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Abstract

Key message Two major-effect QTL GlcA07.1 and GlcA09.1 for green leaf color were fine mapped into 170.25 kb
and 191.41 kb intervals on chromosomes A07 and A09, respectively, and were validated by transcriptome analysis.
Abstract Non-heading Chinese cabbage (NHCC) is a leafy vegetable with a wide range of green colors. Understanding the
genetic mechanism behind broad spectrum of green may facilitate the breeding of high-quality NHCC. Here, we used F, and
F,.g recombination inbred line (RIL) population from a cross between Wutacai (dark-green) and Erqing (lime-green) to under-
take the genetic analysis and quantitative trait locus (QTL) mapping in NHCC. The genetic investigation of the F, population
revealed that the variation of green leaf color was controlled by two recessive genes. Six pigments associated with green leaf
color, including total chlorophyll, chlorophyll a, chlorophyll b, total carotenoids, lutein, and carotene were quantified and
applied for QTL mapping in the RIL population. A total of 7 QTL were detected across the whole genome. Among them, two
major-effect QTL were mapped on chromosomes A07 (GIcA07.1) and A09 (GIcA09.1) corresponding to two QTL identified
in the F, population. The QTL GIcA07.1 and GlcA09.1 were further fine mapped into 170.25 kb and 191.41 kb genomic
regions, respectively. By comparing gene expression level and gene annotation, BraC07g023810 and BraC07g023970 were
proposed as the best candidates for GIcA07.1, while BraC09g052220 and BraC09g052270 were suggested for GIcA09.1. Two
InDel molecular markers (GIcAO7.1-BcGUN4 and GlcA09.1-BcSG1) associated with BraC07gA023810 and BraC09g052220
were developed and could effectively identify leaf color in natural NHCC accessions, suggesting their potential for marker-
assisted leaf color selection in NHCC breeding.

Introduction hues, ranging from light to dark shades, dictated by vary-

ing concentrations of a number of pigments, among which

The plant leaf color serves dual purposes, both aesthetically
and functionally, often signifying crucial growth stages.
In nature, plant leaves display a wide spectrum of green

Communicated by Isobel AP Parkin.

>4 Yuhui Wang
yuhui_wang @njau.edu.cn

M Ying Li
yingli@njau.edu.cn

State Key Laboratory of Crop Genetics and Germplasm
Enhancement and Utilization, Engineering Research Center
of Germplasm Enhancement and Utilization of Horticultural
Crops, Ministry of Education of the P. R. China, College

of Horticulture, Nanjing Agricultural University,

Nanjing 210095, Jiangsu Province, China

Huzhou Academy of Agricultural Sciences, Huzhou 313000,
Zhejiang Province, China

Published online: 15 April 2024

chlorophyll and carotenoids are the two principal contribu-
tors (Tang et al. 2020). Generally, chlorophyll primarily
contributes to authentic green color, while total carotenoids
intermix the yellow undertones within the green spectrum
(Li et al. 2018). The precise shade of green color in leaves is
intricately determined by the complex interplay and ratio of
these pigment concentration. A number of factors, such as
constitutive genetics, environmental conditions (i.e., light,
temperature), and senescence would significantly affect the
accumulation of chlorophyll and total carotenoids in plants
by modulating pigment biosynthesis localization, transporta-
tion, and degradation processes (Eckhardt et al. 2004; Sun
and Li 2020).

The chloroplast stands as the primary site for pig-
ment biosynthesis, intricately associated with production
of chlorophyll and total carotenoids. The differentiation
of chloroplasts from plastids involves three key stages:
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plastid replication and plastid DNA synthesis, the transfer
of nuclear-encoded plastid RNA polymerase (NEP) to plas-
tid genes, and the expression of plastid and nuclear genes
under the plastid-encoded RNA polymerase (PEP) (Pogson
and Albrecht 2011). These complex processes engage a
multitude of genes governing various aspects of chloroplast
development and numerous involved genes have been identi-
fied, such as genes for chloroplast ribosome biogenesis (Sun
et al. 2019; Zhou et al. 2021), chloroplast RNA editing and
splicing (Zhou et al. 2021; Zhao et al. 2022a, b), and the
NEP/PEP pathway (Lee et al. 2019). Malfunction in these
genes often result in chloroplast dysfunction, causing leaf or
plant discoloration. For example, mutation in RH13, which
encodes a DEAD-box family RNA helicases in Arabidop-
sis, inhibits chlorophyll accumulation by disrupting devel-
opment of chloroplast structure (Luo et al. 2023). Knockout
of OsCRS and OsPPR647, which encodes a peptidyl-tRNA
hydrolase protein and a pentatricopeptide repeat-contain-
ing protein, respectively, leads to albino leaf phenotype by
interfering splicing of chloroplast genes in rice (Zhang et al.
2020a, b; Zhao et al. 2021a, b). Overexpression of OsFSD3
reduces chlorophyll level and results in yellow-green leaves
by downregulating the expression of PEP-dependent genes
in rice (Lee et al. 2019). Loss of function of a tetratrico-
peptide repeat-containing protein (SLOWGREEN 1, SG1)
delays greening and causes leaf albinism (Hu et al. 2014).
Another pivotal example is GUNI, the GENOMES UNCOU-
PLED (GUN) gene, which encodes a PPR-containing pro-
tein in plastids. GUNI1 plays a central role in the retrograde
communication between chloroplasts and nucleus, and gun/
mutants display pale green cotyledons and leaves (Llamas
et al. 2017; Tadini et al. 2020).

