed us to define two groups of homology
expression preference: balanced and unbalanced groups.
The balanced one has no bias expression level among
three homologs while the unbalanced one consists of six
homolog-dominant or -suppressed groups (depending
on whether the bias of one homolog has a higher or
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Figure 3. Expression bias in syntenic homolog triads. (A) Ternary plot showing the relative expression abundance of syntenic triads in three
subgenomes. Each circle represents a gene triad. The coordinates composed of LF, MF1, and MF2 constitute the relative contribution of each homolog
to the overall expression of the triad. (B) Relative contribution of each subgenome to the seven categories based on triad assignment, and the
expression level of each subgenome in the seven categories. D, dominant; S, suppressed. (C) Ka/Ks ratio for three homologs. (D) Top enriched GO terms
of unbalanced triads. (E) Expression level of three triads involved in wax, cutin, and suberin biosynthesis.

lower expression level than other two homologous genes)
(Fig. 3A and B) [43]. Comparatively, the 343 syntenic triads
belonging to the balanced group were fewer (28.7%),
while syntenic triads classified as the unbalanced group
were more frequent, consisting of 284 that were single-
homolog-dominant (23.7%) and 570 that were single-
homolog-suppressed (47.6%). The expression divergence
among the subgenomes often leads to homolog neo- or
sub-functionalization, which ultimately contributes to
functional innovation in gene evolution [41, 43, 44]. Thus,
we calculated the ratio of non-synonymous to synony-
mous substitutions (Ka/Ks) for three homologs, which was
significantly higher for the unbalanced group than for
the balanced group (P <.001, Fig. 3C). This result revealed
that triads with expression divergence experienced
more relaxed selection pressure than the triads with
no-bias expression. Functional annotation of balanced
triads demonstrated that they were mainly enriched in
biological processes required for basic cellular functions
(Supplementary Data Table S12). However, unbalanced
groups were mainly enriched in secondary metabolic
process, immune system, response to stimulus and stress
(Fig. 3D). Interestingly, we found an enriched metabolic

pathway involved in wax, cutin, and suberin biosynthesis
in the unbalanced group, including three triads (nine
genes) (ko00073, P <.05) of putative PEROXYGENASE
3 (PXG3), CER1-like 2, and putative PEROXYGENASE 4
(PXG4), which exhibited LF dominance or suppression
(Fig. 3E). These findings support the idea that homologs
with greater divergence in expression may lead to
neo- or sub-functionalization after polyploidization. In
pakchoi, over-retained genes escaped stringent selection
pressure via the differentiation of gene expression to
preserve duplicate genes. It was reported that several
genes involved in the cuticle biosynthetic pathway
had subgenome-preferred expression [45, 46], which is
consistent with our results.

Rapid mapping of cuticle-related loci in pakchoi
using bulked segregant analysis (BSA)

To understand the genetics behind wax deposition
in pakchoi, we examined two cultivars that exhibit
opposite wax phenotypes: JP28, a glaucous cultivar
containing obvious epicuticular wax deposition on
leaves and petioles, and JP1202, a glossy cultivar
containing little epicuticular wax on leaves and petioles


