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ABSTRACT: The color difference of capsicum fruit is closely related to the type and content of pigment in the peel,
which is mainly determined by anthocyanins, chlorophyll, and carotenoids. This study used green “CA59” and purple
“Z81” pepper fruits as parents to create the F, generation. The fruit color of 466 F, population was identified, and
the extreme individuals from this population were selected for Bulked Segregant Analysis (BSA) using resequencing.
Genetic analysis revealed that a pair of genes controls the expression of the purple fruit trait in capsicum. Using
functional annotation, expression analysis, and sequencing analysis of candidate genes, it was determined that there
were four genes in the region between InDel 67 and InDel 75 (185,664,068 BP-186,514,350 bp) on chromosome 10, that
is the linkage interval for pepper purple fruit. There are 7 SNPs in the CaMYBI gene (Capann_59V1aChr10g016200) in
the pepper variety “Z81”. Of these, 4 SNPs are located in the gene’s coding region. These 4 SNPs lead to 2 mutations
that do not change the amino acid sequence (synonymous mutations) and 2 mutations that do change the amino acid
sequence (non-synonymous mutations). Additionally, the expression level of the CaMYBI gene in the purple fruit of
“Z81” is significantly higher than that in the green fruit of “CA59”. CaMYBI is believed to be a crucial candidate gene in
regulating anthocyanin production in purple capsicum fruit. A molecular marker, InDel 67, was successfully developed,
with a total separation rate of 92.4%.
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1 Introduction

Peppers, belonging to the Solanaceae family, are widely cultivated in many regions across the globe
[1-3]. As a significant cash crop belonging to the nightshade family, the color of its fruit is intricately
associated with ripeness, and it serves as a crucial factor in capturing consumers’ interest [4]. The diversity
in the color of capsicum fruit is attributed to variations in the types and concentrations of pigments in the
peel [5]. The primary pigment in the green fruit of capsicum is chlorophyll, along with a small percentage
of carotenoids [5,6]. On the other hand, the purple fruit is abundant in anthocyanins. Anthocyanins,
a natural pigment, not only provide rich color to plant organs [6] but also attract insects and other
animals for pollination and seed dissemination [7-10]. Additionally, anthocyanins can potentially enhance
pepper resistance to abiotic stresses [11,12]. Furthermore, anthocyanins have been linked to numerous
health advantages, including cardiovascular disease prevention, anti-cancer properties, liver protection, and
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enhanced vision [13]. These benefits have garnered significant interest in the realms of food, medicine, and
other related fields. Anthocyanin synthesis is a complicated process influenced by various external factors,
including light, pH, temperature, plant hormones, and metal ions, in addition to the internal regulation of
structural and regulatory genes [14]. The primary determinants of anthocyanin synthesis are the structural
genes, which mostly encode enzymes in their biosynthesis pathway. Early biosynthetic genes (EBGs) and late
biosynthetic genes (LBGs) are two types of genes involved in the biosynthesis process [14]. The regulatory
genes primarily consist of three transcription factor (TFs) types: MYB, bHLH, and WD40. These TFs
typically interact with one another to form the MBW complex, which plays a crucial role in synthesizing
and regulating plant anthocyanins [15]. On top of that, they can bind to the promoters of structural genes to
control their expression [14].

The most prevalent anthocyanin in capsicum is delphinin-3-trans-coumarylrutin-5-glucoside, which
accounts for around 89% of the content. Also, the content of delphinin-3-cis-coumarin-5-glucoside is
4.6% [16-18]. CaMYBI and CaMYB2 mediated the biosynthesis of anthocyanins in cayenne pepper [19].
The A gene encoding the R2R3-MYB transcription factor, analogous to the PhAn2 gene of petunia and the
SIAN2 gene of tomato, is the most well-known regulatory factor in chili peppers. It regulates the synthesis
and accumulation of anthocyanins in chili peppers’ leaves, petals, and immature fruits [19,20].

