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ABSTRACT. Cytoplasmic male sterility (CMS) in pepper is a
better way to produce hybrid seeds compared to manual production.
We used the two sequence characterized amplified region (SCAR)
markers (CRF-SCAR and CMS-SCAR , ) in CMS pepper, to identify
the genotype. We assembled two CMS yellow bud mutants (YBM;
YBM12-A and YBM12-B). This mutation in leaf color is controlled
by a single dominant nuclear gene. The aim was to create a new
hybrid seed production method that reduces the costs and increases
F, hybrid seed purity. The results suggest that the CRF-SCAR and
CMS-SCAR ,, markers can be used together in multiple generations
to screen for restorer or maintainer genes. We found the marker
linked to the restorer gene (Rf) in the C-line and F, hybrids, as well as
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partially in the F, generation, whereas it was not found in the sterile
YBMI2-A or the maintainer line YBM12-B. In the F, population,
sterility and fertility segregated at a 3:1 ratio based on the CRF-SCAR
marker. A 130 bp fragment was produced in the YBM12-A, F , and F,
populations, suggesting that these lines contained sterile cytoplasm.
A 140 bp fragment present in the YBM12-B and C-line indicated that
these lines contained normal cytoplasm. In addition, we identified
some morphological characters distinguishing sterile and fertile buds
and flowers that may be linked to the sterility gene. If more restorer
lines are identified, CMS expressing the YBM trait can be used in
hybrid seed production.
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INTRODUCTION

Male sterility plays an important role in plant breeding. It can be used to produce
hybrid seeds and as a plant breeding tool for improving populations, backcrossing,
inter specific hybridization, and other intermediate breeding procedures (Budar et al.,
2003). Fertility gene restorers in the nucleus suppress cytoplasmic male sterility (CMS)
phenotypes, and nuclear restoration allows the CMS system to be exploited for increased
yield of commercial heterotic seeds. This eliminates the intensive labor and expensive
manual processes involved in emasculation (Gulyas et al., 2006). The association of CMS
with abnormal mitochondrial gene expression has been established in many plant species,
including sugar beet (Powling, 1982), maize (Dewey et al., 1986), petunia (Kool et al.,
1983; Young and Hanson, 1987; Nivison and Hanson, 1989), sunflower (Horn et al., 1991;
Kohler et al., 1991; Laver et al., 1991; Monéger et al., 1994), common bean (Johns et al.,
1992), and carrot (Pingitore et al., 1989).

There are two types of male sterility in pepper (Capsicum annuum L.). These are
genetic male sterility and CMS (Martin and Crawford, 1951; Peterson, 1958). When pepper
male sterility was first reported, multiple alleles of the restoring gene (Rf) were found
(Peterson, 1958). Male sterile plants are common in nature where the interaction between
genotype and environment determines plant fertility (Peterson, 1958; Huang et al., 2015).
CMS causes mitochondrial-nuclear interactions with restorer genes in the nucleus, which can
restore normal pollen production in CMS plants. CMS plants can be used to produce F -hybrid
seeds commercially (Dhaliwal and Jindal, 2014).

Recently published chili genes suggested that pepper genetic trait performance
was based on implicit relationships between traits (Wang and Bosland, 2006). The new list
contains 292 genes. If plants contain [uz-1 to lut-18 lutescens then the cotyledons and leaves
turn uniformly yellow or a lighter green than normal (Csillery, 1980, 1983, 1985). However,
distinct accessions may show different intensities of color among lut-1 to lut-18 containing
plants (Csillery, 1985). The yellow bud mutant (YBM) pepper was identified as a proposed uz-
19 lutescens C. annuum mutant in 2006, whose cotyledons and leaves are uniformly yellow-
green (Figure 1) (Ma et al., 2001; Wang and Bosland, 2006).
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Figure 1. Yellow bud mutant and wild type Capsicum annuum L.

Most yellow or yellow-green leaf color marker genes lead to bleaching, and the plants
are short, lack vigor, and die. The yellow bud mutation (Ma et al., 2016) is often controlled by
a single recessive nuclear gene, but a few are controlled by two pairs of nuclear genes (Xiao et
al., 1995). A genetic analysis by Ma et al. (2001) showed that there were /uz-19 segregating F,
progenies and corresponding F, families. This indicated that the phenotype was controlled by
a single recessive nuclear gene, which means that it can be used as a morphological marker in
genetic crop breeding and to test the purity of F| hybrid seeds or parent seeds. Ma et al. (2005)
selected and bred a YBM-CMS line using the /uz-19 gene.

