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Abstract

Chromosomal inversion is an important structural variation that usually suppresses recombination and is critical for key genotype
fixation. In a previous study, an 11.47 Mb recombination suppression region was identified in the yellow–green leaf locus BoYgl-1 on
chromosome 1, but the cause of recombination suppression is still unclear. In this study, chlorophyll and carotenoid contents were
found to be significantly decreased in the yellow–green leaf mutant YL-1. Genome assembly and comparative analysis revealed that
two large inversions in YL-1 were responsible for the severe recombination suppression in the BoYgl-1 locus. Analyses with inversion-
specific markers revealed that the inversions were present in 44 (including all wild cabbage; INV1 and INV2) of 195 cabbage inbred lines
and 15 (INV1) ornamental kale inbred lines, indicating that these species with INV1 or INV2 may have evolved much earlier than other
types of cabbage. Analyses with inversion-correlated markers revealed that the genotypes of CoINV1, CoINV2 and CoINV3 were highly
correlated with INV1 and INV2, indicating that INVs could fix the key genotypes of the involved region. In addition, a 5.87 Mb assembly
inversion was identified at the BoYgl-1 locus in the TO1000 genome by genome comparative analysis. This study provides new insight
into the recombination suppression mechanism of chromosomal inversion and the application of genome fragment fixation in cabbage
breeding.

Introduction
Chromosomal inversion is a classic type of structural variation
produced by the reinsertion of segments bound by breakpoints
in the reverse orientation that usually inhibits genetic recombi-
nation at the involved locus. In rice, the severe recombination
suppression in a floral organ number locus FON3 was caused
by a paracentric inversion, which limits the fine mapping of
FON3 candidate genes [1]. In tomato, Seah et al. identified a
300 kb chromosomal inversion that severely suppresses genetic
recombination in the nematode resistance locus Mi-1 [2]. Rönspies
et al. induced a 17.1 Mb chromosomal inversion by CRISPR–
Cas-mediated chromosome engineering in Arabidopsis. A massive
reduction in the recombination frequency was detected in the
inverted chromosome region by SNP-based genotyping [3].

Chromosomal inversion plays an important role in fixing favor-
able allelic combinations by suppressing genetic recombination
and is essential for maintaining the association with coadapted
genotypes. Inversions are also important for creating a new open
reading frame, changing the expression pattern of genes near the
breakpoints, and analyzing species evolution [3, 4]. In peach, Zhou
et al. reported that a 1.7-Mb chromosomal inversion located ∼3 kb
downstream of the PpOFP1 gene is responsible for flat/round fruit
shape. The transcriptional activation of PpOFP1 by chromosomal

inversion can repress the vertical elongation of fruit at the early
developmental stage, resulting in a flat fruit shape [5]. In Arabidop-
sis, a paracentric 1.17-Mb inversion associated with fecundity
under drought was identified on chromosome 4. SNP analysis
revealed that the inversion originated from Southeastern Europe
and the FRI-Col allele originated from Northwest Europe [6].

In addition to recombination suppression, assembly errors in a

reference genome also affect the fine mapping of some key genes.
Han et al. reported that Scaffold000063 was reverse assembled in
the 02-12 reference genome when mapping the petal color gene
cpc-1 in cabbage [7]. Liu et al. reported that the fine-mapping
region of the purple leaf gene BoPr in cabbage was located not
in the primary-mapping region but on an unanchored scaffold
Scaffold000035_P2, revealing possible assembly error in the 02-12
reference genome8. Cabbage is an important vegetable with leaf

head as consumer product, and leaf color is a crucial commercial
trait in cabbage. It is also important to identify the leaf color gene

and reveal the molecular regulatory mechanism underlying leaf
color formation in cabbage breeding.

In our previous study, Liu et al. identified an 11.47 Mb recom-
bination suppression region (with a recombination rate of 13.65
Mb/cM) in the yellow–green leaf locus BoYgl-1 on chromosome 1
[9]. In the present study, we performed genome assembly com-
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Figure 1. Phenotypes of the parental lines and quantification of pigments. A A192 with normal-green leaves (left) and YL-1 with yellow–green leaves
(right). Bar = 3 cm. B Chl a, Chl b and carotenoid contents in the leaves of A192 and YL-1 at the seedling stage. Error bars represent the standard errors
of three biological replicates (Student’s t-test: ∗∗P < 0.01).

parison and correlation marker analysis to reveal the cause of
recombination suppression and the role of recombination sup-
pression in key genotype fixation. This finding lays a foundation
for revealing the action mechanism of chromosomal inversion
and applying genetic exchange in cabbage breeding.