https://academic.oup.com//article-lookup/doi/10.1093//uhac123#supplementary-data

(Supplementary Data Fig. S10A-C). Scanning electron
microscopy (SEM) revealed a clear reduction of wax
crystals in the leaf and petiole surface of JP1202
(Supplementary Data Fig. S10D). To identify the single-
nucleotide polymorphisms (SNPs) behind the distinct
phenotypes, we developed an F, population by crossing
JP28 and JP1202. A 3:1 ratio of JP28 to JP1202 plants was
scored in the progeny, confirming that the glossy trait is
likely conferred by a single recessive mutant gene. For
BSA coupled with whole-genome sequencing (BSA-seq),
we prepared four bulked pools, F, plants with opposite
cuticular wax traits, an S1 pool and an S2 pool (50 F;
plants for each), as well as an S3 pool and an S4 pool
from two parents. AllWhole-genome resequencing with
50-fold depth was performed for all pools. We obtained
911344 SNPs and 311362 small indels between the two
parents, including 59839 non-synonymous SNPs. We
further obtained 78119 SNPs and 25356 small indels
that show a difference between the S1 and S2 pools,
which included 2255 non-synonymous SNPs. The SNP
index and indel index of the S1 and S2 pools were
analyzed for markers across the whole genome, and their
distribution on 10 chromosome was visualized with a 1-
Mb interval using a 1-kb sliding window (Supplementary
Data Fig. S11). The comparison of SNP index and indel
index between the S1 and S2 pools, termed A(SNP
index) and A(indel index), was further analyzed with
a threshold at the 95% confidence level (Fig. 4A). Two
candidate regions on chromosome 9 showed that A(all-
index) [merged A(SNP-index) and A(indel-index)] was
>1, suggesting they are the potential regions associated
with the waxy loci (Supplementary Data Table S13).
Within these candidate regions, there were 656 genes. We
further identified 40 loci, among which all-index (merged
SNP-index and indel-index) was 0O in the S1 pool and
1 in the S2 pool, as candidate polymorphism markers.
Using ANNOVAR annotation, we identified the total of
22 candidate genes (Supplementary Data Table S14),
including four genes with non-synonymous mutation,
one gene with insertion, and one gene with deletion. Out
of the 22 annotated genes, Bch09G074890 is the putative
candidate as its homolog AtCERI in Arabidopsis is
involved in the metabolic pathway of cutin, suberin, and
wax biosynthesis (Supplementary Data Fig. S8). We then
compared the sequences of Bch09G074890 from JP1202
and JP28. The result showed that Bch09G074890 in JP1202
contains a frame-shift deletion across the third exon and
the subsequent intron, which leads to early termination
and disrupts the conservative FA_hydroxylase domain
(Fig. 4B, Supplementary Data Fig. S12). We further
examined the mutation of Bch09G074890 in 17 additional
collected cultivars, including 10 glaucous cultivars and
7 glossy cultivars. We found that the same mutation
occurred in three glossy cultivars. Therefore, this causal
mutation in CER1 is strongly associated with wax
deposition in pakchoi (Supplementary Data Fig. 513).

To verify the function of pakchoi ECERIFERUMI
(BrcCER1), we constructed 35Sy,,:BrcCER1-GFP and intro-
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duced it into Arabidopsis mutant cerl-2 (SALK_014839),
which shows a no-wax phenotype (Fig.4C and D,
Supplementary Data Fig. S14). The result showed that
BrcCER1 could complement the phenotype of cerl-1
mutants (Fig. 4C and D), indicating that BrcCER1 plays
an important role in cuticular wax biosynthesis.

Rapid and dynamic transcriptional regulation of
pakchoi heat acclimation

To dissect the alterations in gene expression and AS
under high temperature, we conducted full-length mRNA
sequencing of the rosettes from two pakchoi cultivars—
one of them (JP20) is sensitive while another (PC-fu) is
tolerant to high temperature—using the single-molecule
sequencing platform of Oxford Nanopore (Supplemen-
tary Data Fig. S15). Differential expression (DE) analysis
revealed that a total of 16777 genes [false discovery
rate (FDR) <.01, |log, (fold change)| >2] were significantly
affected by high temperature. Further, we identified 650
differential alternative splicing (DAS) genes (882 DAS
events) [genes with variation in the percentage splicing
index (PSI) of AS events in different conditions exceeding
the threshold (FDR <.01, APSI >10%) are regarded as DAS
genes] (Fig. 5A), of which 432 were also DE genes (regu-
lated by both transcription and AS) and 218 genes were
only regulated by AS (Supplementary Data Tables S15
and S16). We then classified all DE genes into 10 clusters
with unique expression patterns (C1-C10) (FDR <.05, |fold
change| >2) (Supplementary Data Fig. S16). Among the
10 clusters, C1-C6 represent upregulated genes induced
by high temperature. In contrast, the expression pat-
terns of C7-C10 showed downregulation after heat stress.
Clusters C1-C6 were significantly enriched in known GO
terms of physiological and molecular events that are
related to heat response (Supplementary Data Fig. S16).
Interestingly, the most significant GO enrichment term
in cluster C3 was ‘protein folding’ (GO:0006457), most
of the proteins endcode by those genes in this category
the heat-shock proteins (HSPs). HSPs play an essential
role in the maturation of protein complexes and the
degradation of damaged or misfolded peptides [47]. Our
result showed that the transcriptional level of HSPs in
the tolerant cultivar was higher than that in the sensitive
cultivar under heat stress (Fig. 5B). In addition, HSPs that
were not clustered in response to high temperature were
rapidly upregulated in the tolerant cultivar. These find-
ings suggest that the tolerant cultivar likely has stronger
ability to repair damaged proteins than the sensitive
cultivar under heat stress.

