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ABSTRACT

F, hybrids in chillies and bell peppers are valued for their uniformity, high yields and stress tolerance. Genetic
male sterility, a stable monogenic recessive trait, is essential for cost-effective hybrid seed production. This
study validated markers for five GMS genes—ms10, ms8, msl, ms3, and msw. While markers for msi0, ms],
and ms8 were detected in some hybrids, they require confirmation in segregating populations. Conversely, the
limited use of other genes stems from a lack of reliable sterile sources and tightly linked markers. Developing
more robust markers will be critical for improving breeding efficiency and genetic diversity in pepper varieties.
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INTRODUCTION

Pepper (Capsicum spp.) including both chillies
(Capsicum annuum L.) and bell peppers (Capsicum
annuum var. grossum), are considered a highly
economical crop worldwide. The F, hybrid peppers are
widely cultivated due to their uniformity, high yield
and resistance/tolerance to biotic and abiotic stresses
compared to open-pollinated varieties (Fu et al., 2014;
Meena et al., 2020). However, conventional methods
of hybrid seed production (manual emasculation and
pollination) not only increase cultivation costs but also
reduce efficiency, with the risk of contamination from
self-pollination. Therefore, a more efficient and cost-
effective alternative is essential for large-scale hybrid
seed production (Cheng et al., 2019). Particularly in
India, cytoplasmic male sterility (CMS) has been used
commercially for hybrid seed production in chillies
(Reddy et al., 2015; Lin et al., 2015; Schreinemachers
et al., 2017). CMS systems have limited use in sweet
peppers due to the breakdown of male sterility
expression at low temperatures, and also due to poor
fertility restoration (Rf) ability in most of the sweet
pepper genotypes (Lin et al., 2016). Genic male
sterility (GMS) is a valuable trait in hybrid seed
production, offering a reliable solution to the
limitations of conventional hybridization methods.
GMS is a recessive trait that prevents pollen
production in male-sterile plants, facilitating hybrid

seed production without the need for manual
emasculation (Jeong et al., 2018; Meng et al., 2021;
Jindal et al., 2020). GMS-based hybrid seed
production can reduce labor costs by up to 50%, while
improving genetic purity and efficiency in hybrid
breeding programs (Meena et al., 2020). Despite its
potential, the use of GMS in bell pepper breeding is
limited due to the lack of stable male-sterile lines in
different backgrounds and the complexities involved
in identifying and maintaining these lines.

Developing new GMS lines through backcross
breeding is a slow and labour-intensive process
(Dhaliwal & Jindal, 2014). A key challenge in
incorporating GMS into pepper breeding is the limited
availability of well characterized male-sterile lines.
Although, hot peppers and bell peppers are cross
compatible, there has been little effort made to transfer
male sterility genes from hot peppers into bell peppers
to develop stable male sterile lines (Jindal et al., 2020).
Additionally, few studies have focused on using
marker-assisted selection (MAS) to incorporate GMS
genes, which could greatly accelerate the breeding
process. The lack of reliable molecular markers for
GMS further hinders breeding efforts, emphasizing the
need to identify and validate markers linked to genic
male sterility for more effective hybrid development.
In the present study, we tested the efficiency of
publicly available molecular markers associated with
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Table 1 : List of hybrids used in the study for validation

Hybrid Crop Company

CH-27 Chilli Punjab Agriculture University, Ludhiana
13 WSPH10 Chilli Namdhari Seeds

NS 345 Chilli Namdhari Seeds

NS 275 Chilli Namdhari Seeds

NS 279 Chilli Namdhari Seeds
Hardhika Chilli Local Market (unknown source)
H 102 Chilli Sarpan Seeds

Shakti Chilli Team Seeds
Dandicut-2 Chilli Sarpan Seeds

NS 1101 Chilli Namdhari Seeds
Harita Chilli Ravi Hybrid Seeds Pvt. Ltd.
HPH-2043 Chilli Syngenta
HPH-5531 Chilli Syngenta

Indam Chocolate Wonder Capsicum Indo-American Hybrid Seeds
Alaska Capsicum Amazon Seeds

NS 292 Capsicum Namdhari Seeds

NS 82 Capsicum Namdhari Seeds
Inspiration Capsicum Rijk Zwaan Seeds Pvt. Ltd.
Massilia Capsicum Rijk Zwaan Seeds Pvt. Ltd.
Bachata Capsicum Rijk Zwaan Seeds Pvt. Ltd.

genic male sterile genes in twenty F, hybrids of
peppers (chilli and bell pepper) from both the public
and private sectors for their use in marker assisted
selection.

