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Abstract

Pepper (Capsicum annuum L.) fruits at immature stage (IS) display colors that range from dark green to light green and white. Due to the influence of genetic
factors and consumption habits, white-fruited pepper germplasms are rare in nature and depend on artificial creation. However, the unclear complex
genetic basis, coupled with the absence of developed functional markers cosegregation with white fruit trait, has impeded the efficiency of breeding white-
fruited peppers. Herein, an F, segregation population consisting of 3,000 individuals is derived from a cross between B1-2 with white fruit and D50 with dark
green fruit at IS. Using bulked segregant analysis, a previously reported gene CaGLK (Capana10g000333) is identified as a candidate that is responsible for
white/green fruit color. A single nucleotide polymorphism (SNP) (G/A) at the position of the last base of the second intron of CaGLK, resulting in alternative
splicing at the junction of the second intron and the third exon, causing the exclusion of 31 bp in cDNA sequence of B1-2, is associated with white fruit trait.
A KASP marker is developed and shown to distinguish white-fruited pepper from the F, population. The distinguishing efficiency of this marker reached up
to 78.3% when tested in a natural population. This first report of a new allele CaGLK? that controlled white color provided a new handle to develop pepper
cultivars with white color fruit.
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Introduction

Pepper (Capsicum annuum L), a member of the Solanaceae
family, is one of the most important crops in the word. Native to
South America, specifically southern Brazil and Bolivia, pepper has
now spread to many parts of the world, including Chinal’2. The
pepper exhibits extreme diversity in fruit traits, including shape,
size, color, and phytochemical compounds compositionf3. Among
these traits, fruit color is influenced by the relative proportions of
various pigments such as chlorophyll, carotenoids, anthocyanins,
and flavonoids3l. These pigments partially contribute to the nutri-
tional, flavor values and health benefits, making fruit color as one of
the most important traits. Since the fleshy fruit of peppers are
primarily consumed at immature fruit stage, the color of fruits at this
stage has become an important reference for consumers to accept
the fruits. Typically, peppers at immature stage (IS) exhibit various
shades of green, yellow green, white, purple, and nearly black®.
Among these, white-fruited pepper at IS stage was popular in some
regions of China, including Zhejiang, Jiangxi, Fujian, Hainan and
Guangdong provinces. Particularly, the 'Qu Jiao' series, created by
Quzhou Academy of Agricultural and Forestry Sciences, is renowned
for its delightful combination of spiciness and fresh flavort>6l. Under-
standing the genetic basis underlying white fruit color attributes
and developing new white-fruited pepper germplasms have
become a necessity.

Reportedly, the major locus qualitatively differentiating between
white color and dark green color is detected as pc8.7 (now renamed
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pcl) and pc10.1, located on chromosome 8 and 10, respectively!’:8],
However, QTL pc8.1 was revised to pc1 because fine mapping placed
this QTL on chromosome 111, It is the zinc finger transcription factor
LSD ONE LIKET (CcLOL1), that serves as the target gene of QTL pc1©l.
Analysis of segregation, sequencing and expression conducted by
Brand et al. revealed that CaGLK2, a GOLDEN-like transcription factor
that controls chloroplast natural variation in chlorophyll content
and pepper color at IS, is co-localized with pc10®. Null alleles at
CaGLK2 are related to reduced chlorophyll content in light green
fruits. In addition, an ARABIDOPSIS PSEUDO RESPONSE REGULATOR2
homologous gene in pepper (CaAPRR2) was closely associated with
variations in phenotype of immature fruit color and was in the same
position as pc1 on the genetic mapl'%. However, whether there are
other QTLs or alleles of the three known genes, CaGLK2, CaAPRR2,
and CcLOL1, controlling natural variation in immature fruit color
remains unknown.