Other genes that were downregulated by heat were
mainly involved in chlorophyll synthesis, chloroplast
and thylakoid membrane and components, as well
as amino acid metabolism (Supplementary Data Fig.
S16). Consistent with the leaf chlorosis phenotypes, the
genes involved in the chloroplast synthesis pathway
were downregulated in both tolerant and sensitive
cultivars under heat stress (Supplementary Data Fig.
S17). These results suggest that pakchoi copes with heat
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stress presumably through both repressing chloroplast
development and repairing misfolded peptides as well as
stabilizing organelle structure.

Other most enriched functional terms for DAS genes
were related to mRNA splicing, spliceosomal complex,
and chloroplast. We performed different transcript usage
(DTU) analysis to ascertain the individual transcript
responsible for DAS genes. In total, 35.27% (432/1225) of
expressed transcripts of DAS genes were classed as DTU
(FDR <.01, APSI >0.1; see Materials and methods). Hier-
archical clustering of the DTU transcripts and expres-
sion patterns of individual DAS genes also exhibited

transient, adaptive, and late expression patterns (Supple-
mentary Data Fig. S18). Functional annotation indicated
the enrichment of terms in the chloroplast. Thus, we
speculated that the expression patterns and AS patterns
of these genes reflect the different contributions to high
temperature resistance.

Most DAS genes related to chloroplast were also
DE genes (100 out of 131), suggesting chloroplast
genes are regulated by both transcript and AS under
heat stress. Furthermore, under heat stress, 163 DAS
events were defined from the 131 genes and 39.9% of
DAS (65) generated 74 transcripts (isoform) (Fig. 5C).


https://academic.oup.com//article-lookup/doi/10.1093//uhac123#supplementary-data
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These DAS events introduced premature termination
codons, resulting in truncated proteins or nonsense-
mediated mRNA decay (NMD). We also identified a
high frequency of intron retention (IR) (46%) in both
cultivars (Supplementary Data Fig. S19). To evaluate
the effect of heat-stress induced AS on chloroplast, we
investigated the AS isoforms and the structure of chloro-
plast genes. For example, Bch05G045290), an ortholog
of Arabidopsis RAP10, encodes THIOREDOXIN Z (TRX
z). TRX z was shown to interact with fructokinase-like
protein (FLN) to form a TRX-FLN regulatory module
to regulate the transcription of the PEP-encoded (PEP,
plastid-encoded RNA polymerase) genes and maintain
the redox balance in chloroplasts under heat stress