With its high stability, high efficiency, and quick cycle, molecular marker technology—which is based
on DNA polymorphism inheritance—offers several benefits over conventional breeding techniques [21].
Due to the progress in sequencing technology and decreased cost, molecular markers are becoming more
commonly employed in crop breeding. Bulked Segregant Analysis (BSA) was first proposed to construct
an extreme phenotypic hybridization library, analyze mutation frequency differences, and accurately screen
molecular markers associated with target traits [22]. Researchers frequently use BSA in conjunction with
whole-genome resequencing to identify differential genes [23,24]. The AFLP marker closely connected to the
male sterile restorer line of pepper gene to quickly and accurately discover these types during hybridization
and breeding [25]. To combat potato virus Y (PVY), researchers used BSA-seq to find the Pvr4 gene on chili
pepper chromosome 10 and turn it into SCAR markers for quick PVY-resistant genotype identification [26].
The major locus governing capsaicin concentration on pepper chromosome 7, disclosing the genetic basis of
spiciness [27]. These studies not only improve the breeding efficiency but also provide staunch support for
the genetic and quality improvement of pepper.

This study involved using the green fruit inbred line CA59 as the maternal and the purple fruit inbred
line pepper Z81 as the paternal to create the F, population. Further, BSA-seq was used to determine the
candidate interval and construct a genetic linkage map. The researchers could locate the specific genes
related to anthocyanin biosynthesis in capsicum. Molecular markers closely linked to the anthocyanins
in capsicum were developed. The findings above can serve as a basis for future-focused breeding efforts
involving capsicum germplasm resources.

2 Materials and Methods
2.1 Plant Materials

This study involved the hybridization of high-generation inbred lines of green fruit pepper CA59 (P;)
and purple fruit pepper Z81 (P,), both of which had undergone more than 8 generations of breeding. The
purpose was to create isolated populations of the F, generation. A total of 466 individual F, populations were
examined to identify variations in fruit color. Extreme populations were then selected for resequenced-BSA
analysis. The pepper materials used in this study were sourced exclusively from South China Agricultural
University (Fig. S1). The pepper materials from the Py, P,, F;, and F, generations were planted outdoors at the
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Guangzhou Academy of Agricultural Sciences (Nansha Headquarters). Standard field management practices
were followed for all experimental materials.

2.2 Determination of Pigment

Three pepper plants with normal growth were randomly selected from both parents and the F,
generation to assess the anthocyanin and chlorophyll content. Each pepper was harvested when it reached
the green maturity stage, which is about 25-30 days after flowering. The spectrophotometer was used to
measure the absorbance of all treated samples at 535 nm [28]. The anthocyanin content in the outer pericarp
of both parents and F; generation peppers was then estimated. The pigment was obtained through the direct
immersion of plant tissues [29], and the absorbance of the extract was measured using the Cytation5 enzyme
marker. Subsequently, the chlorophyll concentration in the outer pericarp of the parent plants and the F,
generation pepper was quantified separately.

2.3 Phenotypic Statistics and Identification

Upon reaching the green ripening stage, the peel color of 466 individuals belonging to the Py, P,, F; and
F, generation isolated populations was examined. Next, the color segregation of the F, generation pepper
peel was analyzed using a x2 goodness of fit test. The p value of the x2 test was determined using the CHISQ
test function in Microsoft Excel 2016.

2.4 BSA Mixed Pool Sequencing Analysis

Two parent pools were created by selecting 20 juvenile leaves from CA59 and Z81 peppers of equal
sizes. Afterward, the peel color of the F, generation isolated population was subjected to statistical analysis.
From each plant, 50 purple and green fruit plants were chosen, and a young leaf of equal size was collected
from each plant. These leaves were used to create two distinct groups: one consisting of “purple fruit” and
the other consisting of “green fruit” Wuhan Feisha Information Technology Co., Ltd. (China) successfully
determined the extreme mixing pool’'s DNA extraction and genome resequencing. Quality control of genome
resequencing data from two parental pools and two extreme mixed pools of F, generation was performed
using SOAPnuke software [30]. Subsequently, the data that underwent quality control was aligned to the
reference genome using the BWA-mem v0.7.17 [31]. The “CA59” pepper genome, produced by our research
group [32], was used as the reference genome for this investigation. Once we had the comparison data, we
utilized the MarkDuplicates tool in the web software Picard v2.25.7 to identify and eliminate PCR repetitions.

