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Abstract
Our previous study on the genic male sterile–fertile line 114AB of Capsicum annuum indicated a diversity of differentially
expressed cDNA fragments in fertile and sterile lines. In this study, a transcript-derived fragment (TDF), male fertile 4
(CaMF4) was chosen for further investigation to observe that this specific fragment accumulates in the flower buds of the
fertile line. The full genomic DNA sequence of CaMF4 was 894 bp in length, containing two exons and one intron, and the
complete coding sequence encoded a putative 11.53 kDa protein of 109 amino acids. The derived protein of CaMF4 shared
similarity with the members of PGPS/D3 protein family. The expression of CaMF4 was detected in both the flower buds at
stage 8 and open flowers of the male fertile line. In contrast to this observation, expression of CaMF4 was not detected in any
organs of the male sterile line. Further analysis revealed that CaMF4 was expressed particularly in anthers of the fertile line.
Our results suggest that CaMF4 is an anther-specific gene and might be indispensable for anther or pollen development in C.
annuum.

[Hao X., Chen C., Chen G., Cao B. and Lei J. 2017 Cloning and expression analysis of a new anther-specific gene CaMF4 in Capsicum
annuum. J. Genet. 96, xx–xx]

Introduction

In China, as well as in many other nations worldwide, chili
pepper Capsicum annuum is considered as a significant veg-
etable crop, as it has a variety of uses in the food industry
(Pino et al. 2007; Irikova et al. 2011). Often, for the cross-
pollinated plant, the application of heterosis during growth
has become an important economic strategy for producers.
Capsicum hybrid seed production remains costly in many
nations and seed purity is difficult to guarantee. As a
result, flower bud stage manual emasculation and pollination
remains a main method used in Capsicum hybrid seed pro-
duction. However, the employment of the male sterile line of
the C. annuum could be a potential solution to seed purity
and cost concerns.

Numerous variety of morphological, biochemical and
physiological processes, which are genetically mediated, are
required for the production of fertile pollen in angiosperms.
Male-sterile plants can result from the disruption of any
of these processes. Sterility can result from interruption
of processes, such as the growth of the stamens, meiosis,
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separation of the sporogenous cells, microspore mitosis,
pollen differentiation and others (Glover et al. 1988).
Anther and pollen formation, and development are a critical
period in the plant life cycle, which involves the precise
expression of coordinated genes and a wide variety of gene
interactions (Goldberg et al. 1993). The anther carries out
certain critical male reproductive processes, thus playing a
key role in the production of crops. For example, in the male
reproductive organs and anther of rice, ∼29,000 distinct tran-
scripts were detected (Zhang et al. 2011); about 10,000
anther-specific mRNAs were found in tobacco (Kamalay and
Goldberg 1980), and around 3500 genes were expressed within
the anther of Arabidopsis thaliana (Sanders et al. 1999).

There are a number of genes related to the development
of pollen that are to be identified in the C. annuum, and the
mechanism of pollen development on the molecular level
is still largely unknown. In a statistical analysis of addi-
tional sequence annotation, only two genes among 11,225
consensus sequences were categorized as being specific to
the anther (Kim et al. 2008). In our previous study, two
genes CaMF1 (HQ386730) and CaMF2 (JF411954) specific
to the anther were identified through cDNA-amplified frag-
ment length polymorphism (cDNA-AFLP) in C. annuum.
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The process of germination and pollen development in
C. annuum could be influenced by the expression of these
two genes, observed only in the flower buds of fertile plants
in the mid stages (Chen et al. 2011, 2012). Concurrently,
an RNA-sequencing method was used to analyse differen-
tial gene expression comparatively in blended flower buds
of fertile and sterile plants in the 114AB genic male sterile–
fertile line of C. annuum. It was discovered that expressed
sequence tags (ESTs) differentially developed in sterile and
fertile plants numbered in hundreds (Hao et al. 2012; Chen
et al. 2015).

A large number of differentially expressed fragments of
cDNA were found in fertile or sterile lines of the genic
male sterile–fertile line 114AB of C. annum through RNA-
sequencing gene differential expression analysis (Chen et al.
2015). To further investigate the genes related to pollen
development, a gene named CaMF4 (accession number
KT279875) was isolated from the flower buds of fertile
plants and investigated using RNA-sequencing, the in silico
method and real-time polymerase chain reaction (RT-PCR).
Basic local alignment search tool (BLAST) analysis indi-
cated that there was no functional analysis or expression
description in plants, animals, or pollen development of this
gene family. Further study of CaMF4 might help us to under-
stand the molecular mechanisms underlying the development
of anther in the C. annuum.