Chlorophyll, is the main pigment imparting characteris-
tic green appearance to plants, actively participates in pho-
tosynthesis by harvesting light and transferring electrons
(Nelson and Yocum. 2006; Yang et al. 2015). Chlorophyll
content is the net result of the balance between biosynthe-
sis and biodegradation processes (Schlicke et al. 2014). Its
synthesis commences from 5-aminolevulinic acid (ALA),
which derives from Glu-1-semialdehyde (GSA) through
the action of GSA-2,1-aminomutase (GSA-AM) (Hotta
et al. 1997; Kumar and S6ll 2000). GSA-AM, encoded by
the nuclear HEMA, when silenced, leads to varying degrees
of chlorophyll deficiency (Kumar and S6ll 2000). Another
critical step involves the conversion of protoporphyrin IX
(Proto) to Mg-protoporphyrin (Mg-Proto), catalyzed by
Mg chelatase (MgCh) consisting of three subunits: CHLH,
CHLD, and CHLI. Additionally, GUN4 activates MgCh that
catalyzes the insertion of an Mg?* ion into Proto (Masuda
2008; Adams et al. 2020; Ji et al. 2021). For example, silenc-
ing of the CHLH genes induces the yellow or white leaves
in tobacco (Hiriart et al. 2002), while mutations in CHLD
and CHLI result in yellow-green leaves in rice (Zhang et al.
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2006). Downregulation of OsGUN4 contributes to yellow-
green leaves and chlorophyll deficiency in rice, as OsGUN4
can activate the CHLH subunit of MgCh (Zhou et al. 2012;
Li et. 2021). In addition, GUN4 is able to interact with
BALANCE of CHLOROPHYLL METABOLISM (BCM)
to stimulate the MgCh activity during the early leaf devel-
opment, while BCM shows a role in preventing chlorophyll
degradation (Wang et al. 2020).

Non-heading Chinese cabbage (Brassica rapa ssp. chin-
ensis, NHCC) is a widely marketable leafy vegetable cul-
tivated on 1.3 million hectares in China (FAO 2023). Leaf
color stands as a crucial determinant of the edible organ’s
value, meeting diverse consumer preferences and sig-
nificantly influencing market value (Amagai et al. 2022).
Moreover, leaf color is also related to biomass production
by affecting efficiency of photosynthesis (Su et al. 2023),
abiotic/biotic resistance, and nutrient substance content such
as chlorophy 11, total carotenoids, and anthocyanidin, making
it the prime target trait for NHCC breeding (Dai et al. 2018;
Shen et al. 2018; Priyanka et al. 2023). Research in Chinese
cabbage focusing on EMS-induced mutants and spontane-
ous mutations resulting in leaf color variations, particularly
from pale to yellow-green, has identified several single-
inherited genes involved in chlorophyll biosynthesis, notably
BrCHLH, BrCAO, DVR, BraA07001774, and BraA09004189
(Fu et al. 2019; Zhang et al. 2020a, b; Zhao et al. 2021a, b,
2022a). Conversely, the natural variance in leaf color within
Brassica rapa is primarily regulated by quantitative trait loci
(QTL) (Choi et al. 2017; Huang et al. 2017). Choi et al.
(2017) report 13 QTL for leaf color across 6 linkage groups
(LGs) (LG1, LG3, LG4, LG7, LG8, and LGY) from DH and
RIL populations of Chinese cabbage (B. rapa. ssp. pekinen-
sis). Huang et al. (2017) identify 8 QTL in 5 chromosomes
(A03, A05, A07, A09, and A10) associated with core leaf
color in NHCC. These findings suggest that leaf color is
significantly influenced by environmental factors as well as
genotype-by-environment effects (G X E). However, these
QTL have yet to be fine-mapped and cloned to identify the
underlying candidate genes. Furthermore, the lack of avail-
able molecular markers has hindered the effective utilization
of these QTL in breeding through marker-assisted selection.
Thus, delving into the genetic inheritance and identifying of
underlying candidate genes responsible for natural variations
in NHCC leaf color will be crucial for germplasm innovation
in NHCC breeding.

In this study, two distinct NHCC varieties exhibiting
with dark-green and lime-green leaf color were selected to
construct an F, comprising 618 individuals and an F,. RIL
populations with 127 lines for genetic analysis and QTL
mapping. Two major-effect QTL located on chromosomes
AQ07 and AO9 were identified and further fine-mapped with
genomic regions spanning 170.25 kb and 191.41 kb, respec-
tively. The resulting molecular markers tightly linked to
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the identified QTL (GIcA07.1 and GIcA09.1) were evalu-
ated for their efficiency in the natural population of NHCC
germplasm.

Method and material
Plant material and experimental design

Two non-heading Chinese cabbage (NHCC) inbred lines,
namely, Wutacai (female parent) and Erqing (male parent)
were utilized to develop an F, population comprising 618
individuals and an F,.g RIL population with127 lines. Wuta-
cai, a prevalent landrace in Changzhou, Jiangsu Province,
had dark-green leaves, while Erqing, a common landrace in
Yangzhou, Jiangsu Province, displayed lime-green leaves.
Both lines were advanced inbred lines without leaf wax
exhibiting glossy leaf color. The natural population, com-
prising 73 NHCC germplasm accessions, primarily collected
from different provinces of China (Table S11) and display-
ing a wide range of leaf color, was applied for further gene
validation.

The F,, RIL, and natural populations were all planted at
the Baima Research Station (BRS, 31°35'N and 119°09'E)
of Nanjing Agricultural University in Jiangsu Province for
leaf color evaluation. Furthermore, apart from the BRS loca-
tion, the leaf color assessments for RIL population were
conducted at two additional sites: Jurong Experimental Sta-
tion (JES, 31°956'N and 119°16'E) of Nanjing Agricultural
University in Jiangsu Province and Huzhou Academy of
Agricultural Sciences Experimental Station (HES, 30°90'N
and 120°08'E) in Zhejiang Province.

The experiments were conducted using a randomized
complete block design (RCBD) consisting of three replica-
tions with four plants per replication per line for RIL and
natural populations. All seeds were direct-sowed in Sep-
tember from 2020 to 2022. Leaf color was visually rated at
90 days post-germination for the F, population categorized
into green and lime-green groups. The individuals with
lime-green leaves or lighter color with a certain degree of
yellow tones were classified into lime-green category and
the remaining individuals were grouped into green category.