The bcftools v1.13 software was used to detect the variation of each pepper chromosome. The QTL-seqr
tool [33] was employed to analyze and retrieve mutation information. Heterozygous mutant sites present in
both parents were discarded. Next, the extreme mixed pool of purple fruit attributes’ SNP-index and A(SNP-
index) were determined following [34]. To determine the average value of A(SNP-index) in each window,
set the window length to 4 Mb and step size to 10 kb. The horizontal coordinate represents the physical
position of the chromosome, while the vertical coordinate represents the average value. The distribution map
of extreme mixed pool A(SNP-index) on all chromosomes of chili pepper was obtained using confidence
levels of 95% and 99% as the criterion for interval existence. The significance level («) for Grubbs detection
is set to 0.001, and after that, the distribution of G’ values in the genome is obtained. Potential regions for
candidate genes were selected based on the §-index (SNP-index) values that exceeded the 95% threshold and
the regions that exceeded the threshold in Grubbs tests.
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2.5 Polymorphism InDel Marker Screening and Construction of Genetic Linkage Map

The differential Indel sites between parents were selected inward on both sides of the localized interval
based on the location of the possible candidate interval provided by BSA-seq. The amplification primer was
constructed using Primer Premier 5 software based on the sequences flanking the differential sites. The PCR
products generated by this primer contain InDel sites with a length ranging from 150 to 350 base pairs. Primer
synthesis was assigned to Beijing Qingke Biotechnology Co., Ltd. (China) (Tables SI and S2). Polymorphism
was confirmed in both parents, and the F, population’s unique genotype was identified by selecting distinct
and consistent markers. The genotyping results of InDel markers in the F, generation population were
analyzed in conjunction with the phenotypic data of the same population. The IciMapping software was
utilized to predict the linkage interval associated with the purple fruit traits in pepper. A LOD value of 3.0
was used as the threshold to determine the presence of a linkage interval.

2.6 Functional Annotation and Variation Site Analysis of Interval Candidate Genes

Functional annotation was performed using CDS sequences of all genes in the reference genome.
The software tools Diamond v2.0.9 [35] and BLAST v2.11 were utilized to compare the CDS sequences
of the genes in the localization interval with the NT database, NR database, and Swissprot database. The
annotation information for the gene is taken from the gene description found in the comparison result. The
functional annotation data of the candidate genes was retrieved, and the candidate genes were subjected
to preliminary screening and functional prediction. The snpEff v5.0e programme, developed by [36], was
utilized to annotate the genetic variations of SNPs and InDels in the pigmentation of pepper peel. The gene
names and annotation information of all genes within the candidate interval were extracted based on the
genome annotation of the reference genome. The variation and mutation types of the candidate genes were
determined by combining the mutation annotation file.

2.7 Analysis of Candidate Gene Expression

The ¢cDNAs of different tissue parts (stem, leaf, petal, exocarp) of CA59 and Z81 were thinned to
200 ng/pL, and specific primes of genes in the candidate regions were designed. The ubiquitin extension
protein gene CA12¢20490 was used as the internal reference gene. The ChamQ Universal SYBR qPCR Master
Mix, manufactured by Nanjing Nuovican Biotechnology Co., Ltd., was utilized for fluorescence quantitative
PCR detection. Each tissue part sample had three biological replicates, and each biological replicate had three
technical replicates. The formulation of the QRT-PCR reaction system is based on the information provided
in Table S3. The reaction was conducted using the following temperature and time conditions: 95°C for
5 min, followed by 95°C for 10 s, 55°C for 30 s, and 72°C for 20 s. This cycle was repeated 40 times.
Fluorescence quantitative data was collected using BIO-RAD’s IQ5 software. The relative expression of the
gene was computed using the 272! technique. The data was then processed and mapped using GraphPad
Prism 8.0.1.

2.8 Full-Length Cloning of CaMYBI Gene

The CaMYBI gene sequence and the 100 bp DNA sequences of the upstream and downstream were
retrieved from the reference genome of “CA59” pepper. Customized primers were built using Primer Premier
5 software to clone the entire CaMYBI gene (Table S4). The genomic DNA of capsicum CA59 and Z81 served
as the template for cloning. The PCR reaction system is prepared based on the information provided in Table
S5. The amplified PCR products were identified using gel electrophoresis using a 1% agarose gel at 145 volts
for 15 min and visualized using gel imaging equipment.
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2.9 Analysis of CaMYBI Gene Promoter

To conduct promoter cis-element analysis, the 2000 bp upstream sequence of the CaMYBI gene was
taken from the reference genome of the “CA59” pepper. The promoter region of the CaMYBI gene in this
population had all the variation information for the two parents (CA59 and Z81). Afterward, both parents’
promoter sequences containing the CaMYBI motif were uploaded to the PlantCARE website, where their
respective cis-acting regions were analyzed.