Molecular marker-assisted selection is widely utilized in crop breeding, especially
for showing recessive or polygenic inheritance traits that are difficult to select directly
(Chen et al., 2010). Sterility expression (gene expression) is influenced by the environment,
but the environment does not alter the gene (Shifriss and Guri, 1979; Dhaliwal and Jindal,
2014). Some CMS molecular markers have been used for fertility selection in pepper. Kim
and Kim (2005) developed sequence characterized amplified region (SCAR) markers for the
early identification of the CMS genotype in chili pepper. Two CMS-specific SCAR markers
(coxII and atp6) were developed to distinguish normal (N) from sterile (S) cytoplasm using
polymerase chain reaction (PCR) analysis. Other molecular markers, such as aceD-U7 (Jo
et al., 2009) and orf456 (Kim et al., 2007), have been used to speed up CMS selection and
application, and to improve breeding outcomes. However, a single molecular marker for
determining S-cytoplasm has not yet been identified as reliable or correct. Recently, Ji et
al. (2014) developed a new molecular marker, CMS-SCAR  , that could reliably distinguish
S-cytoplasm in pepper CMS lines (130 bp) from the maintainer line (140 bp). The results
indicated that CMS-SCAR . is more reliable than the o7f507, Patp6-2, or accD-U markers.

130

If the CMS-SCAR . and CRF-SCAR markers both work in the YBM-CMS lines, we can

130
easily identify the best suited restorer lines, which is a key step to reduce the workload for the

restorer line.
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MATERIAL AND METHODS
Plant materials

We used the YBM-CMS lines YBM12-A (S/rfif), maintainer line YBM12-B (N/rfif),
and restorer line C (N/RfRf) (Ma et al., 2005), which in chili pepper are all known to contain
CMS and normal cytoplasm. The F, (YBM12-A x C) and F, (YBMI12-A x C®) hybrids were
also used. In the blooming stage of anthesis, five flowers were randomly selected to evaluate
the fertility of YBM12-A, YBMI12-B, C, and the YBMI12-A x C F, hybrids according to
the method of Gulyas et al. (2006). Morphological differences were investigated between
YBMI12-A and the maintainer line YBM12-B buds. The purity of F hybrid seeds was tested
when they had 1-2 true leaves. Ten plants of each parent (YBM12-A, C, and YBM12-B),
100 F, plants, and 125 plants from the segregating F, generation were characterized in the
experiment.

All materials were provided by the Zhenjiang Agricultural Research Institute
(Table 1). All plants were grown under standard greenhouse conditions at 25°-28°C, 45-
60% relative humidity, and a 16 h light/8 h dark cycle.

Table 1. Cytoplasmic male sterility lines used in the study.

F1 hybrids Genotype Phenotype Line function Leaf color
YBMI2-A S (rfif) Sterile A-line Yellow
YBMI2-B N (#fif) Fertile B-line Yellow

C N(R/Rf) Fertile C-line Green

Fi: YBMI12-Ax C S (Rfrf) Fertile F1 hybrids Green

F2: YBM12-A x C® S (RIRY, Rfif)/S (rfrf) Fertile/Sterile = 3/1 F2 generation Green/Yellow = 3/1

Ten plants of each of YBM12-A, YBM12-B, and C; 100 plants of F, and 125 plants for segregating F, generation
were characterized.

Floral organ analysis

Morphological differences in the shape and size of anthers and petals were measured
in YBM12-A, YBM12-B, and C, as well as in the F and F, hybrids. Morphological differences
in the buds of the F, generation fertile and sterile plants at 1-2 days before flowering and at
flowering were also noted.

CRF-SCAR and CMS-SCAR ,  marker analysis

The fertility of YBM12-A, YBM12-B, C, and the F, and F, hybrids were identified
using CMS-SCAR ,; and CRF-SCAR molecular markers. Early seedling leaves from which
DNA was extracted were used. They were identified as being sterile or fertile based on the
flower stage at the Fabian Garcia Science Center, NMSU, Las Cruces, NM, USA.

Total DNA was extracted from fresh leaves of each plant using a DNAiso reagent kit
(Takara, Tokyo, Japan). The primers were designed according to Lee et al. (2004), Gulyas et
al. (2006), and Ji et al. (2014). The CRF-SCAR (Table 2) PCR amplification was carried out
with an initial denaturation step at 95°C for 3 min, 36 cycles of amplification with each cycle
consisting of 94°C for 30 s, annealing at 50°C for 30 s, 68°C for 50 s, and a final extension
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at 68°C for 3 min. The reaction component volume (15 pL) for the PCR, included 1.5 pL
template DNA, 1.5 uL CRF-SCAR-Forward primer, 1.5 uL CRF-SCAR-Reverse primer, 7.5
pL of premix taq (RR901, Takara, Tokyo, Japan)Premer, and 3 pL water. The PCR products
were visualized on 1% agarose gels stained with ethidium bromide and photographed under
ultraviolet light.