Pigment measurement

Mature leaves at the rosette stage from the parental lines,
F, hybrid, RIL, and the NHCC germplasm were sampled
for pigment measurement, with each sample weighing
approximately 0.1 g and undergoing three biological rep-
licates. The six pigments associated with green leaf color,
including chlorophyll a, chlorophyll b, total chlorophyll,
carotene, lutein, and total carotenoids, were quantified fol-
lowing method described by Xu et al. (2013) with minor

modification. Photosynthetic pigments were extracted with
ethanol/acetone solution (ethanol: acetone=1: 1) in the dark
at room temperature for 24 h. Supernatant was measured at
470 nm, 474 nm, 485 nm, 642 nm, 649 nm, and 665 nm by
multi-detection microplate reader (Cytation3, BioTek, USA).
The concentration (mg/L) of chlorophyll a, chlorophyll b,
total chlorophyll, carotene, total carotenoids, and lutein were
calculated as follows:

Contorophyli—a(Mg/L) = 9.99A¢65 — 0.0867A¢4,

C

Cchlorophy]]—b(mg/ L) = 17.7A¢4, — 3.04A¢65

CTotalchlorophyll(mg/ L) = 27~9A649
Coorene(Mg/L) = 12.64 55 — 6.00A,7, — 0.0298[a] + 0.336[5]
Ccarotenoids(mg/L) = 4'-92’4474 - 00255[0] —0.225 [b]

Chuein(Mg/L) = 10.24 75 — 11.5A ;45 — 0.0036[a] — 0.625[b]

a represented for the content of chlorophyll a; b represented
for content of chlorophyll b. The final content (mg/100 g
FW) was calculated using the formula: C « V % 100/M,
whereas C represented for the concentration of pigment, V
was the total volume of extract and M was the fresh weight
of leaves for pigment extraction.

Statistical analysis of phenotypic data

Analysis of variance (ANOVA) was performed for each pig-
ment in RIL population to estimate the variance of genetic
and environmental effects. Pigments for the leaf color trait
were fitted in a linear mixed model (LMM) containing fixed
factors (genotypes) and random factors (locations, replica-
tions within locations, and the interaction of the genotypes
and locations) using the R/Ime4 package (Bates et al. 2015).
Best linear unbiased predictors (BLUPs) were extracted
from the mixed model with all factors treated as random
effects and were further applied for preliminary QTL map-
ping. Spearman’s rank order correlation among the pigments
traits was estimated based on the BLUPs value using the
R/corrplot package (Murdoch and Chow 1996) and the R/
tidyverse package (Wickham et al. 2019). Broad-sense her-
itability (H?) was calculated from the variance components
extracted from the mixed model (Wang et al. 2022).

DNA preparation, lllumina resequencing
and marker development

Genomic DNA (gDNA) was extracted from leaves of the
parental lines and RIL population using Genomic DNA
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Extraction Kit (TIANGEN, Beijing, China). The quality and
quantity of the resulting genomic DNA were examined by
agarose gel electrophoresis, Nano Photometer® (IMPLEN,
CA, USA) and Qubit® 3.0 Fluorometer (Life Technologies,
CA, USA). The 0.5 pg DNA per sample was used for librar-
ies construction and sequencing. The sequencing libraries
were generated using the Annoroad® Universal DNA Frag-
mentase Kit V2.0 (AN200101-L) and the Annoroad® Uni-
versal DNA Library Prep Kit V2.0 (AN200101-L), and the
libraries were sequenced on the Novaseq 6000 S4 platform
(Illumina, USA) using the NovaSeq 6000 S4 Reagent Kit
V1.5. The 150 bp paired ended reads were generated. The
construction of library and sequencing were performed at
Annoroad Gene Tech. (Beijing) Co., Ltd (https://www.annor
oad.com/).

The ‘NHCCO001’ reference genome sequences [Bras-
sica rapa ssp. chinensis genome var. ‘NHCCO001’, version
1.0] were available in the Non-heading Chinese Cabbage
and Watercress Database (http://tbir.njau.edu.cn/NhCCD
bHubs/index.jsp) (Li et al. 2020, 2022). Sequencing reads
were aligned against ‘NHCCO001’ using the Burrows-
Wheeler Aligner (BWA, v0.7.17-r1198-dirty) -SAMtools
v1.3.1 pipeline (Li et al. 2009; Li and Durbin 2010; Li
2011). Variant calling and genotyping followed the Genome
Analysis Toolkit (GATK) pipeline (McKenna et al. 2010).
The SNP/InDel markers with low quality were filtered
according to the hard filter criteria (SNP: QUAL <40.0;
QD <2.0; MQ <40.0; FS> 60.0; SOR > 3.0; MQRank-
Sum < — 12.5; ReadPosRankSum < — 8.0; Ave Depth < 8.
InDel: QUAL <40; QD <2.0; FS >200.0; SOR > 10.0;
MQRankSum < — 12.5; ReadPosRankSum < — 8.0; Ave
Depth < 8). Markers that followed an expected segrega-
tion pattern for advanced RIL population were selected to
construct a linkage group. Non-heading Chinese cabbage
was diploid with 10 chromosomes (2rn=10) and at least 20
independent genomic regions were expected. Thus, a thresh-
old of 0.05/20 ~0.0025 with a Bonferroni correction was
adopted to achieve a genome-wide error rate at @ =0.05 for
segregation distortion evaluation. The SNP markers meeting
the following criteria were kept: 1) missing rate <10%; 2)
the heterozygous individuals <7; 3) locus similarity < 99%.