3 Results
3.1 Genetic Analysis of Purple Pepper Fruit
3.1.1 Determination of Pigment Content in the Outer Pericarp of Capsicum

The concentration of anthocyanin in the outer pericarp of both the parents and the F, generation
peppers was measured (Fig. 1a). The anthocyanin content in the outer pericarp of CA59 pepper (P;) was
0.000923 mg/g, and in Z81 pepper (P,) was 0.001627 mg/g. The anthocyanin level in the outer pericarp of
the Z81 pepper was approximately 1.76 times greater than that of the CA59 pepper. The anthocyanin content
in the outer pericarp of F; pepper was 0.001515 mg/g. The chlorophyll content in the outer pericarp of both
parents and F; generation was determined by the direct soaking method (Fig. 1b). The total chlorophyll
content in the outer pericarp of CA59 (P;) was 0.030, and 0.021 mg/g in Z81 (P, ). The total chlorophyll content
of CA59 was significantly higher than that of Z81. The total anthocyanin content in the outer pericarp of the
F, generation pepper was 0.020 mg/g, which was also consistent with the results of anthocyanin content in
the outer pericarp measured earlier.
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Figure 1: Comparison of chlorophyll and anthocyanin contents in the outer pericarp of capsicum. (a): Contents of total
chlorophyll and anthocyanins in parents and F, generation exocarp. (b): Chlorophyll content in the outer pericarp of
both parents and F; generation capsicum. **p < 0.01; *p < 0.05

3.1.2 Statistical Analysis of Genetic Rules of Pepper Purple Fruit

As the plants reached the green maturity stage, all F; and F, generation isolated populations showed a
field trait where an apparent purple color was seen on the pepper skins of the F; (CA59 x Z81) generation
plants. This demonstrates that the peppers’ purple outer pericarp characteristic is more dominant over the
green. In the F, generation of 466 individuals obtained from self-crossing F;, 363 individuals exhibited a
purple outer peel color, while 103 individuals exhibited a green outer peel color. The Chi-square test results
indicated that the ratio of purple to green individuals was approximately 3:1, the p-value of the chi-square
test is 0.15, which is greater than 0.05, consistent with the genetic principle of single gene control (Fig. 2a,b).
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Figure2: Genetic map of purple fruitin CA59 x Z81 hybrid combination. (a): purple fruit genetic model map of CA59 x
Z81 hybrid population. (b): genetic diagram of purple fruit in CA59 x Z81 hybrid population

3.2 Development of Molecular Markers Linked to Purple Fruit
3.2.1 Genome Resequencing

The genomes of two sets of parents and two sets of mixed offspring from the F, generation were
sequenced, with distinct ‘green fruit’ and ‘purple fruit’ characteristics. The parental sequencing had a depth
of 20x, whereas the mixed pool of purple and green fruit had a depth of 50x. The data collected indicates
that 371.85 GB of data was produced, with 2,467,407,560 Reads being filtered sequences. The GC content was
within the normal range, and the average values of Q20 and Q30 were 97.0% and 90.1%, respectively. This
indicates that the data obtained by sequencing is sufficient and of high quality and can be used to analyze
subsequent experiments (Table S6).

3.2.2 Preliminary Mapping of Purple Fruit Using BSA

A comparison was made between the genomes of the parents and the two extreme mixed-pool
genomes to find SNP and InDel variations. This analysis yielded a total of 12,031,716 variance data points
when compared to the reference genome. Afterward, the variation information acquired was refined using
the bcftools software, resulting in 11,105,187 SNP sites and 919,023 InDel sites. To mitigate the impact of
confounding population features, we eliminated heterozygous sites in both parents and did not exhibit
polymorphism in either parent or extreme pool. After quality control, the SNP and InDel sites were utilized
for further study.