Results
Characterization of the YL-1 mutant
Compared with A192 (normal–green leaf), the YL-1 mutant exhib-
ited a stunted growth and yellow–green leaf phenotype through-
out its entire life cycle (same growth time) (Fig. 1A). The yellow–
green leaf phenotype is controlled by a single recessive gene
according to genetic analysis [17]. Photosynthesis pigment con-
tent analysis revealed that the Chl a, Chl b and carotenoid con-
tents were significantly reduced in YL-1 compared with A192 at
the seedling and mature stages (Fig. 1B; Supplementary Fig. S1).
These results suggest that BoYgl-1 is involved in Chl biosynthesis
in vivo.

Two large inversions result in severe
recombination suppression in the BoYgl-1 locus
In a previous study, an 11.47 Mb recombination suppression region
(C01: 18,069,792-29,537,314 bp) was identified in the yellow–green
leaf locus BoYgl-1 on chromosome 1 based on the TO1000 genome
[9]. To clarify the cause of recombination suppression in the BoYgl-
1 locus, the YL-1 genome was sequenced and assembled through
a combination of three technologies (Illumina, PacBio and Hi-
C), resulting in a 540.01 Mb assembly with a contig N50 size of
21.39 Mb (Supplementary Fig. S2 and Table S1). By comparing
the YL-1 and T11 (a new assembly of TO1000) genomes, two
large inversions (C01: 27,674,008-27,939,251 bp; C01: 35,834,373-
36,026,024 bp) were identified near C01 30 Mb in YL-1. According
to the TO1000 genome, inversion 1 corresponds to the region C01:
19,167,451-19,468,797 bp (301 kb), and inversion 2 corresponds
to the region C01: 25,728,351-25,853,969 bp (126 kb). INV1 and
INV2 were both located in the detected recombination suppres-
sion region (C01: 18,069,792-29,537,314 bp) (Fig. 2A), indicating
that INV1 and INV2 may be responsible for the recombination
suppression in the BoYgl-1 locus. In addition, genome comparisons
of YL-1 with TO1000 and T11 with TO1000 showed that the region
of C01: 18,750,286-24,619,815 bp (5.87 Mb) in the BoYgl-1 locus was
inversely assembled in the TO1000 genome (Fig. 2B), which lays a
foundation for the identification of BoYgl-1 gene.

Subsequently, to detect the recombination rate at this region in
other mapping population, three polymorphic InDel markers with

a size of approximately 200 bp (at the 19.80 Mb, 21.01 Mb and 23.39
Mb of C01; Supplementary Table S2) were developed by comparing
the resequencing data of the parents A192 and another yellow–
green leaf mutant 522Y (without INV1 and INV2) based on the
TO1000 genome. Markers RS19, RS21 and RS23 were then used to
determine whether recombination suppression was also present
in this region by validation in 46 recessive individuals of the BC1P2

population. The results showed that the recombination rate in this
region was 0.23 Mb/cM, which was higher than the normal level
in the cabbage genome (∼0.6 Mb/cM), strongly indicating that
the two large inversions in YL-1 result in severe recombination
suppression in the BoYgl-1 locus (Fig. 3 and Fig. 4).

Evolutionary analysis of INV1 and INV2
Using the inversion-specific markers YLINV1 and YLINV2, we
first verified the parents (YL-1, GL-1, A192 and TO1000) and 11
recessive individuals (with yellow–green leaves) of the BC4P2-
BC6P2 populations. The results showed that the target bands
could be amplified only in YL-1 and 11 recessive individuals,
which was consistent with expectations (Fig. 4A and B; Supple-
mentary Fig. S3). Markers YLINV1 and YLINV2 were then used to
determine whether inversion 1 and inversion 2 were present in 195
different cabbage (including 4 wild cabbage and 522Y mutant) and
15 ornamental kale inbred lines. The results revealed that INV1
and INV2 were both present in 44 of the 195 cabbage inbred lines,
and these 44 inbred lines mainly consisted of overwintering cab-
bage, Brussels sprout and all wild cabbage (without 522Y). Only
INV1 existed in all ornamental kale inbred lines (Fig. 4C). These
markers exhibited high accuracy and can be used for efficient
identification of INV1 and INV2 in cabbage. Overall, the analyses
suggested that INV1 and INV2 of YL-1 may have originated from
the wild cabbage and that these species with INV1 or INV2 may
have evolved much earlier than other types of cabbage.