Materials and methods

Plant materials

The genic male sterile line 114AB of C. annuum with a
population of one-half male fertile plants and one-half male
sterile plants was cultivated on an experimental farm of the
South China Agriculture University. Male fertile and ster-
ile plants showed no notable size differences between their
flower buds and petals or differences in the degree of open-
ing of the petals. However, there were significant differences
in the anther development between fertile and sterile plants.
Fertile plants displayed a larger anther, both in length and
diameter, than sterile plants. Sterile plants displayed dark
purple and small anthers, which were splaying slightly at the
stage of sepals; their filaments were found to be very short.
Mature anthers of sterile plants did not have pollen (Chen
et al. 2011).

Prior to RNA or DNA extraction, the roots, fresh leaves,
tender stems, flower buds, open flowers, sepals, petals,
anthers and pistils of plants of full-flowering stage were
snap-frozen in liquid nitrogen and stored at −75◦C.

Eight consecutive grades were assigned to describe the
development of flower buds. In the first stage, the calyx
wraps the corolla and the central leaf resembles a strip; in
the second stage, the calyx wraps the corolla but the cen-
tral leaf half-spreads; in the third stage, the calyx wraps the
corolla and the central leaf spreads fully; in the fourth stage,
the sepals split slightly and the flower stalk bends; in the fifth
stage, the corolla and calyx are of identical length; in the

sixth stage, the length of the corolla is twice that of the calyx;
and in stage eight, the flower will bloom the following day.

DNA/RNA extraction and cDNA synthesis

Cetyltrimethylammonium bromide (CTAB) was used to
extract genomic DNA from young leaves using the meth-
ods employed by Murray and Thompson (1980). TRizol rea-
gents (Invitrogen, Carlsbad USA) were used to extract total
RNA from different tissues in accordance with manufacturer
instructions. RNA samples were individually subjected to
DNase digestion (Takara, Shiga, Japan), so that any remain-
ing DNA will be removed. Spectrophotometry (BioPhotome-
ter Plus, Eppendorff, Germany) was used to quantify RNA
content. Electrophoresis method on 1.2% denaturing agarose
gel was used to confirm results. In accordance with manu-
facturer instructions, a SMART PCR cDNA synthesis com-
mercial kit from Clontech, USA, was used to synthesize
first-strand cDNA.

Amplification of the CaMF4

A BLAST search using the expressed sequence tag (EST)
sequence (GD094276) as a query was initiated in the EST
database at GenBank EST sequences. The deduced full
cDNA sequence was used as a basis for the design of the
primers for full-length genomic DNA and cDNA of CaMF4.
The genomic DNA and cDNA of a varied mixture of flower
buds taken from fertile plants in different developmental
stages were used as templates for PCR. Two primer pairs
(cDNA: P1: 5′-CCTGGTTCTTTCCTTGTCCATCTCC-3′,
P2: 5′-CACAACAAATGAAAAAACTAGCAAAAC-3′,
DNA: P1: 5′-CCTGGTTCTTTCCTTGTCCATCTCC-3′,
P2: 5′-TATTATTTACTGAGCAGCAGGTTTTG-3′) were
used to amplify the full-length cDNA and DNA. The reac-
tion mixture and the parameters for thermal cycling were the
same as the previous study (Chen et al. 2012). Purification of
amplified PCR products was completed with the use of Gel
extraction kits obtained commercially (Takara). The PCR
products were cloned into pMD19-T Vector (Takara), which
were subsequently transformed into Escherichia coli (strain
DH5α). Sequencing was performed on successful clones.

Sequence analysis

BLAST was employed in database searches performed
through the NCBI server. For sequence alignments of multi-
ple amino acids, and for the analysis of nucleotide sequence,
DNASTAR and DNAMAN software applications were used,
and to discern signal peptides, Signal P ver. 3.0 software was
used. ProtParam was employed for the purposes of hydro-
phobic character prediction. The 3-D structure of the protein
is predicted on the website (http://swissmodel.expasy.org).

Expression analysis using RT-PCR and quantitative RT-PCR

Open flowers, roots, tender stems, fresh leaves, sepals,
petals, anthers and pistils of fertile and sterile plants, and
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Figure 1. PCR amplification of full-length cDNA and DNA of
CaMF4. M, 2-kb marker; lane 1, full-length cDNA; lane 2, full-
length DNA.

first-strand cDNAs from the flower buds were taken at
all eight developmental stages were employed as tem-
plates for the analysis of gene expression. Gene-specific
primers (Up: 5′-AAGGATTTCGATAAGGAGTTG-3′, Dn:
5′-TTTACTGAGCAGCAGGTTTT-3′) and primers for β-
actin (Chen et al. 2012) were used for RT-PCR. CaMF4-
specific primers and amounts of template as defined above
were used to analyse differential expression by PCR. Three
total RNA samples which were independently isolated were
used in three rounds of RT-PCR (Chen et al. 2012).