MATERIALS AND METHODS
Plant material

Twenty F| hybrids of chilli and bell pepper developed
by the public and private sector were raised in the
50-celled pro-trays and extraction of genomic DNA
was carried out from fresh young leaves for validation
of genic male sterility linked markers. The details of
the hybrids used for the validation of molecular
markers are presented in Table 1.

Genomic DNA isolation

The genomic DNA was isolated from young leaves
using 4% C-TAB method as described by Doyle &
Doyle (1990). Extracted genomic DNA samples were
qualitatively checked in 0.8% agarose gel and
quantitatively by using a UV-spectrophotometer
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(Nanodrop One, Thermo Scientific, USA). The
concentrated DNA was diluted to 30ng/puL working
concentration and was used as the template in
polymerase chain reaction (PCR) for genotyping with
specific molecular markers.

PCR conditions and validation of molecular
markers

Publicly available markers linked to genic male
sterility genes (Table 2) were tested in the 20 F,
hybrids. The PCR reaction was set for a total volume
of 15 pl and consisted of 4.5 ul nuclease-free water,
2 pl of genomic DNA (30 ng/ul), 2 pl of each of
dNTPs (ImM), forward and reverse primers
(5 pM each), 2.0 ul of 10X polymerase chain reaction
(PCR) buffer with MgC,, and 0.5 pl Tag DNA
polymerase (1 unit/ul; Genei, Bangalore, India) with
the conditions of initial denaturation: 94°C for
3 minutes, then 35 cycles of denaturation at 94°C for
45 seconds, annealing temperature for 60 seconds as
mentioned in Table 2, and extension at 72°C for
60 seconds and final extension at 72°C for 5 minutes.
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Table 2 : Molecular markers associated with genic male sterile genes validated in the study

ms gene Marker name Primer sequence (5°-3’) Annealing Genetic Reference
temperature distance from
gene (cM)
ms3 HPGMS2CAPs F-GGTACTTTGACCCTCATAA 63°C 3.83 Naresh et al.
R-TTGTTTGTGGTGTACGTGCTTTGG (2018)
ms8 C2_At5g25900 F- GACACTGCTGCACAGAGCTT 64°C 15.2 Bartoszewski et al.
R- CAAACCCAGTGTATTCCCACA (2012)
SCAR_P2 F- AAGCCAACAGGGGGTATCGCATAAGCA 68.1°C 4.6
R- GGAAGCCAACAACACCCATATTTTCCA
SCAR_N2 F- ATACCCAAATCCCACCGTTCA 63°C 16.1
R- AATAGGACTCAAACTTCGACGAAA
SCAR_VO01 F- ACATGGCCTGAGTATCGTGAA 64°C 18.1
R- TGTAACCATCTCCCAAATAGAGC
ms10 AVRDC_MD997 F-CTGTTTGGAAGGAACCTTTA 55°C 20.8 Aulakh et al.
R-TCAGTGATCCAATAATGTGC (2016)
msw SPGMS1dCAPs F- TTTAAATATCACGCTGATTC 50°C Within gene Naresh et al.
R- CGTAAGTAGAAGCTTATCNAT (2018)
msl MS-1SCAR F-CTTTTACTCGCAGACGATCA 55°C 3.0 Lee et al.
R-AACTTCAAATCGTGGTCTAGTTC (2010)

The amplified PCR products were resolved in 4%
agarose (Hi-Media) by electrophoresis and staining
with ethidium bromide (0.5 mg/mL). Gels were
visualized with the Fire Reader v10 trans-illuminator
(Uvitec, Cambridge, U.K) and images were captured.

RESULTS AND DISCUSSION

In the present study, eight publicly available molecular
markers linked to distinct genic male sterile (GMS)
genes were validated across twenty F, hybrids of
peppers (Table 1). The markers included
AVRDC MD997 (ms10 gene), SPGMS1dCAPs
(msw gene), MS-1SCAR (ms1 gene), C2_At5g25900
(ms8 gene), SCAR P2 (ms8 gene), SCAR N2
(ms8 gene), SCAR V01 (ms8 gene) and
HPGMS2CAPs (ms3 gene). Despite the identification
of approximately twenty GMS genes in Capsicum
species, molecular markers have only been developed
for a few of these genes, limiting their widespread
application in hybrid breeding programs.