Genetic linkage map construction and QTL analysis

The function mstmap in the RZ/ASMap package (Taylor and
Butler 2017) was used to adjust the marker positions and
reorder the markers based on maximum likelihood (ML).
The function est.map in the R/qgtl package was used to esti-
mate the genetic distance using Kosambi mapping function
(Lander et al. 1987).

QTL analysis was performed using the packages R/gtl
(Broman et al. 2003) and R/gtI2 (Broman et al. 2019). Sim-
ple marker analysis (SMA) and composite interval mapping
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(CIM) analysis were adopted for preliminary analysis. To
reduce the possibility of ghost QTL detection (false discov-
eries) by SMA and CIM, we employed the multiple-QTL
mapping (MQM) analysis method (Arends et al. 2010) for
further QTL mapping. The function Mgmsetcofactors in
the R/gtl package was used to set the cofactor by the sig-
nificant QTL detected from the preliminary QTL analysis
results. The LOD threshold for declaring significant QTL
was determined using 1000 permutations at 0.05 level with
the function mgmpermutation. The function fitqtl was used
to estimate the additive effect and the percentage variance
explained by the peak marker for each QTL. The 1.5 LOD
drop intervals were applied to calculate the support intervals
of significant QTL.

Genotyping

To further narrow down the candidate intervals, more InDel
markers were developed based on the re-sequencing data
from Wutacai and Erqing and were applied to genotype
additional F, population to identify new recombinants. The
corresponding primers were designed using the SnapGene
Viewer software (v5.1.6, https://www.snapgene.com/)
(Table S1). Products of PCR were used for genotyping by
using 9% polyacrylamide gel electrophoresis and silver
staining.

Candidate gene annotation analysis

SNP/InDel markers were annotated using the SnpEff (v5.0c)
to predict their effect on genetic variants of the genes (Cin-
golani et al. 2012). Candidate genes were annotated using
BLASTp, and the gene descriptions were obtained from
TAIR database (https://www.arabidopsis.org/), Non-heading
Chinese Cabbage and Watercress Database (http://tbir.njau.
edu.cn/NhCCDbHubs/index.jsp) (Li et al. 2022), InterPro
(https://www.ebi.ac.uk/interpro/) (Mistry et al. 2021), and
HMMER (http://www.hmmer.org/) (Finn et al. 2011).

Comparative transcriptome analysis
and quantitative real-time RT-PCR

For transcriptomic assays, total RNA was extracted from
the mature leaf tissues of the parental lines and F; hybrid
according to the manufacturer’s instruction of the HiPure
Plant RNA Mini Kit (Magen, Shanghai, China). The purity
of the RNA sample was detected by the NanoPhotometer ®
(IMPLEN, CA, USA) of which concentration was assessed
by the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100
system (Agilent Technologies, CA, USA). The MGIEasy
RNA library Preparation Kit was used to construct library.
DNA nanoball (DNB) was formed using the rolling cir-
cle amplification (RCA) technology. DNBSEQ-T7 (BGI,
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Shenzhen, Guangdong, China) was used for sequencing and
150 bp paired ended sequencing reads were obtained. The
cDNA library construction and sequencing were performed
at Annoroad Gene Tech. (Beijing) Co., Ltd (https://www.
annoroad.com/). STAR v2.7.9a (Dobin et al. 2013) was used
to index the ‘NHCCO001’ genome and align the reads to the
reference genome. RSEM v1.3.1 (Li and Dewey 2011) was
used to calculate the fragments per kilobase of exon per mil-
lion reads mapped (FPKM). Principal component analysis
(PCA) was applied for quality control using the R/factoextra
package (https://cloud.r-project.org/package=factoextra/).
The R/DESeq?2 package (Love et al. 2014) was adopted for
analysis of differential expressed gene (DEG) analysis. Heat-
map was generated by the R/pheatmap package (Hu 2021).

For qRT-PCR assays, total RNA was extracted using
RNA Simple Total RNA Kit (TTANGEN, Beijing, China),
and reverse transcribed into cDNA by Hiscript III RT
SuperMix for qPCR (4 gDNA wiper) (Vazyme, Nanjing,
China). The Hieff gPCR SYBR Green Master Mix (No Rox)
(Yeasen, Shanghai, China) was used for gqRT-PCR with the

A

Wautacai

CFX96 (Bio-rad, USA). The qPCR procedure (95 °C 5 min,
95 °C 10 s, 60 °C 30 s, 40 cycles) with BcActin (GenelD:
BraC10g029590) as the internal reference gene followed
Long et al. (2022) was applied. The 2724 method (Pfaffl
2001) was used to determine the relative gene expression
level. Each sample was run with three biological and three
technical replicates.

Results
Variations of green leaf color in NHCC

The non-heading Chinese cabbage (NHCC) leaves from
the parental lines, Wutacai and Erqing, exhibited typi-
cal dark-green and lime-green color, respectively, while
their F; hybrid showed an intermediate color through-
out their lifetime in all three environments (Fig. 1A). To
quantify the green leaf color, we analyzed the pigments
associated with chlorophyll (chlorophyll a, chlorophyll b,
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and total chlorophyll) and carotenoids (carotene, lutein,
and total carotenoids) in the parental lines and their F,
hybrid collected from the three locations (Baima, Jurong,
and Huzhou) (Fig. 1B; Table S2). Notably, the aver-
age content of total chlorophyll and total carotenoids in
Wautacai (102.68 and 21.19 mg/100 g FW) were approxi-
mately 2-3 times higher than those in Erqing (39.22
and 8.15 mg/100 g FW), while F, plants (67.39 and
14.32 mg/100 g FW) showed intermediate level across
all environments, suggesting a co-dominant or multi-
allelic nature of the green leaf color regulation in Wutacai
(Fig. 1B; Table S2). Particularly, the ratio of total carot-
enoids to total chlorophyll was consistently around 20%
among the parental lines and F, hybrid, indicating that the
lighter green hue in Erqing leaves resulted from an over-
all reduction in total pigments, rather than alterations in
individual pigment components, such as increased carot-
enoids, contributors of orange hues, or decreased chloro-
phyll, contributors of green hues (Table S2).