A SYBR Primix Ex Taq kit (Takara), in accordance with
manufacturer instructions was used to do quantitative
real-time RT-PCR. CaMF4-specific primers (Up: 5′-AAGC
AACAGAGGCTCCCAAGATT-3′, Dn: 5′- TATTATTTACT
GAGCAGCAGGTTTTG-3′) and β-actin-specific primers
were designed for CaMF4 and β-actin (Chen et al. 2012).
The expected PCR products of CaMF4 and β-actin were
166 and 173 bp, respectively. The molecular masses of
the products were confirmed using electrophoresis method.
The melting curves of the products were also analysed. To
ensure reproducibility of results, quantitative PCR experi-
ments were performed in triplicate for each sample. The
levels of expression were normalized against β-actin. To

assess the relative gene expression, a 2−��Ct method was
used (Livak and Schmittgen 2001).

Results

Cloning of CaMF4

Our previous study investigated differential gene expression
in the genic male sterile–fertile line 114AB of C. annuum.
A large diversity of differentially expressed cDNA frag-
ments were detected in fertile and sterile lines (Chen et al.
2015). The transcript-derived fragment CaMF4 was one of
the aforementioned detected fragments. It was selected for
further investigation due to observation that this specific
fragment accumulates in fertile line flower buds. In silico
cloning was used to determine the full length of CaMF4.
The NCBI EST database was searched with the CaMF4 EST
(GD094276) sequence. This EST was aligned and redundant
sequences were eliminated to deduce the full-length cDNA
of CaMF4. cDNA and genomic DNA templates (figure 1)
were used to amplify the sequences consisting of 506 and
894 bp, respectively. Purification, cloning and sequencing
were performed on the amplified PCR products.

Sequence analysis

A 330-bp open reading frame (figure 2) was present within
the full-size cDNA of CaMF4, which was 506-bp long. As
ascertained in sequencing, the DNA sequence was 894 bp
long and consisted of a 495-bp intron and two exons (112
and 218 bp) with a 63-bp 5′ untranslated region and a 113-
bp 3′ untranslated region (figure 3a). A putative 11.53 kDa
protein of 109 amino acids, possessing a theoretical pl of
4.61 were encoded within the complete coding sequence.
Signal peptide sequences were detected using the Signal
P 3.0 program, but within CaMF4’s amino acid sequence,
no significant signal peptide was located. With a grand
average of hydropathicity (GRAVY) of −1.151, CaMF4
was hydrophilic based on hydrophobic character prediction
within the ProtParam tool. The protein had a calculated
instability index of 76.41, classifying it as unstable. CaMF4

Figure 2. Full-length cDNA sequence and deduced amino acid sequence of
CaMF4. Start codon and stop codon are shown in bold. Primers for full-length
cDNA amplification are underlined.
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Figure 3. CaMF4 sequence analysis. (a) A schematic of exons
and introns of CaMF4. Two exons (shown in black boxes) and a
495-bp intron (shown in intervening line) were found in CaMF4.
This gene also contains 5′ and 3′ untranslated regions, with length of
63 bp and 113 bp, respectively. (b) Phylogenetic tree of CaMF4 and
homologous proteins. Homologous proteins are shown in table 1.
This tree was constructed based on neighbour–joining method and
the scale bar represents 0.1 substitution per site.

was indicated to be a new gene, as seen in its relatively
low likeness with a few known or unknown genes (table 1)
as ascertained by BLAST analysis using CaMF4’s deduced
amino acid sequence. CaMF4 shared a similarity of 75%
to a PGPS/D3 gene and shared 78 and 85% similarity with
probable serine/threonine-protein kinase kinX-like from S.
tuberosum and N. tomentosiformis, respectively.

Deduced amino-acid sequence multialignment of CaMF4
and 10 homology proteins (table 1) were undertaken using
the MEGA 4 program (figure 3b). After multialignment was
performed, a phylogenetic tree was built. The phylogenetic
tree showed that four predicted homology proteins from S.
tuberosum or Nicotiana were clustered together, and also
with CaMF4 (figure 3b). Aligning sequences of 10 homology
proteins with the deduced amino acid sequence of CaMF4
proteins showed that all these homology proteins shared
relatively low homology, and only about 10% of these amino
acids were present in all the homology proteins (figure 4).

