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Brchli1 mutation induces bright
yellow leaves by disrupting
magnesium chelatase I subunit
function in Chinese cabbage
(Brassica rapa L. ssp. pekinensis)
Chuanhong Liu1, Yi Chai1, Chong Tan1, Fengyan Shi2,
Yun Zhang1* and Zhiyong Liu1*

1Laboratory of Vegetable Genetics Breeding and Biotechnology, Department of Horticulture,
Shenyang Agricultural University, Shenyang, China, 2Vegetable Research Institute, Liaoning Academy
of Agricultural Sciences, Shenyang, China
Magnesium chelatase (MgCh) plays a pivotal role in photosynthesis, catalyzing

the insertion of magnesium into protoporphyrin IX (Proto IX), a key intermediate

in chlorophyll (Chl) biosynthesis. MgCh is a heteromeric complex composed of

the MgCh D subunit (CHLD), the MgCh H subunit (CHLH), and the MgCh I subunit

(CHLI). The bright yellow leaves (byl) mutant was obtained through ethyl

methanesulfonate (EMS) mutagenesis of the ‘FT’ Chinese cabbage (Brassica

rapa L. ssp. pekinensis) doubled haploid line, whose Chl content, net

photosynthetic rate (Pn), and non-photochemical quenching coefficient (NPQ)

were decreased, and whose chloroplast development was incomplete. byl

recovered to a light green phenotype under weak light conditions. Genetic

analysis revealed that the bright yellow leaves phenotype of byl was caused by

a single recessive nuclear gene. Using Mutmap sequencing and Kompetitive

allele-specific PCR (KASP) identification, BraA01g010040.3.5C, encoding the

CHLI subunit of MgCh, was identified as the candidate gene and named

Brchli1. A nonsynonymous G-to-A mutation in the Brchli1 exon resulted in the

substitution of aspartic acid with asparagine. Brchli1-silenced Chinese cabbage

displayed bright yellow leaves with decreased Brchli1 expression. Transiently

overexpressed Brchli1 in the byl mutant restored the green leaf phenotype and

significantly increased relative Brchli1 expression levels. Both BrCHLI1 and its

mutated variant were localized in chloroplasts. Yeast two-hybrid and luciferase

complementation imaging assays demonstrated that BrCHLI1 interacted with

both BrCHLD and itself. BrCHLI1 mutations did not affect its interaction with

BrCHLD. Together, Brchli1 mutations impaired the function of MgCh, providing

insights into the molecular mechanism of leaf coloration.
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Brassica rapa, bright yellow leaves, MutMap, magnesium chelatase, CHLI,
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Introduction

Chlorophyll (Chl) is a photosynthetic pigment present in plants,

algae, and certain bacteria, that plays a pivotal role in

photosynthesis (Kunugi et al., 2013). Leaf color is linked to the

biosynthesis of heme and Chl, both situated downstream in the

tetrapyrrole degradation metabolic pathway. The biosynthetic

pathways of Chl and heme both proceed from 5-aminolevulinic

acid (ALA) to protoporphyrin IX (Proto IX). The divergence lies in

the synthesis of Mg-Proto IX under Mg2+ involvement (Brzezowski

et al., 2015), leading to Chl production, while heme synthesis occurs

with the participation of Fe2+ (Masuda, 2008).

Magnesium chelatase (MgCh), a heterotrimer consisting of D,

H, and I subunits, is a key enzyme in Chl synthesis found

ubiquitously in photosynthetic bacteria and plants (Masuda,

2008). It catalyzes Mg2+ insertion into Proto IX, leading to the

final synthesis of Chl (Masuda, 2008). MgCh was first discovered to

possess catalytic activity in pea (Sirijovski, 2006). Enzyme-catalyzed

reactions requiring ATP hydrolysis involve two steps: activation

and insertion. The CHLI subunit catalyzes ATP hydrolysis (Reid

et al., 2003) and stabilizes the CHLI-CHLD-Mg-ATP complex in

the enzymatic reaction (Lake et al., 2004a). Glutamic acid 660

(E660) in the CHLH subunit is crucial for magnesium insertion

because it binds the porphyrin in MgCh (Adams et al., 2020). The I

and D subunits are members of the AAA+ family of ATPases

associated with various cellular activities. They readily form

hexamers or heptamers, but notably, the D subunit lacks ATPase

activity, whereas the I subunit possesses it (Vale, 2000). The CHLI

and CHLD subunits form an AAA+ complex in the presence

of Mg2+ and ATP, which then interacts with the CHLH-chelating

subunit to form an active chelatase (Farmer et al., 2019).

CHLI is the smallest subunit of MgCh, with a molecular weight

of 38−45 kDa. It contains the structural domains Sensor I, Sensor II,

Walker A, Walker B, and I Rfinger, which are involved in ATP

hydrolysis. Walker A stabilizes the binding of ATP, whereas Walker

B facilitates ATP hydrolysis by binding to Mg2+ (Jessop et al., 2021).

In Arabidopsis and pea, the semidehydroascorbate in CHLI’s C-

terminal helix is easily oxidized, leading to undetectable ATPase

activity in oxidizing environments. However, its interaction with

thioredoxin (TRX) reductase can restore activity upon adding TRX

reducing agents to oxidized CHLI (Kobayashi et al., 2008).

Numerous CHLI mutants have been identified that induce

changes in leaf coloration. In Arabidopsis, insertion of a T

nucleotide in AtCHLI1 resulted in a pale green color mutation

(Koncz et al., 1990); the CHLI2 T-DNA knockout mutant was still

able to accumulate a certain amount of Chl (Rissler et al., 2002);

CHLI2 aided in the construction of MgCh complexes (Kobayashi

et al., 2008); double knockout mutants of chli1 and chli2 exhibited

albino leaves (Huang and Li, 2009). In barley, ATPase activity of

CHLI was essential for maintaining functionality of the D-subunit

(Lake et al., 2004b). Ethyl methanesulfonate (EMS) mutagenesis in

cucumber identified a mutant with yellow leaves caused by a CsChlI

point mutation (Gao et al., 2016). Amino acid missense mutations

in ChlI resulted in a yellow-green phenotype in rice (Zhang et al.,

2006). TaCHLI single-nucleotide mutations in wheat were
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responsible for pale green leaves caused by impaired Chl

synthesis (Wang et al., 2020). A mutant variant of CHLI with

yellow-green leaves was identified in strawberries (Ma et al., 2023).

However, the CHLI gene has not yet been studied in

Chinese cabbage.

Reports indicate that certain plant phenotypes can change in

response to variations in light intensity. The immutans mutant of

Arabidopsis showed green leaves under low light conditions, but

variegated leaves under high light conditions (Rosso et al., 2009).

The Chl-less barley mutant NYB exhibited a yellower leaf color

under higher light intensities (Yuan et al., 2010b). In a study on Acer

palmatum, the ‘Jingling Huangfeng’ mutant displayed a yellow leaf

phenotype, with leaves turning green under low light intensity

conditions (Li et al., 2015). The R24 photosensitive chlorotic

mutant was isolated in pepper, and under shaded low light

intensity conditions the Chl content of tea was increased (Liu

et al., 2018). The R24 mutant had yellow leaves under low light

conditions, but the leaf color turned green and the Chl content

increased with increasing light intensity (Yang et al., 2023).