[48-50]. By contrast, heat stress conditions induced the
retention of the second intron in the transcripts of
BrcTRX z, resulting in a truncated thioredoxin (TRX)-
like domain in the tolerant cultivar (Fig. 5D and E). The
NAD(P)H dehydrogenase (NDH) complex functions in
photosystem I cyclic electron transfer and is vital for
abiotic stress responses in plants [51, 52]. We further
analyzed a gene, photosynthetic NDH subcomplex B1
(PNSB1) (Bch06G012930), which is involved in the cyclic
electron flow of photosystem [ and produces ATP. We
found that heat stress considerably affected the ratio of
IR of the third intron in this gene, producing a truncated
protein containing only a RfaF domain in the tolerant
cultivar (Fig. 5D and E).
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The fluctuations of DE and AS in response to heat
reflect regulation by transcription factors (TFs) and
SF/RNA binding proteins (SF-RBPs). Here, 1329 TFs were
significantly regulated at transcriptional level, while
only 37 TFs were DAS and 27 TFs were DE + DAS. The
predicted SF-RBP genes included 371 DE-only genes,
19 DAS-only genes, and 18 DE+DAS genes. The TF
genes had a high proportion of stress/hormone response
genes and genes associated with organ developmental
processes (Supplementary Data Table S17). The SF-RBP
genes contained serine/arginine-rich (SR), chloroplast
ribonucleoprotein particle (RNP) and chloroplast splicing
protein genes such as SCL30A, SR34A, CP29,and CRS1 [53-
55] (Supplementary Data Table S18). Both transcriptional
and post-transcriptional regulations of mRNA determine
the expression levels of TFs and SFs. Among them,
many genes were rapidly regulated in response to heat
stress (Fig. 5F).

In summary, the splicing of chloroplast related genes
is changed by the reduced removal rate of introns under
heat stress, which often introduces premature termina-
tion codons. This additional AS regulation presumably
protects chloroplasts and reduces energy transport to
enhance heat acclimatization of pakchoi. The functional
significance of AS regulation under heat stress could
be greater than previously thought, and it provides an
additional regulatory layer to help plant adaptation to
higher temperatures.

Discussion

Pakchoi is one of the economically important veg-
etables in Asia, and it provides an excellent model
for the genetical study of the phenotypic diversity in
Brassica plants. The current draft genome of pakchoi
adds to the growing body of genome information
for the Brassica genus. B. rapa has experienced WGT
events, and as a result, several genes have paralogs
in syntenic blocks. Many external environmental fac-
tors promote the production of polyploids [56, 57].
Therefore, duplicated genes are the products of the
ecosystem and are constantly affected by environmental
changes.

A large number of repetitive sequences is an attrac-
tive feature of the genome of Brassica plants. Our
results suggested that the accumulation of TE plus
large numbers of LTRs enlarged the genome size of
pakchoi, making it larger than that of Chinese cabbage.
These genome level changes also drove the functional
diversity of certain homologous genes in the two B.
rapa subspecies. Interestingly, there are more LTRs
in pakchoi that ony occurs in the non-collinearity
region (centromere region) than in Chinese cabbage.
In contrast, the number and length of LTRs located
in the flanking regions (2 kb) and the body region of
the Chinese cabbage genes are greater than those of
homologous genes in the collinearity region of pakchoi.
As a result, the expression level of LTR-disturbed genes

in the collinearity region of Chinese cabbage is reduced,
while the corresponding homologous genes in pakchoi
contain no TE insertion and thus have higher expression
levels. Four of these genes are involved in cutin, suberin,
and wax biosynthesis. For example, Bch09g074890
and Bra09g066480 (CER1) show high expression in
pakchoi but are silenced in Chinese cabbage. These
results support the idea that LTRs drive the formation
of plant functional centromeres in heterochromatin
around the centromere [58, 59]. Moreover, LTR insertion
not only affects gene and genome structure, thereby
increasing genome instability, but also affects the
expression of nearby genes, thus affecting phenotypic
varieties across two subspecies during genome evolution
[60-62].