We subsequently planted 618 F, individuals at Baima
Research Station (BRS), revealing a spectrum of leaf colors
ranging from yellowish/lime-green to dark-green. Upon vis-
ual identification, 32 individuals exhibited leaf color with
yellowish tones, while 586 individuals displayed varying
degrees of green, aligning with the expected segregation
ratio of 15:1 for two recessive genes (P=0.27; Chi-square
test) (Fig. 1C). Subsequently, 358 F, individuals were ran-
domly selected for pigment content measurement. The
means, ranges, standard deviations (SD), skewness, and
kurtosis are provided in Table S2.

The F, population demonstrated transgressive segrega-
tion leaning towards Erqing in terms of pigments content.
Specifically, among these individuals, 40 exhibited lower
total chlorophyll content, and 25 revealed lower total carot-
enoids content, compared to those present in Erqing (i.e.,
39.22 mg/100 g Fresh weight (FW) of total chlorophyll
and 8.15 mg/100 g FW of total carotenoids, respectively)
(Fig. 1D; Table S2). Thus, we proposed that the lime-green
with yellowish tones may depend on two major recessive

genes, while the range of green to dark-green hues might be
regulated by multiple loci.

Additionally, we constructed an F,.¢ RIL population com-
prising 127 lines which were planted across three locations
for phenotypic data collection. In general, all pigment con-
tents followed a normal distribution (Figs. 1E, F and S1).
The average correlations (Spearman’s rank r,) among the
six pigments showed positive associations ranging from
0.46 to 0.99 (P <0.05), implying a potential shared regula-
tory network governing these pigments in this population
(Figs. 1G and S3). Broad-sense heritability of six pigments
ranged between 0.67 and 0.88 (Table 1). ANOVA for the
RIL population clearly showed that genotypic effect was the
main factor affecting pigment content (P <0.001). In addi-
tion, ANOVA indicated that the environmental effect on
the phenotypic variance of chlorophyll b and carotene was
significant and no interaction effect of genotype-by-environ-
ment was detected significantly for all pigments (Table 1).

Genotyping and genetic map construction

The parental lines, Wutacai and Erqing, along with the RIL
population, underwent re-sequencing via Novaseq 6000,
yielding a total of 0.23 billion reads (~34 Gb data) for paren-
tal lines at an average 30 X genome coverage. For the 127
lines in RIL population, sequencing generated 5.69 billion
reads (~ 854 Gb data) with an average 10X genome cover-
age. After proper quality control, approximately 0.22 billion
reads for the parental lines and 5.61 billion reads for RIL
population retained. Out of 8,329,104 SNP markers were
initially identified from the RIL population, 6,053,960 SNP
markers passed the quality control (Fig. S4; Table S3).
Further filtration certified 883,635 SNP markers adhering
to the correct genotyping patterns (aa X bb) of parent lines
(Fig. S4). The mis-genotyped SNP markers were eliminated
by employing the Mendelian segregation ratio test with a
significance threshold at P <0.0025 with Bonferroni cor-
rection to maintain a genome-wide error rate of a=0.05,
resulting in retained 454,477 SNP markers. Subsequently,

Table 1 Analysis of variance, variance component and heritability for pigments associated with green leaf color

Variance df Total chlorophyll Chlorophyll a Chlorophyll b Total carotenoids Lutein Carotene
Genotype (G) 126 296.26" 124.70° 1570 11.60°" 8.35™ 1.03™
Environment(E) 2 21.69 0 8.26™" 0 0.71 1.31%

G *E 362 51.53 32.03 6.98 3.64 1.62 0.72
Block(L:Rep) 8 27.22 8.15 0.49 1.07 0.36 0.4
Residual 11207 210.75 91.04 23.22 10.59 5.06 2.33
Heritability 0.88 0.86 0.76 0.83 0.88 0.67

*P < 0.05, ¥*P < 0.01, #** P < 0.001

aThe degree of residual for pigments (total chlorophyll, chlorophyll a, chlorophyll b, total carotenoids, lutein, carotene) associated with green

leaf color is1007, 1120, 1015, 1011, 1008 and 1013, respectively.
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markers with a missing data rate higher than 10% in the
RIL population were filtered out (Fig. S4). Following this,
1,865 markers characterized by a threshold of heterozygous
individuals (<7) and lower similarity loci (< 99%) within
the RIL population, designed as bin-markers and were uti-
lized to construct the genetic map construction (Fig. S4;
Tables S4 and S5). These markers collectively spanned 10
linkage groups, representing 10 chromosomes, construct-
ing a genetic map spanning 4222.1 cM with and an average
interval of 2.3 ¢cM (Table S5).

QTL mapping for green leaf color in Wutacai x Erqing
F,.¢ RIL population

The content of six pigments collected from three locations
and their BLUPs values were subjected to QTL analysis
using MQM method. The detected QTL for each leaf color
pigment are illustrated in Figs. 2 and S5 and detailed infor-
mation of each QTL was outlined in Table S6, encompass-
ing peak marker, peak LOD value, peak location, 1.5 LOD
interval, additive effect, phenotypic variance explained
(R?) and their physical locations in NHCC draft reference
genome. Overall, a total of seven QTL were identified across
chromosomes AO1, A06, AO7, A09, and A10, individually
accounting for 3.00-21.91% of the phenotypic variance.

Total chlorophyll

Among them, GIcA07.1 and GlcA09.1 were recognized as
two major-effect QTL that were consistently detected for the
six pigments, explaining 4.45-21.91% and 9.30-18.32% of
the phenotypic variance across different locations, respec-
tively (Figs. 2 and S5; Table S6). GIcA07.1 and GIcA09.1
showed positive additive effect, signifying a contribution
to pigment accumulation from the Wutacai allele (Fig. S6).
An epistatic interaction between GIlcA07.1 and GlcA09.1
was also detected for five pigments (except for carotene),
elucidating 3.00—4.71% of the phenotypic variance (Fig. S7;
Table S6). Conversely, minor-effect QTL such as GIcAOI.1,
GlcA06.1, and GIcAl0.1, were specific to the pigment of
carotene under different environments.