The candidate gene for the golden inner leaf mutant has been

identified as BraA09g007080.3C in Chinese cabbage (Zhang et al.,

2022). Studies on the CHLI subunit in Chinese cabbage have not

been reported. Here, we isolated bright yellow leaves (byl) mutant

from an EMS-mutagenized population, which showed impaired

chloroplast development and decreased Chl, photosynthetic rate

(Pn), and non-photochemical quenching (NPQ). Under conditions

of low light intensity, the byl mutant reverted to a light green

phenotype. MutMap and Kompetitive Allele-Specific PCR (KASP)

analyses identified BraA01g010040.3.5C as the candidate gene,

which harbors a non-synonymous point mutation and encodes

the CHLI subunit of MgCh. Silencing of Brchli1 in Chinese cabbage

plants resulted in a bright yellow leaves phenotype. Transiently

overexpressed Brchli1 in the byl mutant restored the green leaf

phenotype and significantly increased relative Brchli1 expression

levels. Both BrCHLI1 and its mutated variant were localized in

chloroplasts. Yeast two-hybrid and luciferase complementation

imaging assays demonstrated that BrCHLI1 interacted with both

BrCHLD and itself. BrCHLI1 mutations did not affect its

interaction with BrCHLD, but impaired its interaction with itself.

This study is the first to clone the BrChli1 gene in Chinese cabbage,

and the results provide insights into the molecular mechanism of

leaf color formation.
Materials and methods

Plant materials

Wild-type ‘FT’ Chinese cabbage (Brassica rapa L. ssp.

pekinensis) was obtained from microspore culture as a DH line

(Huang et al., 2016). The bright yellow leaves (byl) mutant was

obtained by immersing germinated seeds of ‘FT’ in EMS.

Hybridization of byl with ‘FT’ resulted in the F1, F2, and BC1

generations for genetic analysis, with the F2 population also utilized

for phenotypic identification, gene mapping, and KASP analysis.
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Determination of photosynthetic
pigment content

Leaves of byl and ‘FT’ at 20 days after seeding (DAS) were

individually sliced into small pieces weighing 0.1 g and placed into

10 mL of 80% (v/v) acetone for dark treatment until the leaves

turned white. The absorbance values of the samples at wavelengths

of 663 nm, 645 nm, and 470 nm were measured using a

spectrophotometer. Levels of Chl a, Chl b, and carotenoids were

calculated following previously reported methods (Holm, 1954).
Measurement of photosynthesis and Chl
fluorescence parameters

Ten plants each of byl and ‘FT’ (40 DAS) were selected on a

sunny morning for photosynthetic parameter measurements. The

sixth true leaf from each plant was used to measure photosynthetic

characteristics using a Li-6800 instrument (LI-COR Biotechnology,

USA). Light intensity was set to 1500 mmol m-2 s-1. After achieving a

stable net photosynthetic rate, readings for net photosynthetic rate

(Pn), transpiration rate (Ts), stomatal conductance (Ls), and

intercellular CO2 concentration (Ci) were recorded.

Ten plants each of byl and ‘FT’ (40 DAS) were selected for Chl

fluorescence parameter measurements as described previously

(Zhao et al., 2022).
Ultrastructural observation of chloroplast

Leaves of byl and ‘FT’ plants (40DAS) were sliced into 1 mm × 2

mm pieces. Sample handling was performed as described previously

(Zhao et al., 2014). The ultrastructure of chloroplasts was observed

using an H-7700 TEM instrument (Hitachi, Japan).
Identification of the candidate gene

Identification of the candidate gene Brchli1 was performed

using an improved MutMap approach (Abe et al., 2012). The

bright yellow leaves mutant pool was generated by pooling DNA

from 70 F2 plants displaying the bright yellow leaves phenotype.

DNA extraction was performed using a DNAsecure Plant Kit

(Tiangen Biotech Ltd., Beijing, China) for ‘FT’ and the bright

yellow leaves mutant pool. Subsequent resequencing was

conducted using a NovaSeq 6000 sequencer (Illumina, San Diego,

California, USA). High-quality data were obtained by filtering raw

data using the sliding window method with fastp (v0.20.0) (Gao

et al., 2020). High-quality filtered data were aligned to the reference

genome using bwa (0.7.12-r1039) (Li and Durbin, 2010). GATK

(McKenna et al., 2010) was utilized for the detection of SNPs and

insertions and deletions (INDELs). Functional annotation was

performed using ANNOVAR (Wang et al., 2010), and Circos

(Krzywinski et al., 2009) was employed to map mutation

information onto the genome.
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SNP genotyping by KASP

Genotype analysis was conducted using KASP to detect the co-

segregation of SNPs, identifying candidate genes for Brchli1. The

KASP experiment was conducted on 157 F2 individuals with the

bright yellow leaves phenotype and two ‘FT’ plants. The KASP

thermal cycling conditions were set as previously described (Xi

et al., 2018).
Cloning and sequencing of Brchli1

The DNA and coding sequences of the Brchli1 gene from byl

and ‘FT’ were amplified. The specific operational procedures were

performed as described previously (Liu et al., 2021). Sequencing was

performed at Sangon Biotech (Shanghai, China) using the

Sanger method.
Protein characterization and phylogenetic
analysis of BrCHLI1

A phylogenetic tree was constructed using the neighbor-joining

method with 1000 bootstrap replicates in MEGA6.0. Multiple

sequence alignment of amino acid sequences was performed

using DNAMAN v6.0. Protein structural domains of BrCHLI1

were predicted using SMART (https://smart.embl-Heidelberg.de/).
VIGS analysis

To further investigate the function of Brchli1 in response to

golden Chinese cabbage leaves, a 300 bp Brchli1-specific segment

was cloned into the viral vector pTRV2 following a previously

described procedure (Pflieger et al., 2010). Next, pTRV2-Brchli1,

pTRV2, and pTRV1 were individually transformed into

A. tumefaciens GV3101 using the freeze-thaw method (Zhou

et al., 2021). The GV3101 suspension containing pTRV1 was

mixed in a 1:1 ratio with GV3101 suspensions containing

pTRV2-0 (empty vector) or pTRV2-Brchli1, and used to infect

newly germinated ‘FT’ seeds. Each group infected 90 seeds (three

replicates). Seeds were then sown in a greenhouse, and silencing

efficiency was assessed 10, 20, and 30 days post-infection.
Functional validation of
transient overexpression

The coding sequence of Brchli1 lacking the stop codon was

inserted into the pSuper1300-GFP (pSuper::GFP) vector, and

transformed into the byl mutant alongside the control group

pSuper::GFP using the VIGS method. Each group of 90 seeds

(three replicates), which were subsequently planted in a

greenhouse. Transient overexpression efficiency was evaluated at

10, 20, and 30 days after infection.
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Subcellular localization of BrCHLI1
and Brchli1

The coding regions of the BrCHLI1 and Brchli1 sequences,

excluding the stop codons, were cloned into the ProCAMV35S:

BrCHLI1:GFP and ProCAMV35S:Brchli1:GFP vectors to determine

the subcellular localization of the BrCHLI1 and Brchli1 proteins. After

sequencing validation, vectors were transferred into Agrobacterium

tumefaciens GV3101, and injected into tobacco leaf mesophyll cells at

an OD600 of 0.6−0.8, followed by a 24 h dark treatment then a 24 h light

treatment. The 35S-driven GFP vector served as a negative control.