Functional markers (FMs) are DNA markers that can identify the
functionality of alleles within near-isogenic lines, based on the iden-
tification of single nucleotide polymorphism locil'"l. Since these
markers have a direct correlation with phenotypic traits and do not
require the establishment of genetic maps, they have been used as
ideal markers for identifying target trait alleles and marker-assisted
breeding!'?l. However, the absence of FMs associated with white
color, together with the complex genetic basis, has impeded the
efficiency of breeding white-fruited peppers.
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In the present study, BSA-Seq was performed in an F, segrega-
tion population with 3,000 individuals, which was generated from a
cross between two inbred lines with white fruit and dark green fruit.
A new variant allele of CaGLK, responsible for white fruit color, was
identified from candidate genes in the candidate genomic region.
Additionally, a KASP marker with linked characteristics was deve-
loped, and its efficiency was tested in the F, population and a
natural population. These findings will contribute to a better under-
standing of the molecular mechanisms that underpin white fruit
color formation during IS and provide a new approach to enhance
the efficiency of white-fruited pepper breeding.

Materials and methods

Plant materials and population construction

B1-2 (fruit with white color at the Gl stage) and D50 (fruit with
dark green color at IS, two pepper inbred lines was provided by the
vegetable research group at Quzhou Academy of Agricultural and
Forestry Sciences (Quzhou, China). Both of them are landraces from
Zhejiang Province, China. F; population was derived from a cross
between female parent B1-2 and male parent D50. Subsequently,
the F, segregation population consisting of 3,000 individuals was
obtained through self-crossing the F; population. Additionally, the
natural population, comprising 113 germplasm accessions with
white color or green color fruits, primarily collected from different
provinces of China (Supplementary Table S1), was applied for
further genotypic validation. All plants employed in this study
were grown in plastic tunnels under natural sunlight in the experi-
mental field of Quzhou Academy of Agricultural Science (29°10' N,
119°03'E).

Identification of individuals with fruit phenotypes

The color of pepper fruit at the IS was observed and classified
according to the classifications listed in Fig. 1. The classification was
based on a color card comparison using the PANTONE color sys-
tems. Seedlings classified in Grade | were identified as the extremely
white (EW) individuals, while seedlings classified to Grade VI were
identified as the extremely green (EG) individuals.
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Fig. 1 Color variation of immature fruits in the F, population. (a) The
fruit performance of two parental lines and F; population. (b) The
classification of fruit color in F, population. (c) Frequency distribution
for fruit color showing phenotypic variation in F, population.
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DNA extraction and BSA-seq

DNA was extracted from individuals in the two selected EW (30
plants) and EG (30 plants) populations, using the CTAB method('3,
After validating the quality and concentration of the extracted DNA,
an equal amount of DNA was taken to build the extreme phenotype
mixing pools, i.e., the EW pool and EG pool. Using the CTAB method,
DNA from parent materials B1-2 and D50 was also isolated. Four
genomic DNA libraries (B1-2, D50, EW-pool, and EG-pool) were
prepared for sequencing.

Sequencing was performed by BGlI Genomics Co., Ltd. (Shenzhen,
China) using the Illlumina HiSeq platform, at a sequencing depth of
50%. The raw sequencing reads were filtered using the Soapnuke
softwarel'4l. The resulting valid reads were aligned to the reference
genome Capsicum annuum L. Zunla (https://solgenomics.net/ftp/
genomes/Capsicum_annuum/C.annuum_zunla/) using BWA soft-
ware (Parameters: mem-t 4-M-R)'>L. All high throughput sequen-
cing data have been deposited in the SRA database with accession
number SRP (PRJNA1091429).

The alignment results were checked by SAMtools and the dupli-
cate reads were removed. High quality SNPs were detected by filte-
ring SNPs using the UnifiedGenotyper function with the GATK
(version 3.4) softwarel'®! according to the following requirements: 1)
GQ (Quality Value) = 50, otherwise mark the site as missing; 2) Non-
biallelic SNP site; 3) Heterozygous sites in the parent pool; 4)
Perform SNP filtering detection for SNP sites missing in the EG-pool
and EW-pool. The SNP-index (frequency of SNP) was calculated
using sliding window technology, and the SNP-index difference
between EW-pool and EG-pool was represented by ASNP-index. The
Euclidean Distance (ED) was calculated using the following formula:

ED = \/(Amm - Awt)2 + (Cmul - th)2 + (Gmul - th)2 + (Tmut - th)z

where, mut represent EW-pool, wt represent EG-pool, A, T, C, and G
represent the proportion of each mutant SNP-index.