The SNP index and Gprime value were computed using a set of high-quality SNPs (10,571,690 SNPs)
derived from a mixed pool of “purple fruit” and “green fruit” peppers. The A(SNP-index) value was then
generated by calculating the difference. Gprime and A(SNP-index) distribution maps on chromosomes
were created (Fig. 3a,b). The A(SNP-index) distribution map was used to filter candidate intervals, with the
95% confidence level used as the threshold. Notably, distinct peaks were observed on chromosome 9 and
chromosome 10, respectively. A region of interest on chromosome 9 was identified, spanning the position
from 19.1 to 267.3 Mb, with a length of 248.2 Mb. With a length of 238.23 Mb, the peak of chromosome 10
is between 7585 and 238,330,779 bp. These two peaks are potential regulators of the purple fruit trait in the
capsicum population.
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Figure 3: Preliminary location results of BSA-seq for purple fruit traits of pepper. (a): the distribution map of A(SNP-
index) in all chromosomes of chili pepper, the black line is the fitting line, the red line is the 95% threshold line, and
the green line is the 99% threshold line. (b): G’ value distribution map on chromosomes, red lines are threshold lines

3.2.3 Genetic Linkage Map of Pepper Purple Fruit Using InDel Markers

The preliminary mapping results of BSA-seq identified the potential areas associated with the purple
fruit phenotype of capsicum at 19.1-267.3 Mb (248.2 Mb) on chromosome 9 and 7585-238,330,779 bp
(238.23 Mb) on chromosome 10. To narrow down the potential link between capsicum purple fruit and its
parent plants, we used the DNA of both parents, the F; generation and 466 F, generation plants. We analyzed
the distribution of different types of bands in all F, generation populations using statistical polymorphism
InDel markers. Finally, we constructed a genetic linkage map using the QTL IciMapping software. Eight
polymorphic markers were employed within the candidate region of chromosome 9. The findings revealed
no association between this interval and purple fruit in peppers, therefore showing the absence of a linkage
between chromosome 9 and pepper purple fruit. A total of 29 InDel markers exhibiting polymorphism were
carefully chosen from the candidate region of chromosome 10 to create the genetic linkage map for capsicum
purple fruit (Fig. 4). The findings indicated that the linkage gap spanned from InDel 67 to InDel 75, with
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a physical position ranging from 185,664,068 bp to 186,514,350 bp. The genetic distance measured 0.96 cM,
the physical distance 850.28 kb, the LOD value 52.89, and the contribution rate 50.61%.
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Figure 4: Genetic linkage map of purple fruit of pepper

3.2.4 Candidate Gene Sequence Analysis and Functional Annotation

The candidate genes in the region were compared to the results of variation found in the
genome resequencing data. It was found that Capann_59V1aChrl0g016200 had 7 SNPs, and
Capann_59V1aChr10g016230 had 1 InDel. The full-length gene sequences of Capann_59V1aChr10g016210
and Capann_59V1aChrl0g016220 in pepper varieties CA59 and Z81 were identical, with no InDel or SNP
sites. It is speculated that the difference in skin color is caused by the Capann_59V1aChr10g016200 or
Capann_59V1aChrl0g016230 gene. The CDS sequences of 4 candidate genes inside the identified candidate
region were compared to the NT, NR, and Swissport databases for functional annotation using Diamond
and BLAST tools (Table S7). Examining genes associated with the biosynthesis of anthocyanin in capsicum
revealed a specific transcription factor called CaMYBI (Capann_59V1aChrl0g016200). Therefore, it is
considered a significant candidate gene that plays a crucial role in determining the purple fruit color in
this population.

3.2.5 Expression Analysis of Candidate Gene Expression

The expression analysis of candidate genes was performed in the CA59 and Z81. The CaMYBI
(Capann_59V1aChrl0g016200) had a significantly higher expression level in Z81 (purple fruit) than in CA59
(green fruit). At the same time, there was no significant difference in the relative expression levels of the
other three genes (Fig. 5). It is fair to suggest the CaMYBI (Capann_59V1aChr10g016200) is a key candidate
gene controlling purple fruit traits in this population.
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Figure 5: Relative expression levels of purple fruit trait candidate genes in different tissues of both parents. The
expression level in stem, leaf, flower, and fruit was examined. Bars are the mean + SD of three biological replicates

3.2.6 Sequence Analysis and Cloning of CaMYBI

The CaMYBI gene is located at 185,765,157 Bp-185,766,243 bp on chromosome 10 and contains 3 exons
with a coding length of 701 bp. Based on the genome resequencing of CA59 and Z81, it was found that the
tull-length CaMYBI gene in pepper Z81 has a total of 7 SNPs. Out of these, 4 SNPs were found in the coding
region of the gene, while 3 SNPs were found in the non-coding region (Fig. 6a).
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Figure 6: Comparison of CaMYBI gene sequences between CA59 and Z81. (a): Full-length sequence analysis of
CaMYBI gene. (b): Full-length DNA sequence comparison of CaMYBI gene in capsicum CA59 and Z81. (¢): Amino
acid sequence comparison of CaMYBI gene of capsicum CA59 and Z81