Fluorescence signals were observed using a confocal laser scanning

microscope (Leica Microsystems, Wetzlar, Germany). The GFP

fluorescence and emission signals of Chl autofluorescence were

detected at wavelengths of 496−540 nm and 643−730 nm, respectively.
Y2H assays

Y2H assays were conducted following the manufacturer’s

instructions (Coolaber, Beijing, China). The full-length CDS of

Brchli1 was cloned into the pGBKT7 and pGADT7 vectors to

obtain pGBKT7-BrCHLI1 and pGADT7-BrCHLI1. Point-mutated

Brmchli1 was cloned into the pGBKT7 vector to obtain pGBKT7-

Brchli1. The full-length CDS of Brchld was cloned into the pGADT7

vector to obtain pGADT7-BrCHLD. pGBKT7-53 + pGADT7-T

served as the positive control, while pGBKT7-Lam + pGADT7-T

served as the negative control. pGBKT7-BrCHLI1 + pGADT7-

BrCHLI1, pGBKT7-Brchli1 + pGADT7-BrCHLI1, pGBKT7-

BrCHLI1 + pGADT7-BrMCHLD, and pGBKT7-Brchli1 +

pGADT7-BrMCHLD were co-transformed into yeast competent

cells (Y2HGold strain) and plated on SD/-Leu-Trp (DDO) solid

medium. Positive clones were picked and transferred to SD/-Leu-

Trp-His-Ade + 30 mg L-1 X-a-gal (QDO/X) solid medium.
Luciferase complementation
imaging assays

The full-length CDS of BrCHLI1 was incorporated into the N-

terminal luciferase (pCAMBIA1300-nLUC) and C-terminal

luciferase (pCAMBIA1300-cLUC) vectors. Full-length CDS of

BrCHLD and Brchli1 were also incorporated into the N-terminal

luciferase vector. nLUC and cLUC were co-injected into tobacco

leaves, followed by dark treatment for 24 h and light treatment for

another 24 h at 25°C. The leaves were coated with a solution of

potassium luciferin and observed using a Night Shade LB 985

system (Berthold, Bad Wildbad, Germany).
qRT-PCR

RNA extracted from the leaves of ‘FT’was subsequently reverse-

transcribed into cDNA. qRT-PCR was conducted using Ultra SYBR

Green Mix (Kangwei Century, Beijing, China) and a QuantStudio 6

PCR system. ACTIN was employed as an internal control. Relative

expression levels were calculated using the 2-DDCt method.
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Results

Bright yellow leaves and impaired
chloroplast development in byl

The bright yellow leaves (byl) mutant was obtained by EMS

mutagenesis of DH line ‘FT’ seeds. Compared with the green leaves

of ‘FT’, byl leaves were golden, with no impact on growth and

development (Figure 1A). To investigate the effect of byl on

chloroplast development, transmission electron microscopy (TEM)

was used to observe chloroplasts in ‘FT’ and byl leaves, revealing

fewer and sparser stacked layers of thylakoid grana in byl compared

to the well-organized grana observed in ‘FT’ (Figure 1B). Levels of

Chla, Chlb, and Car in byl were significantly lower than in ‘FT’,

suggesting a potential association between the bright yellow leaves

phenotype of byl and insufficient Chl accumulation (Figure 1C). The

byl mutant had a significantly lower net photosynthetic rate (Pn),

stomatal conductance (Gs), and transpiration rate (Ts) than ‘FT’. In

addition, the intercellular CO2 concentration (Ci) was higher in byl

than in ‘FT’. These results suggest that the reduced photosynthetic

pigment content in byl may have impaired Pn. The higher Ci in byl

indicated a lower CO2 utilization efficiency, leading to a reduction in

Pn (Supplementary Table 1). The values of minimum fluorescence

under dark adaptation (F0), maximum fluorescence under dark

adaptation (Fm), minimum fluorescence under light adaptation

(F0’), maximum fluorescence under light adaptation (Fm’), actual

photochemical efficiency of PSII (FPSII), photochemical quenching

(Qp), and non-photochemical quenching (NPQ) in byl were

significantly lower than in ‘FT’, consistent with the reduction in

Chl content in byl leaves (Figure 1D).

Genetic analysis of the offspring of byl and ‘FT’ showed that

leaves of the F1 generation plants were all green. In the F2 generation

population, there were 571 green-leaved plants and 201 golden-

leaved plants, conforming to a 3:1 ratio (c2 = 0.44). This implies

that the bright yellow leaves mutation trait in byl is controlled by a

pair of recessive nuclear genes (Supplementary Table 2).
byl turned light green in low light intensity

The byl mutant displayed distinct phenotypes under different

light intensities, exhibiting bright yellow leaves in high light intensity

(320 mmol m−2 s−1) and lighter green in low light intensity (40 mmol

m−2 s−1). ‘FT’ and bylwere cultured for 10 days under light intensities

of 320 mmol m−2 s−1 and 40 mmol m−2 s−1, respectively; byl exhibited

a change in leaf color, while ‘FT’ remained unaffected (Figure 1E).

TEM revealed byl chloroplasts returning to normal under low light

intensity (Figure 1F). At 40 mmol m−2 s−1 light intensity, there was a

significant increase in levels of Chla, Chlb, and Car in byl (Figure 1G),

indicating an enhancement in photosynthetic pigment content under

low light conditions. Moreover, byl exhibited significant increases in

Pn, Gs, and E (Supplementary Table 3), along with significant

elevations in F0, Fm, F0’, Fm’, FPSII, Qp, and NPQ (Figure 1H).

The increase in photosynthetic pigment content under 40 mmol m−2

s−1 light intensity also enhanced the photosynthetic rate of byl.
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Identification of the candidate gene
for Brchli1

We employed a modifiedMutMapmethod to identify the candidate

gene. Via resequencing we obtained 175,935,758 (95.25%) and

162,498,262 (96.23%) HQ_Reads for ‘FT’ and the mutant pool,

respectively, of which 93.06% and 93.07% were aligned to the

Brara_Chiifu_V3.5 reference genome. Single-nucleotide

polymorphisms (SNPs) between ‘FT’ and the mutant pool were
Frontiers in Plant Science 05
detected and filtered, resulting in 366,300 SNPs located in exons. SNP-

index was computed and filtered, followed by plotting its distribution

across the chromosome (Figure 2A). Using a 0.95 SNP index as the

threshold, we identified a candidate region of 5.6 Mb (2,000,000

−7,600,000) on chromosome A01. Within the candidate interval, there

were 58 SNPs, 12 of which were located in exonic regions, including

three non-synonymous mutations (Supplementary Table 4).