CaGLK gene cloning and sequence analysis

Leaf tissues from parent lines B1-2 and D50 were collected for
RNA and DNA extraction. The genomic DNA was extracted using the
CTAB method, and total RNA was extracted according to the illus-
tratment of the E.ZN.A®Plant RNA Kit (Omega, New York State,
USA). The first strand of cDNA was synthesized using a FastKing
cDNA RT Kit (with gDNase) (TIANGEN, Beijing, China). PCR amplifica-
tion was performed on the 30—50 ng/uL DNA and cDNA samples
using following procedure: initial denaturation at 95 °C for 3 min;
followed by 35 cycles of amplification (98 °C for 10 s, 55 °C for 10 s,
68 °C for 35 s by using DNA or 10 s by using cDNA), followed a final
extension step of 72 °C for 10 min. The PCR products were visuali-
zed by 2% agarose gel electrophoresis using Goldview Nucleic Acid
Gel Stain (Biohao, Wuhan, China). The specific amplification primers
(Supplementary Table S2) were designed based on the gDNA and
CDS sequences of the reported CaGLK gene (Capana10g000333) that
were downloaded from the Capsicum annuum Zunla-1 cultivar
genome, v2.0 https://plantgarden.jp/en/list/t4072/genome/t4072.
G002). A p-EASY®-T5 Zero Cloning Kit (Transgen Biotech, Beijing,
China) was used for gene cloning and transformation. After success-
ful transformation into Escherichia coli, positive clones were
selected and subjected to sequencing (Sangon Biotech, Shanghai,
China). BioEdit and BioXM software were employed for sequence
alignment and protein translation. Additionally, the structure of the
CaGLK gene was determined using the Gene Structure Display
Server (GSDS) 2.0 (http://gsds.gao-lab.org)'7l,

Development of Kompetitive allele-specific PCR
(KASP)

Based on the polymorphic site between CaGLK alleles, a KASP
marker was designed by using LGC proprietary Kraken™. The
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allele-specific primers were designed carrying the standard FAM and
HEX tails and with the targeted SNP at the 3' end['8l. A common
primer was designed so that the total length of PCR products was
less than 120 bp. The sequences of allele-specific primers are listed
in Supplementary Table S3. KASP assay was carried out in 384-well
formats and set up as 1.6 plL reaction mixture. To 0.8 uL 50 ng/pL
DNA, 0.8 pL 2x KASP Araay Tape Master mix (LGC Genomics, Hode-
ston, UK) and 0.022 plL KASP Assay mix that consisted of two tailed
primers and one common primer (LGC Genomics, Hodeston, UK),
were added. No template control, referred to as NTC, was also estab-
lished by replacing the DNA sample with ddH,O in the reaction
mixture. PCRs and fluorescent readings were performed on
IntelliQube automated PCR instrument (LGC Bioserch Technologies,
Teddington, UK) following the recommended protocol: hot start at
94 °C for 15 min, followed by 10 touchdown cycles (94 °C for 20 s;
touchdown at 60 °C initially and decreasing by —0.6 °C per cycle for
60 s), followed by 26 cycles of amplification (94 °C for 20 s, 55 °C for
1 min). Scatter plots for genotypes was generated through Kluster-
Caller software (LGC Genomics, Hoddeston, UK).

Results

Color variation of immature fruits in the F, population

B1-2 is an inbred-line that produces white fruit at the IS. To under-
stand the genetic basis of white color behaviour in B1-2, B1-2 was
hybridized with D50, which is a local germplasm resource whose
immature fruits are dark green (Fig. 1a). The cross of B1-2 and D50
resulted in plants with green color (intermediate between parent's
color) fruits (Fig. 1a). However, segregation of fruit color was
observed in the F, population consisting of 3,000 individuals. The
observed fruits color in the F, population could be classified into six
degrees (I-VI) (Fig. 1b). Among these, 3,000 F, individuals, there
were 138, 524, 745, 1,006, 491, and 96 plants belonging to degree |,
II, 11, IV, V, and VI respectively (Fig. 1c). These reflected that the gene
contributing to green fruit color in immature peppers exerts a domi-
nant effect over the gene responsible for white fruit color.