The pakchoi sequenced in this study have two
characteristics: rich epicuticular wax and high temper-
ature resistance. Under a variety of abiotic and biotic
stresses, the cuticle wax acts as a protective barrier.
Planted in Southeast Asia, pakchoi has strong water-
holding capacity and high temperature resistance. Our
results in this study explain how the cuticle-related
genes escaped selection pressure during evolution. In
addition, we identified candidate genes associated with
the epicuticular wax trait using BSA analysis, which
could be used as a morphological marker in hybrid
breeding in Brassica. In addition to JP28 and JP1202,
the same mutation event (a frame-shift deletion across
the third exon and the subsequent intron of BrcCER1)
was detected in three other glossy cultivars. For the
remaining four glossy varieties without this mutation, we
speculate that different mutations in other genes or loci
could exist.

Transcriptional changes and post-transcriptional
changes generated by AS play important roles in heat
stress resistance. In this study, we found that two pakchoi
cultivars with opposite sensitivity to high temperature
showed different degrees of heat-induced chlorosis.
Consistent with this phenotype, the expression level of
HSPs was alternated more dramatically in the pakchoi
cultivar that is tolerant to heat than the sensitive
cultivar. More importantly, heat stress inhibits the
production of chloroplast proteins not only by sup-
pressed transcription, but also by AS. For example, the
retention of introns of chloroplast-related genes, often
occurring under heat stress, can cause early termination
and truncated proteins. The AS regulation mechanism
protects chloroplasts and reduces energy transport to
enhance heat acclimatization. Interestingly, AS-induced
NMD for chloroplast-related genes has occurred more in
the tolerant cultivar than in the sensitive cultivar under
heat stress.

In summary, our results provide a comprehensive
resource for genetic improvement of important traits
in Brassica, including the formation of epicuticular wax
and high temperature resistance. This is also crucial
for improving agricultural breeding under the threat of
climate change.
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Materials and methods
Sample preparation and genome sequencing

The pakchoi cultivar PC-fu was collected in Fujian
Province of China. Expanded and fresh leaves were
collected and immediately frozen in liquid nitrogen. The
tissues were stored at —80°C in the laboratory before DNA
extraction. High-quality genomic DNA was extracted
for Nanopore and Illumina sequencing. High-quality
data (36.70 GB) were obtained and screened on the
INlumina Hiseq sequencing platform with Q20 (%) >98.05
and Q30 (%) >94.65. The read quality value of the raw
data sequenced on the Nanopore sequencing platform
was preliminarily filtered, and reads with low quality
and short length (2 kb) were filtered out. According to
statistics, the read N50 is 41135 bp and the mean read
length is 29338 bp.

Genome assembly and evaluation of assembly
quality

After filtering the raw nanopore data for low quality and
short clips, we performed initial read correction using
Canu software [63] and assembled the corrected reads
using WTDBG?2 (https://github.com/ruanjue/wtdbg) and
SMARTdenovo software (https://github.com/ruanjue/
smartdenovo). Racon software [64] was used to correct
consensus assembly. To obtain the final assembly, we
polished the Illumina read data with Pilon software [65].
The statistical information is shown in Supplementary
Data Table S1. The assembly quality was assessed using
BUSCO v4.0.2 with Embryophyta OrthoDB v9. We mapped
[llumina reads against the polished assembly using
BWA-MEM [66] with default parameters to estimate the
completeness of the genome assembly. We anchored
1364 scaffolds to 10 pseudo-molecules by employing
LACHESIS based on Hi-C data [67].

Gene prediction and functional annotation

To predict protein-coding genes of the pakchoi genome,
we used three strategies, including ab initio, homology,
and RNA-seq based prediction. To annotate the function
of the protein-coding genes, we aligned these genes
to the NCBI non-redundant protein sequences (NR)
[68], Eukaryotic Orthologous Groups of Proteins (KOG)
[69], KEGG [70] and TrEMBL [71] databases using BLAST
(v2.2.31) [72]. GO [73, 74] annotations were executed by
Blast2GO (v4.1) [75]. We also annotated genes encoding
transcription factors using iTAK programmer (v18.12)
[76]. The putative domains of proteins were identified
using SMART [77] and HMMER [78] based on the PFAM
database [79].