To further validate the candidate SNPs, we conducted KASP

genotyping on three non-synonymous mutation SNPs using a
FIGURE 1

Morphological characteristics of ‘FT’ and byl. (A) Phenotypic observations of ‘FT’ and byl 20 days after sowing. Scale bar = 1 cm. (B) TEM
observations of ‘FT’ and byl. Scale bar = 200 nm. Note: cp chloroplast, gl grana lamella. (C) Photosynthetic pigment content in ‘FT’ and byl. *
represents significant differences at p < 0.05 (Student’s t-test), ** represents significant differences at p < 0.01. (D) Fluorescence dynamics
parameters of ‘FT’ and byl. ** represents significant differences at p < 0.01. (E) Phenotypic observations of ‘FT’ and byl under varying light intensities.
Scale bar = 1 cm. (F) TEM observations of ‘FT’ and byl under varying light intensities. Scale bar = 200 nm. cp, chloroplast; gl, grana lamella. *
represents significant differences at p < 0.05 (Student’s t-test), (G) Photosynthetic pigment content in byl under varying light intensities. **
represents significant differences at p < 0.01. (H) Fluorescence dynamics parameters of byl under varying light intensities. * represents significant
differences at p < 0.05 (Student’s t-test), ** represents significant differences at p < 0.01.
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population of two ‘FT’ and 159 F2 generation individuals with the

mutant phenotype. The results indicated that only SNP 5,094,535

within BraA01g010040.3.5C co-segregates with the mutant

phenotype, with all mutants being A:A and both wild-type ‘FT’

plants being G:G. By contrast, both SNP 6,177,499 and SNP

6,261,759 exhibited recombinants, with both showing 16 G:A

genotypes in mutant phenotype plants (Figure 2B). The

homologous gene of BraA01g010040.3.5C in Arabidopsis,

AT4G18480, encodes the CHLI subunit of Mgch, which is

required for Chl biosynthesis. Therefore, we hypothesized that

BraA01g010040.3.5C was a candidate gene for Brchli1.
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Cloning and sequence analysis of Brchli1

The fu l l - l eng th and cod ing s equence (CDS) o f

BraA01g010040.3.5C were cloned from ‘FT’ and byl, revealing that

BraA01g010040.3.5C spans 1666 bp with a CDS of 1272 bp

encoding 424 amino acids (Figure 2C). This gene consisted of

three exons and two introns, with a G to A mutation at position 783

(Supplementary Figure S1) that changes the GAT codon to AAT

(Figure 2D), causing substitution of aspartic acid (Asp) with

asparagine (Asn). The mutation site of Brchli1 is located on the

conserved domain AAA of BrCHLI1.
FIGURE 2

MutMap SNP index plot and KASP genotyping. (A) MutMap SNP index plot. Dots represent SNP-index values, the red line represents the mean SNP-
index within the window, the pink line corresponds to the threshold line at the 99th percentile, and the orange line corresponds to the threshold line
at the 95th percentile. (B) KASP genotyping of three candidate SNPs. In SNP 5,094,535, red dots represent the A:A genotype and blue dots represent
the G:G genotype. In SNP 6,177,499, red dots represent the G:G genotype, green dots represent the G:A genotype, and blue dots represent the A:A
genotype. In SNP 6,261,759, red dots represent the T:T genotype, green dots represent the T:C genotype, and blue dots represent the C:C
genotype. (C) Brchli1 gene structure. Red arrows indicate the mutation sites. (D) Domain distribution of BrCHLI1. Red arrows indicate the
mutation sites.
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Functional verification of Brchli1

To further confirm whether Brchli1 was responsible for the

bright yellow leaves phenotype of the byl mutant, a pTRV2-Brchli1

recombinant vector was constructed (Figure 3A). We assessed gene

silencing efficiency at 10, 20, and 30 days following virus-induced

gene silencing (VIGS) treatment. Unlike the TRV::0 group, the

TRV::Brchli1 silencing group displayed bright yellow leaves

(Figure 3B). At 10 days post-treatment, there was no significant

difference in Brchli1 expression between TRV::0 and TRV::Brchli1.

By day 20, Brchli1 expression was significantly decreased in TRV::

Brchli1 compared to the blank control, with the most pronounced

decrease observed after 30 days (Figure 3C).

Additionally, we transiently overexpressed the vector pSuper::

Brchli1-GFP in the mutant byl (Figure 3D). The results indicated

that byl plant containing pSuper::Brchli1-GFP exhibited restored

green leaf phenotype (Figure 3E), accompanied by a significant

increase in relative expression levels of Brchli1 (Figure 3F). These

results implied that Brchli1 is the causative factor for the bright

yellow leaves of the byl mutant.
Phylogenetic and structural analysis
of BrCHLI1

The BrCHLI1 protein comprises 423 amino acids with a

molecular weight of 45.9 kDa and a theoretical isoelectric point of

6.41. A phylogenetic tree was constructed to elucidate the
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evolutionary relationships between BrCHLI1 homologous

sequences in different species, revealing high homology among

various crops of the Brassicaceae family (Figure 4A). The AAA

domain of the BrCHLI1 protein is highly conserved across

Cruciferae species (Figure 4B).
Brchli1 exhibits high expression in leaves

We quantified the relative transcription levels of Brchli1 across

diverse plant organs using quantitative reverse transcription PCR

(qRT-PCR) to explore its physiological functionality. In ‘FT’,

expression of Brchli1 was highest in leaves, followed sequentially

by stems, buds, flowers, and siliques, with lowest expression in roots

(Figure 4C). Hence, Brchli1 plays a significant role in Chinese

cabbage leaves.
Subcellular localization of BrCHLI1 and
Brchli1 within chloroplasts

To ascertain whether the mutation in BrCHLI1 affected its

expression localization, BrCHLI1-green fluorescent protein (GFP)

and the mutated Brchli1-GFP were introduced into tobacco, and

their co-localization with chloroplast autofluorescence was assessed.

The results demonstrated that the GFP fluorescence of both

BrCHLI1 and Brchli1 was localized within chloroplasts (Figure 5),

with the mutation in BrCHLI1 having no effect on the localization.
FIGURE 3

Silencing and transient overexpression of the Brchli. (A) Schematic diagram of carrier construction used in VIGS analysis. (B) Plant phenotypes of
TRV::0 and TRV::Brchli1 at 30D. Scale bar = 1 cm. (C) Relative expression levels of Brchli1 in TRV::0 and TRV::Brchli1 at 10, 20, and 30 days. **
represents significant differences at p < 0.01. (D) Schematic diagram of transient overexpression vector structure. (E) Plant phenotypes of pSuper:
GFP and pSuper::Brchli1-GFP at 20D. Scale bar = 1 cm. (F) Relative expression levels of Brchli1 in pSuper: GFP and pSuper::Brchli1-GFP at 10, 20,
and 30 days. ** represents significant differences at p < 0.01.
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The mutation in BrCHLI1 does not affect
interaction with BrCHLD

To investigate the role of BrCHLI1 in Chinese cabbage leaf

coloration and assess its interaction with BrCHLD, we co-

transformed recombinant vectors pGBKT7-BrCHLI1 and

pGADT7-BrCHLD into yeast cells using the yeast 2-hybrid
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(Y2H) system for interaction analysis. On the SD/−Trp/−Leu