INV1 and INV2 are essential for key genotype
fixation
According to the ‘TO1000’ reference genome, 18, 11 and 461
genes were identified in the INV1, INV2, and between INV1 and
INV2 regions, respectively (Supplementary Table S3). By com-
paring the resequencing data between A192 and YL-1, only one
variant gene was identified in INV1 and INV2, respectively, and
markers CoINV1 (on Bo1g063850, encodes plastid ribosomal pro-
tein CL9) and CoINV2 (on Bo1g087490, encodes an ER-localized
ABC transporter with a role in seed development) were devel-
oped accordingly. We also selected an intergenomic variation in
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Figure 2. Analysis of recombination suppression in the BoYgl-1 locus. A Genome C01 chromosome comparison between T11 and YL-1. The green box
indicates the recombination suppression region with two inversions. B Genome C01 chromosome comparisons of YL-1 with TO1000 and T11 with
TO1000.

Figure 3. Amplicons of the InDel markers RS19, RS21 and RS23 in parents and 46 recessive individuals of the BC1P2 population. M represents the DNA
ladder, P1 is the normal-green leaf inbred line A192, P2 is the yellow–green leaf mutant 522Y, and lanes 1–46 are 46 recessive individuals with
yellow–green leaves.

INV1 and developed marker CoINV3. We then randomly selected
three important variant genes and developed markers CoINV4 (on
Bo1g078560, encodes plastid ribosomal protein S11), CoINV5 (on
Bo1g080190, encodes CGR2 that plays an important role in plant
growth) and CoINV6 (on Bo1g083530, encodes an F-box protein
that is essential for plant growth) in the region between INV1 and
INV2. Markers CoINVs were then used to detect the correlation
between these variations and INVs in 14 cabbage inbred lines
containing INV1 and INV2, 14 cabbage inbred lines without INV1
and INV2, and 14 ornamental kale inbred lines containing only
INV1. The results showed that the genotypes of CoINV4, CoINV5
and CoINV6 in all inbred lines were consistent with A192, and
the genotypes of CoINV1, CoINV2 and CoINV3 in all inbred lines

containing INV1 or INV2 were consistent with YL-1. The genotypes
of CoINV1, CoINV2 and CoINV3 were highly correlated with INV1
and INV2, indicating that INVs could fix the key genotypes of the
involved region and suppress its genetic recombination in cabbage
hybrid breeding (Fig. 5; Supplementary Fig. S4).

Discussion
Chromosomal inversion usually results in severe recombination
suppression. In rice, Jiang et al. identified a paracentric inver-
sion at the FON3 locus associated with floral organ number,
which severely suppressed genetic recombination in this region
[1]. In Arabidopsis, a 17.1 Mb chromosome inversion was induced
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Figure 4. Verification of inversion-specific markers YLINV1 and YLINV2. A Amplicons of the marker YLINV1 in parents (YL-1, GL-1, 11-192 and
TO1000). B Amplicons of the marker YLINV1 in 11 recessive individuals of the BC4P2-BC6P2 populations. M represents the DNA ladder, and lanes 1–11
represent 11 recessive individuals with yellow–green leaves. C Genotype statistics of the markers YLINV1 and YLINV2 in 195 different cabbage
(including 4 wild cabbage) and 15 ornamental kale inbred lines (with normal-green leaves). A represents the genotype consistent with A192, and B
represents the genotype consistent with YL-1.

Figure 5. Correlation analysis between genotypes of CoINV1, CoINV3 and CoINV4 and INV1 and INV2. A Amplicons of the marker CoINV1 in 14
cabbage inbred lines containing INV1 and INV2, 14 cabbage inbred lines without INV1 and INV2, and 14 ornamental kale inbred lines containing only
INV1. B Amplicons of the marker CoINV4 in 14 cabbage inbred lines containing INV1 and INV2, 14 cabbage inbred lines without INV1 and INV2, and 14
ornamental kale inbred lines containing only INV1. C Amplicons of the marker CoINV3 in 14 cabbage inbred lines containing INV1 and INV2, 14
cabbage inbred lines without INV1 and INV2, and 14 ornamental kale inbred lines containing only INV1. M represents the DNA ladder, P1 represents
the A192, and P2 represents the YL-1.

by CRISPR/Cas9 technology, SNP-based genotyping showed that
the recombination frequency in the inverted region was greatly
reduced [3]. In this study, two large inversions (INV1 and INV2)
were detected at the yellow–green leaf locus BoYgl-1 in YL-1 by
comparative genomic analysis, and INV1 and INV2 were found to
be the cause of recombination suppression in the BoYgl-1 locus by
inversion-specific markers validation. This is also the first report
of chromosome inversion in cabbage.