Repeat annotation

RepeatModeler (v4.1.0) [80] was used to develop a de novo
repeat library, and the repeat families were identified by
RECON (v1.05) and RepeatScout (v1.0.6) The database
was classified by PASTEClassifier [81], and then merged
with the RepBase library to form the final repetitive
sequence database. RepeatModeler was used to evaluate
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repeat copies, proportion, and distribution in the pakchoi
genome.

Intact LTR-RTs were identified in pakchoi and Chi-
nese cabbage genome assemblies using LTR_harvest [82].
The outputs (.scn) for the two above species were inte-
grated by LTR retriever software [83]. LTR-RT sequences
of Copia and Gypsy were aligned separately by MAFFT
(v7.158) [84], and the tree was generated using FastTree
(v1.0.36) [85].

Gene families and phylogenetic analysis

Gene families/clusters in the pakchoi genome and
genomes of other species were identified using the
OrthoFinder package (v2.2.7) [86]. We investigated the
expansion and contraction of gene families using CAFE
software (v.2.1) [87]. Phylogenetic relationship was
resolved using MAFFT [84] and the FastTree package [85].
Divergence times of species were predicted by the r8s
program [88].

Analysis of genome synteny and whole-genome
duplication

We identified whole-genome duplication events by
searching for collinearity within the pakchol genome
or between pakchoi and other closely related species
genomes using MCScan v0.8 software [89]. We esti-
mated Ky and K, for gene pairs within the collinear
segment using synonymous_calculation (https://github.
com/tanghaibao/bio-pipeline/tree/master/synonymous_
calculation).

RNA-seq analysis

We filtered raw RNA sequencing reads using fastp soft-
ware to remove low-quality bases, adaptors, duplications,
and potential contaminations [90]. We next mapped
clean reads to the assembled pakchoi genome using
the HISAT? program with default settings [91]. Gene
expression level was calculated using Cufflinks [92] and
quantified by FPKM.

BSA-seq analysis

Based on the locating data of clean reads in the ref-
erence genome, we removed duplicate reads using the
Picard tool (http://sourceforge.net/projects/picard/). The
SNPs between the test samples and the assembled pak-
choi genome were obtained using the GATK program
(v4.1.4.1) [93].

We calculated the SNP index value to identify the can-
didate regions associated with waxy in the genome. The
A(SNP-index), A(indel-index) and A(all-index) of each
locus was calculated by subtraction of the value of the
S1 pool from that of the S2 pool. The corresponding
A(SNP-index), A(indel-index), and A(all-index) of each
marker locus in each window were counted by the sliding
window method. The windows above the confidence level
(95%) were regarded as candidate regions. ANNOVAR
[94] was used to annotate the candidate polymorphic
markers.
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Full-length transcriptome sequencing and
analysis under heat stress

Full-length transcriptome data reported in this paper
were obtained using Nanopore sequencing. We identified
full-length non-chimeric (FLNC) transcripts by searching
for primers at both ends of reads. Clusters of FLNC tran-
scripts were then obtained after being mapped to the ref-
erence genome with minimap?2 [95]. Consensus isoforms
were identified after cleaning within each cluster by pin-
fish, and they were then mapped to the genome by min-
imap?2. The above mapped reads were collapsed by the
cDNA_Cupcake package (https://github.com/Magdoll/
cDNA_Cupcake/wiki).

Differential expression genes (DEGs) were identified
using the DESeq package [96]. Genes/transcripts with
FDR <.01 and fold change >2 were designated as DEGs.
Gene expression pattern analysis of tolerance/sensitivity
cultivars was executed using Short Time-series Expres-
sion Miner software (STEM) [97] on the OmicShare tools
platform (www.omicshare.com/tools).

DAS and DTU analysis was performed using SUPPA
[98]. Genes/transcripts with significant DAS or DTU had
adjusted FDR <.01 for at least two contrast groups, and
these contrast groups had at least >10% change in PSL.

An additional file with more details is shown in
[Supplementary files].
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