The GMS hybrid CH-27 carrying the ms10 gene,
served as a control for validating the marker accuracy.
Marker AVRDC MD997 was linked with ms10 gene
showed heterozygous condition in eight hybrids:
CH-27, 13WSPH10, NS279, Hardhika, Shakti,
Dandicut-2, Harita, and HPH-5531, suggesting the
presence of the ms10 gene (Fig. 1a). Although, it is
confirmed that HPH-5531 (through personal
communication with Syngenta Seeds Pvt. Ltd.) is
GMS based hybrid having ms10 gene, other hybrids
might be containing the gene which needs to be further

confirmed in segregating populations. Marker
AVRDC MD997 was reported to be located at a
distance of 20.8 cM from the ms10 gene (Aulakh
et al., 2016) indicating its efficiency is about 80%,
there is chance of mismatch in the phenotyping and
genotyping in the F, hybrids, which has to be further
confirmed in segregating populations to further explore
in marker assisted selection.

Twenty bell pepper hybrids, along with GMS line
received from the World Vegetable Center, Taiwan
(AVPP-1901), were screened for the presence of the
msw gene using the SNP based dCAPs
SPGMS1dCAPs marker. Assay indicated the absence
of the msw gene (Fig. 1c) in the hybrids. Positive
control AVPP-1901 (mswmsw and Mswmsw) showed
exact digestion pattern segregating into male sterile
(188 bp) and male fertile genotypes (209 bp)
confirming the marker efficiency for msw gene
(Fig. 3). However, as this is a SNP based marker,
there is chance of loss of SNP as SNPs are genotype
specific. This marker can be tested in the parents and
after confirmation may be explored in marker assisted
breeding for transferring genic male sterility (msw)
trait into diverse bell pepper backgrounds. SNP based
CAPs marker HPGMS2CAPs linked with ms3 gene
which is reported to be 3.83cM away from the gene,
when tested in F| hybrids under the study, showed the
absence of the ms3 gene in all tested hybrids (Fig. 1d).

Validation of the msl gene associated marker MS-1
SCAR amplified a 394 bp fragment for the ms1 allele
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Fig. 1 : Gel picture showing amplification results with four molecular markers associated with genic male sterility
across twenty chilli and capsicum hybrids used. a. AVRDC MD997; b.MS-1SCAR; c. SPGMS1dCAPs;
d. HPGMS2CAPs. 1-CH-27, 2-Inspiration, 3-Massilia, 4-Bachata, 5-13 WSPH10, 6-NS 345, 7-NS 275, 8-NS 292,
9-NS 279, 10-Hardhika, 11-H 102, 12-NS 82, 13-Shakti, 14-Dandicut-2, 15-Indam Chocolate Wonder, 16-Alaska,
17-NS 1101, 18-Harita, 19-HPH-2043, 20-HPH-5531, L-100bp ladder

and a 353 bp fragment for the Msl allele (Lee et al.,
2010). The hybrids H 102 and NS 101 showed
heterozygous for the ms1 gene, suggesting the presence
of a variant ms1 gene (Fig. 1b) or absence of the gene
in all the hybrids. This variant fragment has been
observed in previous studies by Lee et al. (2010), in
a coloured sweet pepper (SM702-2), which was later
identified as a distinct haplotype through sequencing,
indicating potential genetic variability within the ms1
gene across different capsicum genotypes. However,
as msl gene specific marker is also 3 ¢cM away from
the gene, indicating chances of mismatches in the
genotype and phenotype.

ms8 gene associated three SCAR markers (P2, N2,
and VO1) and a co-dominant CAPS marker
(C2_At5g25900) (Bartoszewski et al., 2012) were
tested in the F, hybrids. Hybrids HPH-5531 and HPH-
2043 amplified in all SCAR markers and produced
heterozygous bands with amplicon sizes of 345 bp and
324 bp for the CAPS marker, suggesting the chances
of presence of the ms8 gene (Fig. 2a, b, c, d). The
SCAR P2 marker, which is the closest to the
ms8 locus, is dominant and linked to the recessive
ms8 allele, making it challenging to use independently.
Hence, Bartoszewski et al. (2012) recommended using
SCAR_P2 in combination with SCAR N2 or