The nonhomologous end joining (NHEJ) pathway is an impor-
tant mechanism underlying chromosomal inversion. In this study,
301-kb INV1 and 126-kb INV2 were probably induced by chro-
mosomal DNA double-strand breaks along with illegitimate DNA
end joining via the NHEJ pathway. INV1 and INV2 were both

present in 44 (including overwintering cabbage, Brussels sprout
and all wild cabbage) of the 195 cabbage inbred lines, and INV1
existed in all 15 ornamental kale inbred lines according to anal-
yses with YL-1 inversion-specific markers. Our study gives rise
to the hypothesis that these species containing INV1 or INV2
may have evolved much earlier than other types of cabbage. In
addition, chromosomal inversions usually suppress the genetic
recombination of sets of epistatically interacting genes. Genes
involved in an inversion may segregate as a single Mendelian
locus and may be selected during adaptation. In this study, the
genotypes of CoINV1 and CoINV2 were completely correlated with
INV1 and INV2, indicating that INVs could fix the key genotypes
of the involved region and that cabbage species with INVs may
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show selective advantages under certain survival conditions [1, 5,
10, 11].

Pentatricopeptide repeat (PPR) proteins play essential roles
in plant growth and development. According to their different
motifs, PPR proteins can be classified into the P and PLS sub-
families. Most PPR proteins localize to the chloroplast or mito-
chondrion and participate in posttranscriptional RNA modifi-
cation [12–14]. In rice, Chen et al. identified the yellow–green
leaf mutant pgl12. PGL12 is a PLS-type PPR protein targeted to
chloroplasts that is required for chloroplast development and
16S rRNA processing [15]. In Arabidopsis, Wang et al. identified
the P-type PPR protein ECD2 localized to chloroplasts, and the
ecd2 mutant exhibited a cotyledon-specific albino phenotype [16].
Feng et al. identified a pale-green leaf 2 mutant (Gmpgl2) in
soybean. GmPGL2 is a chloroplast-localized PLS-type PPR protein
that is essential for C-to-U RNA editing via the formation of a
complex RNA editosome [17]. In addition, Toda et al. identified a
mitochondrion-localized PLS-type PPR protein MPR25 in rice, and
the mpr25 mutant showed a phenotype of pale-green leaves and
growth retardation [18]. In maize, two PLS-DYW subfamily PPR
proteins, EMP17 and PPR27, targeted to the mitochondria were
identified, and homozygous kernels of both mutants were small
and white, with an empty pericarp phenotype [19, 20]. In this
study, a PPR gene, Bo1g078420, involved in mitochondrial RNA
processing, was identified in the BoYgl-1 locus. In rice, the MPR25
(mitochondrial PPR-encoding) mutant shows a growth retarda-
tion and pale-green leaf phenotype highly similar to that of YL-
1 [18]. Thus, we designated Bo1g078420 as a strong candidate
gene for BoYgl-1. Bo1g078420 contains 13 PPR motifs and belongs
to the P subfamily (based on the Pfam database: http://pfam.
sanger.ac.uk./search?tab=searchSequenceBlock) (Supplementary
Fig. S5B). Sequence analysis revealed that a 1-bp deletion, 24 SNPs
in the promoter region and five SNPs (containing three nonsyn-
onymous mutations) in the coding region of Bo1g078420 were
identified in YL-1 (Supplementary Fig. S5A and S6; Supplementary
Table S2). The expression level of Bo1g078420 in yellow–green
leaf YL-1 was significantly decreased compared with normal-
green leaf A192 (Supplementary Fig. S5C). Taken together, the
sequence variations and the expression change in Bo1g078420
may be responsible for the formation of yellow–green leaves
in cabbage.