Refinement of GIcA07.1 and GIcA09.1

To pinpoint the candidate genes underlying the two major-
effect QTL, GIcAO07.1 and GIcA09.1, we employed addi-
tional polymorphic markers within the candidate regions
to genotype the F, population to obtain new recombinants.
By utilizing the mapped reads from the parental lines, we
strategically developed polymorphic InDel markers (> 2 bp
difference) distributed evenly across the candidate regions
of the GIcA07.1 and GlcA09.1 loci (Table S7).

Total carotenoids

a a
o 4 O 4
- -
2 2
0 0
AO1 A02 A03 A04 A05 A06  AO7  AO8 A09  A10 AO1 A02 A03 A04 A05 A06  AO7  AO8 A09  A10
Linkage group Linkage group
Chlorophyll a Lutein
6 6
[a] a
4
= o 4
2 2
0 0
AO1 A02 A03 A04 A05 A06  AO7  AO8 A09  A10 A01 A02 A03 A04 A05 A06  AO7  A08 A09  A10
Linkage group Linkage group
Chlorophyll b Carotene
4
6
3
[a] a
o 4 S 2
- -
2 1
0 0
A01 A02 A03 AO4 AO5 A06  AO7  AO8 A09  A10 A01 A02 A03 AO4 AO5 AO6  AO7  AO8 A09  A10
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Fig.2 Whole genome QTL for chlorophyll a, chlorophyll b, total chlorophyll, lutein, carotene, and total carotenoids detected with BLUPs value

using MQM in the RIL population
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The QTL GIcA07.1 was identified in an approximately
4.1 Mb genomic region (17.04-21.11 Mb) flanking by SNP
markers AQ7_17044251 and A07_21142380 on chromo-
some AO7 (Fig. 3A). We genotyped a total of 530 F, indi-
viduals (part of the initial 618 F, population) with 14 InDel
markers, and identified 49 recombinants grouped into 8 hap-
lotypes (Fig. 3A, B). To assess the genetic effect contributed
by GIcA09.1 among these recombinants, we also genotyped
them with the flanking InDel markers A09_53025154 and
A09_53028979 to determine their haplotypes at GIcA09.1
locus (Fig. 3C). The content of the six pigments of these
recombinants were measured at the rosette stage (Fig. 3D).
After carefully examination, the GIcA07.1 was delimited
into a~170.25 kb genomic region (19.29—19.46 Mb) defined
by InDel markers A07_19294439 and A07_19464687
(Fig. 3E). This region harbored 37 annotated candidate
genes, among which 13 genes had non-synonymous muta-
tions between the parental lines (Table S9).

The other major-effect QTL GIcA09.1 was preliminar-
ily mapped to~7.5 Mb genomic region (51.23-58.77 Mb)
on chromosome AQ9, delimited by SNP markers
A09_51233595 and A09_58769541 (Fig. 4A). Genotyp-
ing 568 F, individuals (part of the initial 618 F, popula-
tion) with 20 InDel markers led to the identification of 51
recombinants (Fig. 4B). Concomitantly, we employed InDel
markers A07_19294439 and A07_19391005 to genotype the
GIcAO07.1 locus among these 51 recombinants (Fig. 4C).
After evaluating the content of six pigments from the

recombinants and the effect attributed to GIcA07.1, we were
able to narrow down GIcA09.1 into~191.41 kb genomic
region (52.96-53.15 Mb) delineated by the InDel mark-
ers A09_52955063 and A09_53146472 (Fig. 4D, E). The
NHCC genome annotation demonstrated 32 candidate genes
in this genomic region, with 13 of which contained non-syn-
onymous mutations between the parental lines (Table S10).

Candidate gene analysis

To refine the list of candidates, we performed RNA-seq on
mature leaves of the parental lines and F, hybrid. The tran-
scriptomic data yielded a total of 58.63 Gb data and 0.39
billion raw reads, with average 90% of raw reads were suc-
cessfully mapped to the reference genome, indicating the
high-quality of the transcriptome dataset (Table S8; Fig. S8).
Among 69 annotated candidate genes located in both the
GIcA07.1 and GIcA09.1 genomic regions, 26 genes were
differentially expressed between the parental lines (Fig. 5A,
B; Tables S9; and S10). In particular, 14 of 26 genes con-
tained non-synonymous variations between parental lines,
which were re-annotated based on the alignment with the
Arabidopsis thaliana (https://www.arabidopsis.org/) and
the Non-heading Chinese Cabbage and Watercress Data-
base (Tables S9 and S10). According to the annotation,
BraC07g023970 and BraC09g052220 emerged as two
promising candidates associated with chlorophyll biosyn-
thesis or chloroplast development (Tables S9 and S10).
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Fig.3 Refinement of GIcA07.1 on chromosome AQ7. A The primary
physical mapping of employing 530 F, individuals. B The haplotypes
of F, individuals with chromosomes segment substitution on target
region. The dark-green indicated homozygous segment from Wutacai,
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lime-green indicated homozygous segment from Erqing and orange
indicated the heterozygous region. C The genotype of GIcA09.1. D
The phenotypes of recombinants. E The finally target genomic region
of GIcA07.1
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Fig.4 Refinement of GIcA09.1 on chromosome A09. A The primary
physical mapping of employing 568 F, individuals. B The haplotypes
of F, individuals with chromosomes segment substitution on target
region. The dark-green indicated homozygous segment from Wutacali,

BraC07g023970 encodes a rhodanese/cell cycle control
phosphatase superfamily protein (BcPPR) and is known
to play a role in pigment metabolic process and photosyn-
thesis (Fristedt 2017). We identified a single nucleotide
change (A-G) in its tenth exon resulted in an amino acid
substitution (I537V) in Erqing (Table S9). Another candi-
date, BraC09g052220, is a homolog of the SLOW GREEN
1 (SG1) gene, which contributes to chloroplast develop-
ment (Hu et al. 2014), denoted as BcSGI accordingly. We
identified a 12-bp insertion in the exon, which resulted in a
truncated protein with fewer amino acid residues in Erqing
(Table S10).