To confirm the validity of the SNP in the CaMYBI gene sequence, the genomic DNA of capsicum CA59
and Z81 was amplified using PCR. The PCR products were subsequently recovered and purified, sequenced
by Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, China), and the sequence was compared using DNAMAN
software. Upon comparison, it was determined the Z81 had 7 SNPs at positions 128, 256, 371, 374, 578, 991,
and 1017 bp when compared to CA59 (Fig. 6b). These SNPs led to 2 synonymous mutations and 2 non-
synonymous mutations during the translation process (Fig. 6¢).

3.2.7 Analysis of CaMYBI Gene Promoter

The PlantCARE online database was used to examine the cis-acting elements present in the CaMYBI
promoter. The CaMYBI promoter sequence had many cis-acting components, including CAAT-box and
TATA-box, the basic promoter elements. Additionally, there are photoresponsive cis-acting elements, such as
AE-box, Spl, and salicylic acid-responsive cis-acting elements (TCA-element) (Table S8). An analysis of the
promoter sequences of CaMYBI in CA59 and Z81 in resequencing showed that pepper Z81 exhibited 11 Indel
and 64 SNPs compared to pepper CA59 (Fig. S2). Consequently, alterations were observed in 15 cis-acting
regions (Table S9). The CAAT-box, a fundamental promoter element, the meristem expression-related acting
element, MYC, and the CTT motif decreased in numbers. Conversely, the salicylic acid-responsive cis-acting
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elements, TCA-element, and W box each increased by one. The presence of CAT-box and TGA-element, cis-
acting elements connected with meristematic expression, was not observed in capsicum Z81. However, the
presence of G-Box, two photoresponsive cis-acting elements not discovered in capsicum CA59, and ABRE,
cis-acting elements implicated in the abscisic acid response, was observed.

3.2.8 Molecular Marker Linked with Capsicum Purple Fruit

Upon conducting tests, it was discovered that InDel 67 exhibited polymorphism in both the parents and
F, generation (Fig. 7a). This polymorphism can be utilized to identify genotypes in the future F, population.
Additional investigation of 466 F, individuals revealed that 105 had the same characteristics as the P,
strain (CA59). 126 individuals belonged to the same type as P, (Z81). All 227 individuals exhibited identical
characteristics as the F; strain (Fig. 7b). In conjunction with the field phenotype, it was discovered that out of
a population of 466 plants in the F, generation, 462 plants exhibited known phenotypes. Among these, 427
plants were accurately classified phenotypically, resulting in a separation rate of 92.4%. This indicates that
the molecular marker is strongly associated with the purple fruit characteristics of pepper and can effectively
differentiate between purple fruit and green fruit plants.

250bp

Figure 7: Band distribution of InDel 67 markers in the population. (a): band type of InDel 67 in both parents and F;.
(b): zonal distribution of InDel 67 in some plants in F, generation

4 Discussion

4.1 Genetic Analysis of Pepper Purple Fruit Traits

A significant quantity of anthocyanins accumulated during the green ripening stage of capsicum,
resulting in the development of purple fruits in certain capsicum resources. The accumulation of anthocyanin
is governed by the incomplete dominant A (Anthocyanin) gene and is additionally regulated by the MoA
(Modifier of A) gene [15]. Previous research has demonstrated that the partial dominant features of purple
to green and white can be observed in the outer pericarp of chili pepper [37]. The genetic population
by crossbreeding purple pepper (HNUCA00054) with two green pepper varieties (HNUCA000233 and
HNUCAO00074) was created [37]. The Py, F;, and F, fruit pigments were analyzed for their color at the
green ripening stage using a chromometer. Using a mixed genetic model of major gene and polygene, multi-
generation combination analysis was used to examine the genetic regularity of purple capsicum fruit in three
hybrid populations. The study revealed that the variation in the L value and C value of the purple fruit color
in young pepper is regulated by two pairs of major genes with additive-dominant-epistatic effects and an
additive-dominant polygene model. Furthermore, the heritability of the major genes was shown to be at least
85.37%.