Table 2. Marker primers used in this study.

Marker name Primer (5'-3") Reference

Forward Reverse
CRF-SCAR GTACACACCACTCGTCGCTCCT TTCTTGGGTCCCTTTCCAA Lee et al. (2004); Gulyas et al. (2006)
CMS-SCAR130 TTACGGCTCGTTACCGCAGCG CAATTGACCGACCCGCCAT Jietal. (2014)

The CMS-SCAR ,; (Table 2) PCR amplification started with an initial denaturation
step of 95°C for 3 min, followed by 37 amplification cycles amplification with each cycle
consisting of 94°C for 30 s, annealing at 57°C for 30 s, 68°C for 15 s, and a final extension at
68°C for 5 min. The reaction component volume (15 pL) for the PCR included 1.5 pL template
DNA, 1.5 uL CMS-SCAR , -Forward primer, 1.5 uL. CMS-SCAR , -Reverse primer, 7.5 pL
of premix taq, and 3 pL water. The PCR products were separated by electrophoresis on 8%

polyacrylamide gels and visualized by silver staining.
RESULTS
Floral organ performance in sterile and fertile chili pepper plants

To determine whether sterility could impact the floral organs, the morphology of the F,
population floral organs (pollen, fruit, and flower shape) in the greenhouse was considered. The
results showed that it was consistent with the molecular marker results. Figure 2 demonstrates
that YBM12-A and the F, sterile plants could be distinguished from YBM12-B, C, F, and F,
fertile plants based on external floral organ characters. We hypothesized that sterility would
be associated with the floral organ performance and found that, at 1-2 days before flowering,
sterile plant buds were smaller in general and more elongated than normal. The petals had
shriveled and did not open to the same extent as the fertile flowers. We also investigated the
shape of the stamens in sterile and fertile flowers. As predicted, in sterile flowers stamen
abortion and shortening occurred and the anthers were small, black, and triangular in shape
but contained no pollen (Figures 3 and 4). These results were consistent with the results for
fruit quantity and the spontaneous fruit-setting rate recorded in the field, which indicated that
chili pepper F, hybrid fertility was restored by a single dominant nuclear gene (Peterson, 1958;
Novak et al., 1971; Shifriss and Guri, 1979; Gulyas et al., 2006).

Analysis of the Rf-linked DNA marker (CRF-SCAR)

To test Rf-linkage, we investigated polymorphism in the Rf-linked DNA marker
CRF-SCAR in the parental lines YBM12-A, YBM12-B, and C, was well as in the F, and F,
hybrids. As expected, the marker was present in C and F | lines, and showed partially restored
fertility in the F, generation. However, it was not found in the YBM12-A or the maintainer
line YBM12-B (Figure 5).
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Sterile plants buds 1-2 days before flowering
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Fertile plants buds 1-2 days before flowering

Figure 2. Bud characteristics of fertile and sterile plants in the segregating F, generation.

F2-Sterility F2-Fertility

Figure 3. Flower characteristics of the parents, and the F| and F, hybrid generations.

F2 Fertility

Figure 4. F, generation fertile and sterile flowers in the field.
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Figure 5. Rf-linked CRF-SCAR marker in the parents, and the F, and F, hybrid generations. Lane M: 100 bp ladder
marker, lane 1: YBM12-A, lane 2: YBM12-B, lane 3: C-line, lane 4: F, (YBM12-Ax C), lanes 5-10: F, (YBM12-A
x C®)/fertility, lanes 11-13: F, (YBM12-A x C®)/sterility.

To determine the separation of fertility in the F, generation, a total of 125 individuals
were examined (Table 3), 93 plants contained the Rf-linked DNA marker and 32 plants did not.
The Rf marker segregated in a 3:1 ratio, y? (0.024, d.f=1) < XZO_OS’I = 3.84. This indicates that
the F, hybrids produced by cross-combinations were fertile, and that chili pepper F, hybrid
fertility was restored by a single dominant nuclear gene.

Table 3. Male sterility and fertility rates in the F, population.

Genotype Result RIRFRfirf Rfif Total

Fi (YBM12-Ax C) Observed 110 0 110
Expected 110 0 110
x 0

F2 (YBM12-A x C®)

Observed Rf marker

93

32

125

Observed pollen content

93

32

125

Expected

9375 (3/4)

31.25 (1/4)

125

x x> =0.024

A total of 100 F, plants and 125 plants for the segregating F, generation were characterized.