Moreover, we also noticed that there were two genes
(BraC07g023810 and BraC09g052270) without sequence
variations in exon region between the parental lines
underlying QTL GIcA07.1 and GIcA09.1, respectively,
but carrying variations in the upstream region gave them
the potential to be candidate genes (Tables S9 and S10).
BraC07g023810 is an orthologue of AT3G59400 (GENOME
UCOUNP 4, GUN4), which is known for its involvement
in chlorophyll synthesis and coupling certain nuclear genes
to chloroplast (Larkin et al. 2003), designated as BcGUN4
here after. BraC09g052270 (BcGIPI) encodes a GUN1-
interacting protein (GIP1) and is involved in retrograde
signaling pathway (Huang et al. 2021).

Quantitative real-time PCR (qRT-PCR) was employed
to validate their relative expression levels in Wutacai,
Erqing, Dark-green pool, and Lime-green pool. Consistent

lime-green indicated homozygous segment from Erqing and orange
indicated the heterozygous region. C The genotype of GIcA07.1. D
The phenotypes of recombinants. E The finally target genomic region

of GIcA09.1 (color figure online)

with RNA-seq findings, BcGUN4 and BcPPR exhibited
higher expression levels in Wutacai and Dark-green pool
compared to that of in Erqing and Lime-green pool (Fig. 5C,
D). Conversely, the expression levels of BcGIP1 and BcSG1
were lower in Wutacai and Dark-green pool compared to
that of in Erqing and Lime-green pool (Fig. SE, F). These
findings implied that the candidate gene from GIcA07.1
might play positive role in pigment accumulation and the
candidate gene from GIcA09.1 can be a negative regulator.

The development of molecular markers
for marker-assisted selection

To assess the potential applicability of BcGUN4 and
BcSG1 in leaf color breeding across various populations,
we designed two polymorphic InDel markers (GlcA07.1-
BcGUN4 and GIcA09.1-BcSGI) targeting the promoter
region of BcGUN4 and the exon region of BcSGI, respec-
tively. These markers were then utilized for genotyping 73
NHCC germplasm (Table S11). Our analysis revealed that
combined selections for both genes significantly affected
the content of five pigments (excluding lutein), resulting
in observable leaf color difference (Fig. 6). Conversely,
while selection for single gene individually exhibited only
minimal impact on pigment levels (Fig. S9). These findings
emphasized that concurrent selections for both BcGUN4
and BcSG1, facilitated by markers GIcA07.1-BcGUN4 and
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GlcA09.1-BcSG1, significantly affect leaf color variation
within NHCC germplasm. This underscores their potential
as key targets in leaf color breeding programs for non-head-
ing Chinese cabbage.

Discussion

Green leaf color is an important agronomic trait of
Brassica vegetables. It is not only related to the quality and
marketability of organ product but also can indicate the
photosynthetic ability and yield. It is essential for NHCC
to clarify the genetic mechanism of green leaf color,
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which will provide valuable information for breeding.
In our study, a total of seven QTL were detected while
applying six pigments including chlorophyll a, chlorophyll
b, total chlorophyll, carotene, lutein, and total carotenoids
(Table S6). GIcAO7.1 and GIcA09.1 on chromosomes AQ7
and A09, respectively, were the two major-effect QTL
corresponding to all six pigments in displaying green leaf
color. We further narrowed down the intervals of GIcA07.1
and GlcA09.1 into approximately 170.25 kb and 191.41 kb
genomic regions, which harbored 37 and 32 candidate
genes, respectively (Figs. 3 and 4). By examining their gene
polymorphisms and differential expression levels between
the parental lines, four promising candidate genes with two
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Fig.6 The molecular mark-
ers (GIcAO7.1-BcGUN4 and

GlcA09.1-BcSGI) is associated BcGUN4 BcSG1

with pigments content in non-
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genes underlying GlcA07.1 (BraC07g023810/BcGUN4
and BraC07g023970/BcPPR), and another two
genes for GIcA09.1 (BraC09g052220/BcSGI and
BraC09g052270/BcGIP1), which were associated with
chlorophyll biosynthesis and chloroplast development,
respectively, were identified (Tables S9 and S10).

The common QTL for leaf color were detected
in Brassica rapa

The investigation of natural variation in leaf color for
Brassica rapa has revealed 31 QTL in total (Table S12).
The QTL on chromosomes A01, A07, and A09 were con-
sistently reported in two subspecies, Brassica rapa L. ssp.
pekinensis and ssp. chinensis (Feng et al. 2012; Choi et al.
2017; Huang et al. 2017; Zhang et al. 2020a, b). In our
investigation of genetic inheritance for green leaf color, we
utilized an F, population derived from the cross between
Wutacai and Erqing. Our analysis indicated that lime-
green leaf color was determined by two recessive genes,
fitting a 15:1 segregation ratio (P =0.27 in Chi-square
test) (Fig. 1C). This observation was further affirmed