The presence of a purple color on the outer peel of capsicum is considered a quality attribute.
Furthermore, purple dominates the green color on the outer peel [38]. A pepper variety named Chenl12-4-1-1,
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which had purple stripes throughout the green ripening stage, and another pepper type called Zhongxian101-
M-F9, which had green fruits [38]. These two varieties were employed to create an F,-generation isolated
population. The research revealed that the ratio of purple-striped fruit to green fruit was 3:1, suggesting that a
single dominant gene determines the presence of purple stripes [38]. The present investigation crossed plants
bearing green and purple pepper fruits during the green ripening stage. The resultant F; generation pepper
fruits displayed purple color, and the F, generation isolated population’s purple to green separation ratio was
3:1 (Fig. 2). This suggests that purple pepper was a dominant characteristic compared to green fruit, and a
single gene governed it. These findings align with the outcomes of previous studies.

4.2 Gene Mapping of Pepper Purple Fruit Traits

The anthocyanin content of pepper leaves, petals, and pericarp was examined [39], along with the
expression of structural, camyBl-like, and regulatory genes CaMYBII3, CaMYBI, and CaMYBII3. The
findings indicated a positive correlation between structural genes and anthocyanin content in pepper leaves.
Only CaMYBII3 was expressed out of the three regulating genes. In this study, CaMYBI was shown to
be expressed in stems, leaves, petals, and fruits. The expression level in the Z81 pepper, which has purple
leaves, petals, and fruits, was much higher than that of the CA59 pepper, which has green leaves, petals,
and peel (Fig. 5). To find the gene CaAN3, which specifically causes the accumulation of anthocyanins in
the pepper fruit, [40] utilized MAB2, characterized by purple fruits and green stems and leaves, and MABI,
characterized by green stems and leaves, to create an isolated population of the F, generation. The BSR-
seq analysis identified the target region of CaAN3 on chromosome 10, specifically within the 184.6-186.4
M range.

Among the candidate genes, Dem.v1.00043895 stood out as the strongest, CaMYBI. The expression level
of CaMYBI varied between the parents, and it was found to be specifically expressed in pepper fruit. This
study utilized BSA-seq and genetic linkage map analysis to determine the location of the linkage interval
associated with purple fruit in pepper. The interval was between InDel 67 and InDel 75 on chromosome
10, with a corresponding physical interval of 185,514,340-186,893,100 bp (Fig. 4). The LOD value for this
linkage was 52.886. The rate of contribution was 50.61%. Within this region, there were a total of 4 genes.
One of these genes, CaMYBI (Capann_59V1aChrl0g016200), was found in the candidate region and showed
differential expression in both parents. This suggests that CaMYBI is the crucial gene in the candidate region.
Furthermore, the expression level of CaMYBI in pepper Z81 was significantly higher than in pepper CA59.

This study diverges from prior research. Upon analyzing the amino acid sequence of the Dem.
v1.00043895 gene in the parents and F, generation of purple and green fruit plants, it was observed that at the
43rd amino acid residue of this gene, the green fruit plant had Alanine, whereas the purple fruit plant had
Aspartic acid. However, unlike previous studies, the amino acid composition of green fruit (CA59) in this
study is methionine (Met), while that of purple fruit (Z81) is threonine (Thr). Upon analyzing the promoter
sequence of CaMYBI (Capann_59V1aChrl0g016200), it was discovered that there were multiple mutation
sites in CA59 and Z81. These mutations did not follow a clear pattern, suggesting that the expression level of
the CaMYBI gene was low in the green immature pericarp of CA59. These events might have contributed to
the elevated level of CaMYBI expression in the purple immature pericarp of Z81.

5 Conclusions

Here, we measured the anthocyanin concentration in the outer pericarp of peppers Z81 and CA59.
The anthocyanin concentration in Z81 was significantly higher than that in CA59 peppers. The genetic
population was created from green fruit CA59 and purple fruit Z81. Capsicum purple fruit was linked to
InDel 67 and 75 on chromosome 10, with a physical interval was 185,514,340 Bp-186,893,100 bp. The CaMYBI
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(Capann_59V1aChr10g016200) gene in pepper Z81 had 7 SNPs, 4 of which were in the coding area, leading
to 2 synonymous and 2 non-synonymous mutations. CaMYBI is believed to be the primary candidate gene
in the localized region. InDel 67 exhibits a high discerning power in distinguishing between purple and
green fruit, achieving an overall separation rate of 92.4%. This finding holds significant potential in providing
technical assistance for developing a molecular marker-assisted breeding system for purple fruit in peppers.
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