Materials and methods
Plant materials
The female parent A192 (P1) is a Chinese kale inbred line with
normal green leaves; the male parent YL-1 (P2) is a cabbage
inbred line with yellow–green leaves. A192 was crossed with YL-
1 to produce F1 lines. BC4P2-BC6P2 populations were generated
by successive backcrosses of F1 × YL-1. All plant materials used
in this study were grown in a greenhouse (16 h light/8 h dark
photoperiod; 25 ◦C ± 3 ◦C) at the Institute of Vegetables and
Flowers, Chinese Academy of Agriculture Sciences (IVFCAAS,
Beijing, China).

Pigment content analysis
Chlorophyll and carotenoid contents were determined as previ-
ously described [21]. Fresh leaves (∼0.2 g) of A192 and YL-1 were
collected at the seedling stage, and then placed in 5 ml of 80% ace-
tone for 24 h in the dark. Chl a, Chl b and carotenoid contents were
measured using a DU800 spectrophotometer (Beckman Coulter,
USA) at wavelengths of 663, 645 and 470 nm, respectively. Three
biological replicates were performed per sample.

Genome sequencing assembly and comparative
analysis
High-quality genomic DNA was extracted from 4-week-old
seedling fresh leaves of YL-1 using the FastPure Plant DNA
Isolation Mini Kit (Vazyme, Nanjing, China). The genomic DNA
was subsequently used for Illumina, PacBio and Hi-C library
construction and sequencing. Illumina libraries with an insert
size of 250 bp and PacBio libraries with an insert size of 25 kb
were sequenced on an Illumina platform and the PacBio Sequel
platform (Pacific Biosciences), respectively. The Hi-C libraries
were sequenced on an Illumina Hi-Seq 4000 sequencer. Library
construction, sequencing and genome assembly were carried out
by Biomarker Technologies Co., Ltd. (Beijing, China). Genome
comparisons of YL-1 with TO1000, T11 (a new assembly of
TO1000) with TO1000, and YL-1 with T11 were performed as
previously reported [22].

Recombination suppression analysis
The recombination rate in a region was calculated by the ratio
of physical and genetic distance between two markers. If the
recombination rate in a region is four times lower than the normal
recombination level in the cabbage genome (∼600 kb/cM), we
consider that recombination suppression is present in this region.

Analysis of YL-1 inversion-specific markers
According to the YL-1 genome, YLINV1 (inversion-specific marker
1) with a size of 537 bp and YLINV2 (inversion-specific marker
2) with a size of 318 bp were designed (Supplementary Table S2)
on the left boundary of inversion 1 (INV1, C01: 27,674,008 bp)
and inversion 2 (INV2, C01: 35,834,373 bp), respectively. Markers
YLINV1 and YLINV2 were then used to detect inversion 1 and
inversion 2 in 11 recessive individuals of the BC4P2-BC6P2 popu-
lations, 195 different cabbage (including 4 wild cabbage) and 15
ornamental kale inbred lines.

Analysis of YL-1 inversion-correlated markers
Based on the B. oleracea ‘TO1000’ reference genome (http://plants.
ensembl.org/Brassica_oleracea/Info/Index) and the resequencing
data of INV1, INV2, and between INV1 and INV2 regions of
A192 and YL-1, six inversion-correlated markers CoINV1 (on the
Bo1g063850 gene in INV1, C01: 19,176,898 bp), CoINV2 (on the
Bo1g087490 gene in INV2, C01: 25,761,861 bp), CoINV3 (on the
intergenic region in INV2, C01: 25,785,767 bp), CoINV4 (on the
gene Bo1g078560 between INV1 and INV2, C01: 23,050,171 bp),
CoINV5 (on the gene Bo1g080190 between INV1 and INV2, C01:
23,742,642 bp) and CoINV6 (on the gene Bo1g083530 between
INV1 and INV2, C01: 24,202,580 bp) with a size of approximately
200 bp were designed (Supplementary Table S2). Markers CoINVs
were then used to detect the correlation between these variations
and inversions in 14 cabbage inbred lines containing INV1 and
INV2, 14 cabbage inbred lines without INV1 and INV2, and 14
ornamental kale inbred lines containing only INV1.

Candidate gene analysis of BoYgl-1
Based on the annotations of the ‘TO1000’ reference genome, genes
located within the candidate interval were analyzed to identify
the yellow–green leaf gene BoYgl-1. The gene-specific marker
GS420 (primers GS420-F and GS420-R) was used to amplify the
promoter and genomic sequences of Bo1g078420. The sequencing
and expression analysis (primers qRT420-F and qRT420-R) of the
candidate gene were performed as described previously [23]. All
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primers used for candidate gene analysis are listed in Supplemen-
tary Table S2.
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