(DDO) plate, yeast colonies for pGBKT7-BrCHLI1 + pGADT7-

BrCHLD, pGADT7-T + pGBKT7-53 (positive control), and

pGADT7-T + pGBKT7-Lam (negative control) exhibited normal

growth, confirming successful yeast transformation. PGBKT7-

BrCHLI1 + PGADT7-BrCHLD, as well as the positive control,

showed normal yeast growth on SD/-Leu-Trp-His-Ade-X-a-gal
FIGURE 5

Subcellular localization of BrCHLI1 and Brchli1.
FIGURE 4

Phylogenetic tree of BrCHLI1, alignment of the AAA domain in BrCHLI1, and expression levels of Brchli1. (A) Phylogenetic analysis of BrCHLI1.
(B) AAA sequence alignment. Black shaded regions represent 100% similarity, while pink shaded regions represent >75% similarity. Red arrows and
red boxes denote the mutation sites. (C) Relative expression levels of Brchli1 in different organs of ‘FT’.
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(QDO/X) plates, while the negative control did not exhibit any

growth, indicating that BrCHLI1 interacted with BrCHLD

(Figure 6A). To confirm this interaction in vivo, we conducted

luciferase complementation imaging (LCI) analysis in tobacco.

When co-expressing cLUC-BrCHLI1 and BrCHLD-nLUC, a

strong luminescence signal was observed in leaves, while the

control group containing empty vectors showed no luminescence

signal, indicating that BrCHLI1 interacts with BrCHLD (Figure 6B).

These results suggest that BrCHLI1 and BrCHLD interact both in

vivo and in vitro.

To ascertain if the mutation in BrCHLI1 affected its interaction

with BrCHLD, we employed Y2H assay to determine the

relationship between Brchli1 and BrCHLD. Yeast cells co-

transformed with pGBKT7-Brchli1 + pGADT7-BrCHLD grew on

QDO/X plates, demonstrating that Brchli1 interacted with BrCHLD

(Figure 6A). Co-transformation of cLUC-Brchli1 and BrCHLD-

nLUC into tobacco leaves resulted in a strong fluorescence signal,

confirming that Brchli1 interacted with BrCHLD in vivo

(Figure 6B). Thus, the mutation in BrCHLI1 did not affect its

interaction with BrCHLD.
The BrCHLI1 mutation weakens
self-interaction

To further explore the potential self-interaction of BrCHLI1, we

conducted Y2H analysis and LCI assays. Yeast cells co-transformed

with pGBKT7-BrCHLI1 and pGADT7-BrCHLI1 displayed normal

growth on QDO/X plates, confirming that BrCHLI1 can bind by
Frontiers in Plant Science 09
themselves (Figure 6A), and the LCI assay further validated this

interaction. Bioluminescence signals were detected in plant cells co-

expressing cLUC-BrCHLI1 and BrCHLI1-nLUC fusion proteins

(Figure 6B), indicating successful reconstitution of luciferase

activity due to their physical interaction. Control experiments

with non-interacting protein pairs did not exhibit any significant

bioluminescence, confirming the specificity of the observed signal.

Subsequently, the interaction between BrCHLI1 and Brchli1

was further determined. Y2H assays revealed a reduced yeast colony

viability in co-expressing colonies of BrCHLI1 and Brchli1

(Figure 6A), indicating a weakened physical interaction between

the proteins. This observation was further substantiated by LCI, in

which only faint bioluminescence signals were detected in cells

expressing BrCHLI1 and Brchli1 fusion proteins (Figure 6B). These

results demonstrated a diminished self-interaction capability of

BrCHLI1 following mutation.
Discussion

In this study, we identified the bright yellow leaves (byl) mutant

in Ch ine s e c abbage , and c l oned the mutan t g ene

BraA01g010140.3.5C. Silencing of BraA01g010140.3.5C in plants

resulted in a bright yellow leaves phenotype. Transiently

overexpressed Brchli1 in the byl mutant restored the green leaf

phenotype. Chloroplast development of byl was impaired, with

decreased Chl content, Pn, and NPQ. The byl mutant displayed

photosensitive phenotypes under variable light intensities.

Mutation in BrCHLI1 weakened its self-interaction.
FIGURE 6

Interaction relationships between BrCHLI1 and Brchli1 with BrCHLD and BrCHLI1. (A) Interaction relationships analyzed by Y2H. DDO, SD/-Leu-Trp.
QDO/X, SD/-Leu-Trp. (B) Analysis of interplay/interaction using LCI in tobacco leaves.
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The CHLI subunit is essential for catalytic activity of MgCh.

CHLI is a member of the AAA+ protein family possessing ATP

hydrolysis activity (Fodje et al., 2001). The chelation reaction

catalyzed by MgCh is a highly ATP-dependent process (Palmer

and Mascia, 1980). Chelation of Mg2+ and Proto IX catalyzed by

MgCh is an important regulatory step in the Chl biosynthesis

pathway (Jensen et al., 1996). Previous studies demonstrated that

mutations in subunit I can impact Chl synthesis within plant leaves.

Mutations in the OsCHLI gene of rice led to yellow leaves and a

significant decrease in Chl content (Zhang et al., 2015). Mutations

in the AtCHLI1 (Koncz et al., 1990) and CHLI2 genes in Arabidopsis

both resulted in a pale green leaf phenotype (Kobayashi et al., 2008).

Amino acid missense mutations in ChlI resulted in a yellow-green

phenotype in rice (Zhang et al., 2006). TaCHLI single-nucleotide

mutations in wheat were responsible for pale green leaves caused by

impaired Chl synthesis (Wang et al., 2020). We identified a point

mutation in Brchli1 at position 783 in the byl mutant of Chinese

cabbage, resulting in the substitution of Asp to Asn, which in turn

resulted in bright yellow leaves phenotype. Phylogenetic analysis of

the CHLI gene indicated a high degree of conservation across

different species. The Brchli1 gene was cloned from Chinese

cabbage for the first time in this study.

In the Chl synthesis pathway, Mgch catalyzes the reaction of

Proto IX to form Mg-proto IX, a critical regulatory point in the

process (Masuda, 2008). In the rice yellow leaf mutant ell, loss of

function of Mgch prevents the conversion of Proto IX to Mg-proto

IX, leading to accumulation of Proto IX, and levels of Proto IX in

the mutant were significantly increased (Zhang et al., 2015). In the

wheat pale green leaf mutant byl, levels of Proto IX and Mg-proto

IX were significantly lower than those in wild-type plants (Wang

et al., 2020). In the strawberry pale green leaf mutant CHLI, the

content of Mg-proto IX was significantly lower than that in wild-

type plants (Ma et al., 2023).