GIcA07.1- GIcA09.1-
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through quantifying pigment composition of green leaf
color in the RIL population derived from the same paren-
tal lines, uncovering two major-effect QTL (GIcA07.1 and
GlcA09.1) detected across all 6 pigments and environ-
ments (Fig. 2 and S5). Intriguingly, upon comparing their
physical locations to previous studies, GIcA07.1 (A07:
19.29-19.46 Mb) and GIcA09.1 (A09: 52.96-53.15 Mb)
were found not to co-localize with previously reported
QTL on chromosomes A07 and AQ9 reported by Huang
et al. (2017) and Zhang et al. (2020a, b) (Figs. 3 and 4;
Table S12). Additionally, the minor-effect QTL GIcA07.2
(A07: 3.60-11.06 Mb), detected for the pigment lutein,
partially overlapped with the QTL previously identified for
core leaf color in Chinese cabbage (Tables S6 and S12).
In our evaluation of leaf color among 73 NHCC
accessions, we employed two InDel markers for QTL
GIcA07.1 and GIcA09.1, resided in the upstream promoter
region of BcGUN4 and the CDS of BcSGI, respectively,
to conduct the association analysis with six pigments. Our
analysis unveiled that the combined selection for both
genes significantly affected the content of five pigments
(excluding lutein), consequently resulting in dark to light
green leaf color difference (Fig. 6). This result implies the
existence of potential common regulatory loci mediating
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green leaf color in a substantial portion of the NHCC
germplasm.

Candidate gene analysis for controlling green leaf
color

Upon examining chlorophyll and carotenoid-related pigment
contents, a consistent ratio of approximately 20% between
total carotenoids and total chlorophyll was observed across the
parental lines and F; hybrid. This consistency suggested that
the lighter green appearance in Erqing leaves resulted from an
overall reduction in total pigments, rather than specific altera-
tions in individual pigment component (Table S2; Fig. 1B).
This may implied that the regulatory genes governing natural
green leaf color resided at an early stage within the pigment
formation pathway, positioned prior to the divergence point
for either chlorophyll or carotenoid synthesis branches. Fur-
thermore, both biparental populations or natural accessions
exhibited the presence of two recessive alleles in regulating
the natural variation in green leaf color (Figs. 1C and 6). By
examining the candidate region of GIcA07.1 and GlcA09.1,
four promising candidates, BraC07g23810 (BcGUN4),
BraC07g023970 (BcPPR), BraC09g052220 (BcSG1), and
BraC09g052270 (BcGIP), contributed to reverse effect from
parental allele in regulating chloroplast-related pathway,
thereby affecting both chlorophyll and carotenoid synthesis
(Fig. 5; Tables S9 and S10).

The promising candidate gene in QTL GIcA07.1,
BraC07g023970, is orthologous to AT3G59780 and located
in chloroplast involved in pigment metabolic process, but
the gene function is still unclear. The specific mechanism is
required for further analysis.

The gene BcGUN4 encodes a tetrapyrrole-binding pro-
tein, sharing homology with Arabidopsis AtGUN4 (82%
identity) and Chinese cabbage BrGUN4 (97.3% identity)
(Table S9). Functionally, the GUN4 plays a pivotal role
in the chlorophyll biosynthesis pathway by activating the
Mg-chelatase enzyme (MgChl), responsible for converting
protoporphyrinIX (ProtoIX) to Mg-protoporphyrinIX (Mg-
ProtoIX) (Daloso et al. 2014). It functions by composing
a complex with CHLH, CHLI, and CHLD, enhancing the
MgCh complex activity (Jensen et al. 1996; Willows 2003;
Adhikari et al. 2011; Gao et al. 2020). In this study, BcGUN4
showed higher expression level in Wutacai and Dark-green
pool compared to Erqing and Lime-green pool, implying
its role in green color accumulation in NHCC (Fig. 5C). A
similar complementary study in ‘wucai’ with yellow core
leaves showed significantly down-regulated GUN4 expres-
sion (Brassica campestris L.) (Xie et al. 2019).

BraC09g052220 (BcSG1), a candidate underlying QTL
GlcA09.1, encodes a tetratricopeptide repeat (TPR) protein,
a regulator of thylakoid membranes crucial for chloroplast
differentiation and expression of chloroplast-related genes
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during early stage of Arabidopsis chloroplast development
(Hu et al. 2014). Our previous Transmission Electron Micro-
scope (TEM) examination of mature leaves from Wutacai
and Erqing revealed a greater number of grana thylakoids
in Wutacai under normal and high light intensity conditions
(Liu et al. 2020). In this study, we found that the relative
expression level of SG/ in Wutacai is lower than Erqing,
suggesting a potential cause for chloroplast grana failure
(Fig. 5E; Table S10). Moreover, both gunl and gun4 muta-
tions in Arabidopsis are able to rescued the sg/ phenotypes
(Chan et al. 2016), yet the interplay between GUN4 and SG1
remains poorly understood, necessitating further exploration
for a detailed mechanistic understanding.

Within the QTL GIcA09.1, another gene BraC09g052270
encodes a GUN 1-interacting protein (GIP1) designated as
BcGIP1, functioning within the retrograde signaling pathway.
GUNI, a nuclear-encoded plastid protein, plays an essential role
in various retrograde signaling processes and acts as a pentatri-
copeptide repeat protein involved in RNA metabolism (Susek
et al 1993; Barkan and Small 2014; Shimizu et al. 2019). Loss
of GUNI1 can exacerbates the phenotype of Arabidopsis thaliana
mutant that deficient in chloroplast proteostasis (Tadini et al.
2016; Llamas et al. 2017; Pesaresi and Kim 2019; Lee et al.
2023). GIP1, localized in cytosol and chloroplast, could inter-
acted with GUN1 by different approaches (Huang et al. 2021).
GIP1 is found to be abundant in chloroplast with the presence
of GUNI under norflurazon treatment (Huang et al. 2021).
Thus, GIP1 potentially influences chloroplast protein functions
through its interaction with GUN1, likely participating in pig-
ment regulation. Despite the absence of polymorphism in the
coding sequences between the parental lines, its similar expres-
sion pattern to BcSG1 in the parental lines suggests its potential
involvement in the regulation of green leaf color mediated by
BceSG1 (Fig. 5D).
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