BSA-seq based mapping and identification of SNPs

To identify white color related genes in B1-2, 30 EW, and 30 ED
individuals were selected from the F, population to obtain DNA
pools. Four DNA pools consisting of EW-pool, EG-pool, B1-2, and
D50 were subsequently subjected to DNA sequencing (Supplemen-
tary Table S4). A total of 26.19, 26.21, 26.69, and 21.32 Gb raw data
were obtained for the B1-2, D50, EG-pool, and ED-pool libraries.
After filtering the raw reads, 861,497,710, 861,251,680, 871,859,126,
and 832,814,516 clean reads for B1-2, D50, EG-pool, and ED-pool
libraries, respectively, were aligned to the reference genome of
'Zunla-1" with a mean mapping proportion of 98.18%. Among these
reads, 766,690,540, 771,839,948, 784,390,422, and 746,836,926 reads
were properly paired reads with a mean properly paired ratio of
89.57%, resulting in 48.52 x average coverage depth. The sequen-
cing depth in the extreme bulks was similar to that in the parents,
reflecting the accuracy of the BSA-Seq. Moreover, the Q30 value
(99.9% accuracy) exceeded 91.46%, and the GC content ranged from
35.20% to 35.42%. These results indicated that the sequencing data
were of sufficient quality for further analysis.

SNP detection was subsequently performed in the EW-pool and
the EG-pool by using GATK software, and a total of 5,826,852 high-
quality SNPs unevenly distributed on 12 chromosomes were identi-
fied (Table 1). Among the 12 chromosomes, the highest number of
SNPs occurred on chromosome 1 (1,063,601) and the lowest
number occurred on chromosome 4 (249,986).
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Identification of white fruit color related QTLs

To identify the white color related QTLs, the correlation algo-
rithms of ASNP-index and ED* were performed between the
extreme pools and parents lines using high-quality SNPs. ASNP-
index plots with 95% and 99% confidence intervals were analyzed
using Sliding window (1 Mb interval and 500 kb increment) analysis
(Fig. 2a), and ED* values with a 99% confidence intervals were calcu-
lated to indicated the ED association analysis (Fig. 2b). Giving the
results of ASNP-index with a 99% confidence interval and ED# values
with a 99% confidence interval, a final association interval was
found on chromosome 10 with an overall size of 8.94 Mb, contain-
ing a total of 83 genes (Supplementary Table S5). Notably, a previ-
ously reported candidate gene for pc70 named GOLDENZ2-LIKE (GLK)
that involved in chloroplast development, was one of 83 annotation
genes. Therefore, it was speculated that it is CaGLK that
(Capana10g000333) contributes to the white fruit color trait in B1-2.

Validation of variation in candidate gene CaGLK
between B1-2 and D50

To validate whether the candidate gene CaGLK contributes to the
white-fruited phenotype in B1-2, the sequence differences of CaGLK
genes cloned from B1-2 and D50 were compared. According to the
sequencing results, the DNA length of the CaGLK was 6,066 bp and
6,058 bp in B1-2 and D 50, respectively. While the coding sequence
length was 911 and 942 bp in B1-2 and D50, respectively encoded
173 AAs and 313 AAs. Subsequent multiple sequence alignment
revealed that the cDNA sequence cloned from B1-2 had a 31 bp
deletion at the third exon compared to the sequence from the refe-
rence genome and D50 (Fig. 3a). This resulted in the premature
termination in the cDNA of CaGLK from B1-2. Then the gDNA
sequences of CaGLK genes were compared and found that B1-2
carries the 'A' allele (CaGLK?) at the last base of the second intron,
while D50 carries the 'G' allele (CaGLK®) at the same position. This
SNP in B1-2 resulted in alternative splicing at the junction of the
second intron and the third exon, causing the exclusion of 31 bp in
the cDNA sequence (Fig. 3b).