Analysis of the S-linked DNA marker (CMS-SCAR , )

YBMI12-A, YBMI12-B, restorer line C, and the F| and F, hybrids are polymorphic for
the S-linked DNA marker (Ji etal., 2014). Ji et al. (2014) developed the CMS-SCAR , marker
by deleting 10 bp at a sequence-related amplified polymorphism primer binding site in the
CMS line (130 bp) compared to the maintainer line (140 bp). To test CMS-SCAR ;) marker-
linkage, we investigated polymorphism in the CMS-SCAR |, marker in the CMS YBM12-A,
YBMI12-B, and C, as well as in the F , and F, population individuals. The results showed that
the 130 bp marker was present in YBM12-A and in the F| and F, progeny, whereas the 140 bp
fragment was detected in the maintainer line YBM12-B and restorer line C (Figure 6).

DISCUSSION

The yellow-green seedling marker is a good phenotypic marker for identifying the
single recessive nuclear gene controlling the lutescens phenotype. The F, fertile plants used
in this study had flower petals and stigmas that were almost vertical, whereas the F, sterile
plant petals and stigmas only opened to an angle of 15-30 degrees (Figure 4). The floral organ
analysis was consistent with the study by Yuan et al. (2003), which showed that an ecotypical
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Figure 6. PCR amplification of the S-linked CMS-SCAR ;) DNA marker in the parents and their F, and F, hybrid
generations.

CMS line from Brassica napus L. led to fertile plants whose floral organ performance was
normal because the petals were flat and opened correctly. Our results indicated that sterile
and fertile plants can be very easily identified in the field, by analyzing their floral organs.
It is unlikely that the sterile plant flower organ traits in YBM12-A are linked to the sterility
gene. In hybrid seed production, seed purity cannot reach 100%, even using the CMS line.
Many reports have indicated that CMS lines are sensitive to low temperatures (Peterson,
1958; Shifriss, 1997; Dhaliwal and Jindal, 2014) with selfing occurring at low temperatures.
However, the F, produced by the YBM-CMS can be used to efficiently remove pseudo-hybrids
before engraftment. In addition, there is no undesirable effect on the agronomic performance
in the YBM-CMS line.

Although varying results about the inheritance of fertility restoration have been
reported, they have all shown that fertility in pepper was caused by a single dominant gene
located in the nucleus (Peterson, 1958; Novak et al., 1971; Shifriss and Guri, 1979; Gulyas
et al., 2006). The CRF-SCAR marker results in our study showed that the fertile and sterile
plants segregated in a 3:1 ratio (Table 3), which suggests that the Rf gene in our CMS material
was a major Rf gene (Peterson, 1958; Novak et al., 1971). Several CMS markers have been
reported (Kim and Kim, 2005; Jo et al., 2009), but the CMS-SCAR , marker (Ji et al., 2014)
has been suggested to be more reliable than others (Dhaliwal and Jindal, 2014). In our work,
the 130 bp CMS-SCAR ;) DNA marker differentiated fertile individuals in line YBM12-A,
and in the F and F, hybrids. Fragments of 140 bp were only found in the YBM12-B and C-line
(Figure 6). This study has verified that the C-line used in this study is the same as other C-lines
that contain N-cytoplasm (Ji et al., 2014), and that our C-line also contains N-cytoplasm. The
CMS-SCAR ;) DNA marker accurately distinguished S-cytoplasm from N-cytoplasm, which
means that it can be used to screen for maintainer lines. The CRF-SCAR marker was present
in the C-line, but not in the YBM12-A or YBM12-B, and was only partially expressed in the
F, population.

The observed morphological performance (flower, pollen, and fruit set) was consistent
with the marker results, which indicated that both markers could be used to accurately identify
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the maintainer and restorer lines in chili pepper sterile lines in the future. As such, these
markers provide an alternative to intensive manual labor in the field. Ma et al. (2013) showed
that different restorers might carry different Rf genes. We therefore doubt that the restorer
lines selected by the two markers will be limited and decreased. Lee et al. (2008) identified
another partial restoration locus related to fertility in CMS, which was either tightly linked
with three Rf-linked markers or was a third allele of the Rf locus. We only identified the Rf-
linkage using the CRF-SCAR marker; the presence of minor and modifier genes can therefore
not be eliminated in our material. Anon (2006) pointed out that the S-cytoplasm might have
undesirable effects on the agronomic performance of both the CRF-SCAR and CMS-SCAR
DNA markers used in pepper; however, this problem can be eliminated.

In future work, we can use these two markers to screen for suitable restorer lines,
which have the N-cytoplasm and Rf gene. The traditional hybrid pepper seed production will
thus change from hand-emasculation to CMS systems, which will revolutionize the seed
production industry. In addition, the YBM is beneficial to increase the purity of F, seeds, and,
as such, the YBM trait can go from being something negative to something positive.
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