In the presence of Mg2+ and ATP, the CHLI and CHLD

subunits formed an AAA+ complex which subsequently

interacted with the CHLH chelating subunit, resulting in the

formation of an active chelatase (Farmer et al., 2019). ChlI

protein complexes that self-assemble are known to contain 6−8

ChlI subunits (Jensen et al., 1998). A single-nucleotide mutation in

subunit I of the rice yellow leaf mutant ell disrupted its interaction

with the H subunit, leading to the loss of MgCh catalytic activity

and appearance of the yellow leaf phenotype (Zhang et al., 2015). In

the wheat yellow leaf mutant chli, the mutant protein Tachli-7A was

unable to interact with TaCHLI-7A in yeast, but showed weak

interaction in bimolecular fluorescence complementation assays

(Wang et al., 2020). In the present study, Y2H and LCI assays

showed that BrCHLI1 mutations did not affect its interaction with

BrCHLD, but impaired its interaction with itself. An amino acid

mutation in the conserved structural domain of subunit I in the byl

mutant compromised the activity of the BrCHLI protein, and

disrupted its protein-protein interaction with itself. As a result,

the synthesis of Chl was impaired, resulting in the yellow

leaf phenotype.

The byl mutant could convert from bright yellow leaves to light

green leaves in low light intensity, and chloroplasts recovered to
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normal, suggesting that byl may be better adapted to low light

conditions. Under low light conditions, the Arabidopsis immutans

mutant retained green leaves, while it displayed variegated leaves

under high light conditions (Rosso et al., 2009). Compared with

lower light conditions, the Chl-less barley mutant NYB displayed a

more evident yellow leaf color under high light intensities (Yuan

et al., 2010b). The same phenotype has been reported for the

Petunia hybrida yellow-green leaf mutant (Colijn et al., 1983),

golden-leaf privet (Yuan et al., 2010a), and Acer palmatum

‘Jingling Huangfeng’ (Li et al., 2015). Therefore, the Chinese

cabbage byl mutant provides a useful material for studying the

potential molecular mechanisms underlying the relationship

between light conditions, leaf color, and photosynthetic capacity.

Our study demonstrated that mutation in Brchli1 led to

disrupted chloroplast development and a reduction in Brchli1

self-interaction, ultimately resulting in the manifestation of a

golden yellow leaf phenotype. The chli1 mutant exhibited a

transformation of leaf color to pale green under weak light

conditions. These findings provide insights into the leaf color

formation mechanism in Chinese cabbage.
Data availability statement

The original data generated in the study are included in the

article/Supplementary Material. The MutMap sequencing datasets

are available in the Sequence Read Archives (SRA) of the NCBI

under BioProject ID: PRJNA1074262. Genomic sequences and gene

annotation information of B.rapa are downloaded online at http://

brassicadb.cn.
Author contributions

CL: Writing – original draft. YC: Data curation, Writing –

review & editing. CT: Methodology, Writing – review & editing. FS:

Methodology, Writing – review & editing. YZ: Writing – review &

editing. ZL: Writing – review & editing.
Funding

The author(s) declare that financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by the Earmarked Fund for CARS-23-A02, the

National Natural Science Foundation of China (32272736 and

31972406) and the Key Research and Development Program of

Liaoning (2021JH2/10200003).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
frontiersin.org

http://brassicadb.cn
http://brassicadb.cn
https://doi.org/10.3389/fpls.2024.1450242
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Liu et al. 10.3389/fpls.2024.1450242
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Frontiers in Plant Science 11
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1450242/

full#supplementary-material.

SUPPLEMENTARY FIGURE 1

Cloning of the Brchli1 gene from ‘FT’ and byl. The mutation site is located in

the red box.
References
Abe, A., Kosugi, S., Yoshida, K., Natsume, S., Takagi, H., Kanzaki, H., et al. (2012).
Genome sequencing reveals agronomically important loci in rice using MutMap. Nat.
Biotechnol. 30, 174–178. doi: 10.1038/nbt.2095

Adams, N. B., Bisson, C., Brindley, A. A., Farmer, D. A., Davison, P. A., Reid, J. D.,
et al. (2020). The active site of magnesium chelatase. Nat. Plants 6, 1491–1502.
doi: 10.1038/s41477-020-00806-9

Brzezowski,, Richter, A. S., and Grimm, (2015). Regulation and function of
tetrapyrrole biosynthesis in plants and algae. BBA-BIOENERGETICS 1847, 968–985.
doi: 10.1016/j.bbabio.2015.05.007

Colijn, C., Mol, J., Kool, A., and Nijkamp, H. (1983). Plastid gene expression in a
yellow-green leaf mutant of Petunia hybrida. Planta 157, 209–217. doi: 10.1007/
BF00405184

Farmer, D. A., Brindley, A. A., Hitchcock, A., Jackson, P. J., Johnson, B., Dickman, M.
J., et al. (2019). The ChlD subunit links the motor and porphyrin binding subunits of
magnesium chelatase. Biochem. J. 476, 1875–1887. doi: 10.1042/BCJ20190095

Fodje, M., Hansson, A., Hansson, M., Olsen, J., Gough, S., Willows, R., et al. (2001).
Interplay between an AAA module and an integrin I domain may regulate the function
of magnesium chelatase. J. Mol. Biol. 311, 111–122. doi: 10.1006/jmbi.2001.4834

Gao, M., Hu, L., Li, Y., and Weng, Y. (2016). The chlorophyll-deficient golden leaf
mutation in cucumber is due to a single nucleotide substitution in CsChlI for magnesium
chelatase I subunit. Theor. Appl. Genet. 129, 1961–1973. doi: 10.1007/s00122-016-2752-9

Gao, Y., Huang, S., Qu, G., Fu, W., and Feng, H. (2020). The mutation of ent-kaurene
synthase, a key enzyme involved in gibberellin biosynthesis, confers a non-heading
phenotype to Chinese cabbage (Brassica rapa L. ssp. pekinensis).Horticulture Res. 7, 10.
doi: 10.1038/s41438-020-00399-6

Holm, G. (1954). Chlorophyll mutations in barley. Acta Agriculturae Scandinavica 4,
457–471. doi: 10.1080/00015125409439955

Huang, Y.-S., and Li, H.-M. (2009). Arabidopsis CHLI2 can substitute for CHLI1.
Plant Physiol. 150, 636–645. doi: 10.1104/pp.109.135368

Huang, S., Liu, Z., Li, D., Yao, R., and Feng, H. (2016). A new method for generation
and screening of Chinese cabbage mutants using isolated microspore culturing and
EMS mutagenesis. Euphytica 207, 23–33. doi: 10.1007/s10681-015-1473-5

Jensen, P. E., Gibson, L. C., Henningsen, K. W., and Hunter, C. N. (1996). Expression
of the chlI, chlD, and chlH genes from the cyanobacterium Synechocystis PCC6803 in
Escherichia coli and demonstration that the three cognate proteins are required for
magnesium-protoporphyrin chelatase activity. J. Biol. Chem. 271, 16662–16667.
doi: 10.1074/jbc.271.28.16662

Jensen, P. E., Gibson, L. C., and Hunter, C. N. (1998). Determinants of catalytic activity
with the use of purified I, D and H subunits of the magnesium protoporphyrin IX
chelatase from Synechocystis PCC6803. Biochem. J. 334, 335–344. doi: 10.1042/bj3340335