Development of a KASP marker to rapidly distinguish
white-fruited pepper

Based on the single base mutation between alleles CaGLK” and
CaGLKS, a KASP marker consisted of two competitive allele-specific
primers and one common reverse primer was developed (Supple-
mentary Table S3). In addition to the NTC, the expected graphical
KASP results should contain another three clusters, corresponding
to CaGLKA genotype, CaGLKC genotype and heterozygous genotype.
As shown in Supplementary Fig S1, these three clusters are present.
Notably, the cluster represents homozygous CaGLK* genotype,
corresponding to white color fruit phenotype. These results showed
that this developed KASP marker could distinguish white-fruited
peppers.

To further test whether CaGLK? can be used for the identification
of white fruit color, the KASP molecular marker was used to identify
the genotypes of randomly selected 184 F, individual plants

Table 1. The distribution of high-quality SNPs on 12 chromosomes.

Chromosome name SNP number Chromosome name  SNP number
Chro1 1,063,601 Chro7 308,508
Chr02 308,087 Chro8 270,086
Chr03 472,929 Chr09 955,711
Chro4 249,986 Chr10 447,555
Chro05 279,766 Chr11 631,473
Chro6 417,558 Chr12 414,592
Total 5,826,852
Page 3 of 6
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Fig.2 Distribution of ASNP-index and ED* values on 12 chromosomes. (a) Distribution of ASNP-index on chromosomes of EW-pool and EG-pool. x-axis:
the length of chromosomes; y-axis: the value of ASNP-index; blue and green lines: 95% and 99% confidence intervals, respectively; gray dot: ASNP-index;
red: the results of sliding window analysis. (b) Distribution of ED* values on 12 chromosomes. X-axis: the position of the chromosome; Y-axis: the value of

ED* Red lines: 99% confidence intervals.
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Fig.3 Variation of CaGLK gene (cDNA sequence and DNA sequence in B1-2).

(a) Multiple sequence alignment analysis of CaGLK cDNA sequence among

reference genome, D50 and B1-2. (b) Structure and variation sites of CaGLK gene in the DNA sequence. The grid represents the exon, the black line

represents the intron, and the red base is the deletion part.

(Supplementary Table S6). The genotypes of 42 individual plants
with white color fruit were completely consistent with B1-2 (Fig. 4,
Supplementary Table S6), and genotypes of 142 individual plants
with green color were consistent with D50 or F;. The 142 individuals
included 41 homozygous and 101 heterozygous plants (Fig. 4,
Supplementary Table S6). These results strongly implicated that this
developed KASP marker could successfully distinguish white-fruited
peppers at a molecular level, which can be employed in white
fruited pepper breeding programs.

The applicability of the KASP marker for
distinguishing fruit colors in pepper breeding
programs

To further determine whether the KASP marker has a broad-
spectrum capability of distinguishing fruit with white color in
pepper accessions, a natural population, comprising 113 germplasm

Page 4 of 6

accessions with different fruit colors, primarily collected from diffe-
rent provinces of China, was randomly selected (Supplementary
Table S1). In general, the distinguishing efficiency of CaGLKAC in
pepper accessions with white color fruits was up to 78.3%, indica-
ting that this KASP is a broad-spectrum marker to distinguish the
white color fruits in pepper (Fig. 5 & Supplementary Table S1). This
finding shows the potential of CaGLKA as a key target in white color
breeding programs for pepper.

Discussion

It is well known that pepper fruit color is of primary significance,
as the pigments that confer color are related to nutrition, health,
and flavor. Compared to white- and green-colored pepper, those
with red, orange, and yellow colors contain higher levels of