Genic male sterility markers in bell pepper

Fig. 2 : Gel picture showing amplification results of AVPP-1901 line (1-14) for SPGMSdCAPs marker (msw).
L-100bp ladder

SCAR V01, which are linked to the dominant Ms8
allele. Hybrids that amplified all SCAR markers and
exhibited a heterozygous band for the CAPS marker
C2_At5g25900 were selected. However, HPH-5531 is
confirmed to have ms10 and HPH-2043 is not a GMS
based hybrids (Personal communication with Syngenta
Seeds Pvt. Ltd). And all these markers are 4.6, 16.1,
18.1 and 15.2cM away from the gene, respectively,
hence the chances of mismatch prediction are expected.

9

10

These results suggests that the marker may not be
predicting the gene accurately which needs to be
further validated in segregating populations to confirm
the presence of ms8 gene. Despite these findings, the
identified markers remain relatively distant from the
ms8 locus, limiting their reliability. The co-dominant
CAPS marker C2_At5g25900 is also too distant to
be used effectively in breeding programs
(Bartoszewski et al., 2012). Therefore, identifying
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Fig. 3 : Gel picture showing amplification results with four molecular markers associated with ms8 across twenty
chilli and capsicum hybrids used. a. SCAR P2; b.SCAR VO0I1; ¢.SCAR N2; d.C2_At5g25900; 1-CH-27,
2-Inspiration, 3-Massilia, 4-Bachata, 5-13 WSPH10, 6-NS 345, 7-NS 275, 8-NS 292, 9-NS 279, 10-Hardhika,
11-H 102, 12-NS 82, 13-Shakti, 14-Dandicut-2, 15-Indam Chocolate Wonder ,16-Alaska, 17-NS 1101, 18-Harita,
19-HPH-2043, 20-HPH-5531, L-100 bp ladder
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more closely linked markers is essential for improved
marker-assisted selection. These molecular results can
be further validated through phenotyping, as the
1dentified markers, linked to ms1, ms10, and ms8 are
relatively distant from the target locus, making them
prone to recombination and certain markers tend to
be population/ genotype specific, thus limiting their
reliability, for an example Ortega et al. (2020) tends
to support the genotype-specific Restorer of Fertility
(Rf) gene specific markers. Moreover, no further
reports on molecular markers have been reported to
be tightly linked to genic male sterile genes for
validation.

These findings suggest that while the ms10, ms1 genes
might have been present in certain hybrids, the ms8,
msw and ms3 genes were not detected in any of the
F, hybrids utilized in the study. Whereas the line
AVPP-1901 with msw gene can be exploited in future
breeding programs through available dCAPs marker,
however as the SNPs are genotype specific it can be
first validated in parents followed by their use in
particular populations. The limited commercial
utilization of other genic male sterility (GMS) genes
may be attributed to the limited availability of genetic
resources and the absence of tightly linked, reliable
molecular markers. Although, approximately
20 independently inherited GMS genes have been
identified in peppers, only a few specifically ms10
have been practically utilized and extensively
incorporated into hybrid breeding programs, as
validated in this study. Future research focusing on the
characterization of GMS genes, coupled with the
development of highly specific and robust molecular
markers through recent next generation sequencing
platforms will hold a substantial potential to enhance
breeding efficiency and promote greater genetic
diversity in Capsicum hybrid development.

CONCLUSION

Genic male sterility (GMS) in Capsicum is a valuable
trait for hybrid seed production, offering stability and
reliability without the environmental sensitivity
associated with cytoplasmic male sterility (CMS). This
study validated eight molecular markers linked to
different GMS genes in twenty F1 hybrids, suggesting
the utilization of ms10 gene and msw gene. However,
the most markers reported to be located far away from
the respective genes indicating the need for fine
mapping and development of more tightly linked or

K Varsha et al.

functional gene specific markers to explore in marker
assisted breeding. Further the limited presence of
certain GMS genes highlights the need for broader
exploration of unexploited genetic resources and the
development of tightly linked markers to expand the
genetic base for hybrid development.
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