Jessop, M., Felix, J., and Gutsche, I. (2021). AAA+ ATPases: structural insertions
under the magnifying glass. Curr. Opin. Struct. Biol. 66, 119–128. doi: 10.1016/
j.sbi.2020.10.027

Kobayashi, K., Mochizuki, N., Yoshimura, N., Motohashi, K., Hisabori, T., and
Masuda, T. (2008). Functional analysis of Arabidopsis thaliana isoforms of the Mg-
chelatase CHLI subunit. Photochemical Photobiological Sci. 7, 1188–1195. doi: 10.1039/
b802604c

Koncz, C., Mayerhofer, R., Koncz-Kalman, Z., Nawrath, C., Reiss, B., Redei, G., et al.
(1990). Isolation of a gene encoding a novel chloroplast protein by T-DNA tagging in
Arabidopsis thaliana. EMBO journa 9, 1337–1346. doi: 10.1002/embj.1990.9.issue-5

Krzywinski, M., Schein, J., Birol, I., Connors, J., Gascoyne, R., Horsman, D., et al.
(2009). Circos: An information aesthetic for comparative genomics. Genome Res. 19,
1639–1645. doi: 10.1101/gr.092759.109

Kunugi, M., Takabayashi, A., and Tanaka, A. (2013). Evolutionary changes in
Chlorophyllide a Oxygenase (CAO) structure contribute to the acquisition of a new
light-harvesting complex in micromonas. J. Biol. Chem. 288, 19330-19341.
doi: 10.1074/jbc.M113.462663
Lake, V., Olsson, U., Willows, R. D., and Hansson, M. (2004a). ATPase activity of
magnesium chelatase subunit I is required to maintain subunit D in vivo. FEBS J.
doi: 10.1111/j.1432-1033.2004.04143.x

Lake, V., Olsson, U., Willows, R. D., and Hansson, M. (2004b). ATPase activity of
magnesium chelatase subunit I is required to maintain subunit D in vivo. Eur. J.
Biochem. 271, 2182–2188. doi: 10.1111/j.1432-1033.2004.04143.x

Li, H., and Durbin, R. (2010). Fast and accurate long-read alignment with Burrows–
Wheeler transform. Bioinformatics 26 (5), 589-595. doi: 10.1093/bioinformatics/btp698

Li, S.-S., Li, Q.-Z., Rong, L.-P., Tang, L., and Zhang, B. (2015). Gene expressing and
sRNA sequencing show that gene differentiation associates with a yellow Acer
palmatum mutant leaf in different light conditions. BioMed. Res. Int. 1, 843470.
doi: 10.1155/2015/843470

Liu, L., Li, Y., She, G., Zhang, X., Jordan, B., Chen, Q., et al. (2018). Metabolite
profiling and transcriptomic analyses reveal an essential role of UVR8-mediated signal
transduction pathway in regulating flavonoid biosynthesis in tea plants (Camellia
sinensis) in response to shading. BMC Plant Biol. 18, 1–18. doi: 10.1186/s12870-018-
1440-0

Liu, C., Song, G., Wang, N., Huang, S., Gao, Y., Fu, W., et al. (2021). A single SNP in
Brcer1 results in wax deficiency in Chinese cabbage (Brassica campestris L. ssp.
pekinensis). Scientia Hortic. 282, 110019. doi: 10.1016/j.scienta.2021.110019

Ma, Y.-Y., Shi, J.-C., Wang, D.-J., Liang, X., Wei, F., Gong, C.-M., et al. (2023). A
point mutation in the gene encoding magnesium chelatase I subunit influences
strawberry leaf color and metabolism. Plant Physiol. 192 (4), 2737-2755.
doi: 10.1093/plphys/kiad247

Masuda, T. (2008). Recent overview of the Mg branch of the tetrapyrrole biosynthesis
leading to chlorophylls. Photosynthesis Res. 96, 121-143. doi: 10.1007/s11120-008-
9291-4

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A.,
et al. (2010). The Genome Analysis Toolkit: a MapReduce framework for analyzing
next-generation DNA sequencing data. Genome Res. 20, 1297–1303. doi: 10.1101/
gr.107524.110

Palmer, R. G., and Mascia, P. N. (1980). Genetics and ultrastructure of a
cytoplasmically inherited yellow mutant in soybeans. Genetics 95, 985–1000.
doi: 10.1093/genetics/95.4.985

Pflieger, S., Blanchet, S., Camborde, L., Drugeon, G., and Jupin, I. (2010). Efficient
virus-induced gene silencing in Arabidopsis using a ‘one-step’ TYMV-derived vector.
Plant J. 56, 678–690. doi: 10.1111/j.1365-313X.2008.03620.x

Reid, J. D., Siebert, C. A., Bullough, P. A., and Hunter, C. N. (2003). The ATPase
activity of the chlI subunit of magnesium chelatase and formation of a heptameric AAA
+ Ring. Biochemistry 42, 6912–6920. doi: 10.1021/bi034082q

Rissler, H. M., Collakova, E., DellaPenna, D., Whelan, J., and Pogson, B. J. (2002).
Chlorophyll biosynthesis. Expression of a second chl I gene of magnesium chelatase in
Arabidopsis supports only limited chlorophyll synthesis. Plant Physiol. 128, 770–779.
doi: 10.1104/pp.010625

Rosso, D., Bode, R., Li, W., Krol, M., Saccon, D., Wang, S., et al. (2009).
Photosynthetic redox imbalance governs leaf sectoring in the Arabidopsis thaliana
variegation mutants immutans, spotty, var1, and var2. Plant Cell 21, 3473–3492.
doi: 10.1105/tpc.108.062752

Sirijovski, N. (2006). Magnesium Chelatase: Insights into the first Step of Chlorophyll
Biosynthesis. Kfs Ab.

Vale, R. D. (2000). AAA proteins: lords of the ring. J. Cell Biol. 150, F13–F20.
doi: 10.1083/jcb.150.1.f13

Wang, K., Li, M., and Hakonarson, H. (2010). ANNOVAR: functional annotation of
genetic variants from high-throughput sequencing data. Nucleic Acids Res. 38(16),
e164-e164. doi: 10.1093/nar/gkq603