Fang et al. Vegetable Research 2025, 5: €003
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Fig. 4 KASP genotyping of GLK*® variant associated with white color
fruit for the F, population. Randomly selected 184 F, individual plants
were classified into three genotypes. Each dot represents a certain
genotype. Blue dots represent CaGLK” genotype, which produce white
fruit; red dots represent CaGLK® genotype, which produce green fruit;
and purple dots represent heterozygous genotype. Black dots represent
non template control (NTC).
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Fig. 5 KASP genotyping of GLK*C variant associated with white color
fruit for pepper germplasm accessions. Each dot represents a certain
genotype. Homozygous genotypes are marked with blue (CaGLK?) and
red (CaGLK®) dots, respectively, and heterozygous genotypes are
marked with purple dots. Black dots indicates no template control
(NTC). A natural population, comprising 113 germplasm accessions
were tested.

carotenoids and a-tocopheronl'. However, white pepper contains
much more linalool, which was reported to give the fruit a citrus like,
fruity, and floral aromal2%2'l, However, pepper germplasms that
produce white color fruit at IS are definitely rare in nature. Therefore,
development of functional markers that co-segregated with white
fruit is crucial in elevating breeding efficiency of white-fruited
pepper.

In the present study, a landrace that produces white-colored fruit
was used as the female parent, and was hybridized with a dark-
green fruited line D50, to generate large enough F, populations
exhibiting fruit color segregation (Fig. 1). Based on the results of
ASNP-index and ED* values with a 99% confidence interval, the
candidate genes that control green/white fruit color were mapped
to chromosome 10, spanning an overall size of 8.94 Mb and contai-
ning a total of 83 genes (Fig. 2, Supplementary Table S5). Among
these 83 genes, one gene annotated as GLK (Capanal0g000333),
was previously reported as a transcription factor that belong to
GARP super family, modulating natural variation of chlorophyll
content and fruit color in pepper fruits(®l. There are several lines of
evidence showing that pepper GLK2 corresponds to reported pc10
QTL that controls chloroplast development and chlorophyll content
in pepperl. Null alleles at CaGLK contributed to light green fruits in
Pl 225 (6 bp insertion), Pl 611(3 bp deletion) and three C. annuum

Fang et al. Vegetable Research 2025, 5: €003
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lines (A to G at position 489 of the ORF). The DNA sequence
differences of CaGLK orthologous genes cloned from B1-2 and D50,
together with the capability of the KASP marker developed based
on this variation to distinguish white/green color, strongly indi-
cated that CaGLK is the candidate gene controlling natural fruit
variation in the present study (Figs 3, 4 & 5, Supplementary Tables
S3 &S6).

Although no new gene was identified, a new null allele at CaGLK
associated with reduced green color was found. This null allele was
observed in B1-2 due to a single nucleotide change from G to A at
the last base of the second intron, resulting in the exclusion of 31 bp
in the cDNA sequence and truncated protein of 173 aa (Fig. 3). These
results suggest that the newly identified SNP variant is a novel allelic
variant of GLK transcription factors.

KASP markers were developed based on the competitive allele
specific PCR genotyping system, with high efficacy to detect
SNP[22-241 Herein, a KASP marker consisted of two competitive
allele-specific primers and one common reverse primer was deve-
loped based on the single base mutation between alleles CaGLK?
and CaGLKGE, This marker can efficiently detect CaGLKA, CaGLKS, and
heterozygous genotype (Supplementary Fig. S1). Additionally, the
KASP marker is capable of distinguishing white-fruited pepper from
the developed F, population and the natural population (Figs 4 & 5).
The developed functional molecular marker has a great significance
for creating new pepper germplasm, and identifying the pepper
fruit color variations. It is also a potent tool to expedite the breeding
of white fruited peppers.

Conclusions

This study mapped the QTLs that contribute to natural variation
in fruit color at immature stages in pepper, on chromosome 10 with
an overall size of 8.94 Mb, contain a total of 83 genes. A previously
reported CaGLK was suggested as a candidate. A SNPS/A at the
position of the last base of the second intron of CaGLK, resulting in
alternative splicing at the junction of the second intron and the
third exon, causing the exclusion of 31 bp in cDNA sequence of B1-
2, is associated with the white fruit trait. A KASP marker was deve-
loped and shown to distinguish white-fruited pepper contributed
by CaGLK* allele. This work identified a new CaGLK allele that con-
trolled white color and provides a new handle to develop pepper
cultivars with white color fruit.
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