Wang, C., Zhang, L., Li, Y., Ali Buttar, Z., Wang, N., Xie, Y., et al. (2020). Single
nucleotide mutagenesis of the TaCHLI gene suppressed chlorophyll and fatty acid
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2024.1450242/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1450242/full#supplementary-material
https://doi.org/10.1038/nbt.2095
https://doi.org/10.1038/s41477-020-00806-9
https://doi.org/10.1016/j.bbabio.2015.05.007
https://doi.org/10.1007/BF00405184
https://doi.org/10.1007/BF00405184
https://doi.org/10.1042/BCJ20190095
https://doi.org/10.1006/jmbi.2001.4834
https://doi.org/10.1007/s00122-016-2752-9
https://doi.org/10.1038/s41438-020-00399-6
https://doi.org/10.1080/00015125409439955
https://doi.org/10.1104/pp.109.135368
https://doi.org/10.1007/s10681-015-1473-5
https://doi.org/10.1074/jbc.271.28.16662
https://doi.org/10.1042/bj3340335
https://doi.org/10.1016/j.sbi.2020.10.027
https://doi.org/10.1016/j.sbi.2020.10.027
https://doi.org/10.1039/b802604c
https://doi.org/10.1039/b802604c
https://doi.org/10.1002/embj.1990.9.issue-5
https://doi.org/10.1101/gr.092759.109
https://doi.org/10.1074/jbc.M113.462663
https://doi.org/10.1111/j.1432-1033.2004.04143.x
https://doi.org/10.1111/j.1432-1033.2004.04143.x
https://doi.org/10.1093/bioinformatics/btp698
https://doi.org/10.1155/2015/843470
https://doi.org/10.1186/s12870-018-1440-0
https://doi.org/10.1186/s12870-018-1440-0
https://doi.org/10.1016/j.scienta.2021.110019
https://doi.org/10.1093/plphys/kiad247
https://doi.org/10.1007/s11120-008-9291-4
https://doi.org/10.1007/s11120-008-9291-4
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1093/genetics/95.4.985
https://doi.org/10.1111/j.1365-313X.2008.03620.x
https://doi.org/10.1021/bi034082q
https://doi.org/10.1104/pp.010625
https://doi.org/10.1105/tpc.108.062752
https://doi.org/10.1083/jcb.150.1.f13
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.3389/fpls.2024.1450242
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Liu et al. 10.3389/fpls.2024.1450242
biosynthesis in common wheat seedlings. Front. Plant Sci. 11, 97. doi: 10.3389/
fpls.2020.00097

Xi, X., Wei, K., Gao, B., Liu, J., Liang, J., Cheng, F., et al. (2018). BrFLC5: a weak
regulator of flowering time in Brassica rapa. Theor. Appl. Genet. 131, 2107–2116.
doi: 10.1007/s00122-018-3139-x

Yang, S., Zhang, Z., Chen, W., Liang, C., Li, X., Liu, Z., et al. (2023). Fine-mapping
and transcriptome analysis of the photosensitive leaf-yellowing gene CaLY1 in pepper
(Capsicum annuum L.). Hortic. Plant J. 9, 122–132. doi: 10.1016/j.hpj.2022.06.007

Yuan, M., Xu, M. Y., Yuan, S., Chen, Y. E., Du, J. B., Xu, F., et al. (2010a). Light
regulation to chlorophyll synthesis and plastid development of the chlorophyll-less
golden-leaf privet. J. Integr. Plant Biol. 52, 809–816. doi: 10.1111/j.1744-
7909.2010.00979.x

Yuan, M., Yuan, S., Zhang, Z.-W., Xu, F., Chen, Y.-E., Du, J.-B., et al. (2010b).
Putative mutation mechanism and light responses of a protochlorophyllide
oxidoreductase-less barley mutant NYB. Plant Cell Physiol. 51, 1361–1371.
doi: 10.1093/pcp/pcq097

Zhang, H., Li, J., Yoo, J.-H., Yoo, S.-C., Cho, S.-H., Koh, H.-J., et al. (2006). Rice
Chlorina-1 and Chlorina-9 encode ChlD and ChlI subunits of Mg-chelatase, a key
Frontiers in Plant Science 12
enzyme for chlorophyll synthesis and chloroplast development. Plant Mol. Biol. 62,
325–337. doi: 10.1007/s11103-006-9024-z

Zhang, H., Liu, L., Cai, M., Zhu, S., Zhao, J., Zheng, T., et al. (2015). A point mutation of
magnesium chelatase OsCHLI gene dampens the interaction between CHLI and CHLD
subunits in rice. Plant Mol. Biol. Rep. 33, 1975–1987. doi: 10.1007/s11105-015-0889-3

Zhang, L., Zhang, S., Dai, Y., Wang, S., Wang, C., Li, F., et al. (2022). Mapping and
validation of brGOLDEN: A dominant gene regulating carotenoid accumulation in
brassica rapa. Int. J. Mol. Sci. 23, 12442. doi: 10.3390/ijms232012442

Zhao, Y., Huang, S., Wang, N., Zhang, Y., Ren, J., Zhao, Y., et al. (2022).
Identification of a biomass unaffected pale green mutant gene in Chinese cabbage
(Brassica rapa L. ssp. pekinensis). Sci. Rep. 12, 7731. doi: 10.1038/s41598-022-11825-1

Zhao, H., Yu, L., Huai, Z., Wang, X., and Ding, G. (2014). Mapping and candidate
gene identification defining BnChd1-1, a locus involved in chlorophyll biosynthesis in
Brassica napus. Acta Physiologiae Plantarum 36, 859–870. doi: 10.1007/s11738-013-
1464-x

Zhou, P., Peng, J., Zeng, M., Wu, L., Fan, Y., and Zeng, L. (2021). Virus-induced gene
silencing (VIGS) in Chinese narcissus and its use in functional analysis of NtMYB3.
Hortic. Plant J. 7, 565–572. doi: 10.1016/j.hpj.2021.04.009
frontiersin.org

https://doi.org/10.3389/fpls.2020.00097
https://doi.org/10.3389/fpls.2020.00097
https://doi.org/10.1007/s00122-018-3139-x
https://doi.org/10.1016/j.hpj.2022.06.007
https://doi.org/10.1111/j.1744-7909.2010.00979.x
https://doi.org/10.1111/j.1744-7909.2010.00979.x
https://doi.org/10.1093/pcp/pcq097
https://doi.org/10.1007/s11103-006-9024-z
https://doi.org/10.1007/s11105-015-0889-3
https://doi.org/10.3390/ijms232012442
https://doi.org/10.1038/s41598-022-11825-1
https://doi.org/10.1007/s11738-013-1464-x
https://doi.org/10.1007/s11738-013-1464-x
https://doi.org/10.1016/j.hpj.2021.04.009
https://doi.org/10.3389/fpls.2024.1450242
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Brchli1 mutation induces bright yellow leaves by disrupting magnesium chelatase I subunit function in Chinese cabbage (Brassica rapa L. ssp. pekinensis)
	Introduction
	Materials and methods
	Plant materials
	Determination of photosynthetic pigment content
	Measurement of photosynthesis and Chl fluorescence parameters
	Ultrastructural observation of chloroplast
	Identification of the candidate gene
	SNP genotyping by KASP
	Cloning and sequencing of Brchli1
	Protein characterization and phylogenetic analysis of BrCHLI1
	VIGS analysis
	Functional validation of transient overexpression
	Subcellular localization of BrCHLI1 and Brchli1
	Y2H assays
	Luciferase complementation imaging assays
	qRT-PCR

	Results
	Bright yellow leaves and impaired chloroplast development in byl
	byl turned light green in low light intensity
	Identification of the candidate gene for Brchli1
	Cloning and sequence analysis of Brchli1
	Functional verification of Brchli1
	Phylogenetic and structural analysis of BrCHLI1
	Brchli1 exhibits high expression in leaves
	Subcellular localization of BrCHLI1 and Brchli1 within chloroplasts
	The mutation in BrCHLI1 does not affect interaction with BrCHLD
	The BrCHLI1 mutation weakens self-interaction

	Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