Expression analysis of CaMF4
Using actin as a reference, equal amounts of template cDNA
were prepared from the total RNA of various tissues. Expres-
sion analysis was then performed. Flower buds at stage 8
and open flowers of the male fertile pepper line ‘114B’ alone
expressed CaMF4, and flower buds at any stage of the sterile
male line ‘114A’ did not express it (figure 5a). Only pollen
or mature anthers of fertile plants have expressed CaMF4.
Additionally, results showed that the expression of CaMF4
was not detected in sepals, petals, pistils, roots, tender stems
or fresh leaves. CaMF4 was expressed only in anthers or
flower buds of the male fertile pepper line ‘114B’. The
male sterile line ‘114A’ also showed no CaMF4 expression
(figure 6a).

The fine spatio-temporal pattern of expression of CaMF4
in flower bud tissues of varying developmental stages from
sterile and fertile plants was examined using quantitative
real-time RT-PCR. CaMF4’s expression was first detected
at stage 8, with subsequent increase until anthesis stage. In
flower buds of any sterile line stage, and in stages 1–7 of
the fertile line in flower buds, no CaMF4 transcript was seen
(figure 5b). These findings indicate that CaMF4 is an anther-
specific gene and is strongly expressed in mature fertile line
anthers, but not in the sterile line (figure 6b).

Discussion

Many genes are involved in the extreme complex processes
of plant pollen and anther development. This development
can be arrested if the process of gene activation, regulation or
expression becomes disordered (Zhang et al. 2015). Nume-
rous genes specific to anther and pollen have been identified
in recent years (Tzeng et al. 2009; Agyare-Tabbi et al. 2010;
Dobritsa et al. 2010; Zhang et al. 2010, 2011, 2015). Accord-
ing to their temporal expression patterns, two types of specif-
ically expressed genes, the ‘late’ and the ‘early’ have been
identified. Most of the genes involved in pollen development
are ‘late’ (Mascarenhas 1990). Typically, these late genes
begin to express after microspore mitosis that increase until
anthesis. While it takes until the day of anthesis for mRNA to
be translated, it can first be detected after microspore mitosis.
Anthesis that occurs after 10 days, and during tube growth

Table 1. BLAST analysis of the CaMF4 amino acid sequence with other homology proteins.

Accession Coverage Similarity Amino
No. no. Origin (%) (%) acids Annotation in NCBI database

1 XP_006347536 Solanum tuberosum 74 78 113 Probable serine/threonine-protein kinase kinX-like
2 XP_009629935 Nicotiana tomentosiformis 62 85 119 Probable serine/threonine-protein kinase kinX
3 AAD02545 Petunia x hybrida 78 75 121 PGPS/D3
4 XP_009785453 Nicotiana sylvestris 100 64 118 Neurofilament heavy polypeptide-like isoform X1
5 XP_009621428 Nicotiana tomentosiformis 65 77 128 Neurofilament heavy polypeptide-like
6 XP_009778860 Nicotiana sylvestris 65 77 118 Pollen-specific leucine-rich repeat extensin-like protein 1
7 XP_004235040 Solanum lycopersicum 74 71 102 Major latex allergen Hev b 5-like
8 AF161330 Solanum chacoense 93 63 109 Unknown
9 XP_006347319 Solanum tuberosum 65 69 106 Probable serine/threonine-protein kinase kinX-like

10 XP_007039245 Theobroma cacao 55 63 120 Uncharacterized protein TCM_015544
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Figure 4. Multiple alignment result of deduced amino acid sequence of CaMF4 and 10
homology proteins. Identical amino acids are indicated by black background. 75, 50 and 30%
homologies are indicated by pink, blue and yellow background, respectively.

and pollen germination, the translation of mRNA continues.
Pollen maturation and germination may entail the action of
these ‘late’ category genes (Mascarenhas 1993). In our pre-
vious work (Chen et al. 2015), three anther-specific genes
were identified after the examination of differential gene
expression in the genic male sterile–fertile line 114AB of
C. annuum using cDNA-AFLP and RNA-Seq technology.
Two of them, CaMF1 (HQ386720) and CaMF2 (JF411954),
expressed in fertile plants in the mid stages of development,
could be preliminarily classified as ‘early’ category genes
(Chen et al. 2011, 2012). The identification of CaMF4, an
anther-specific gene in pepper is described in the present
paper. Only stage 8 flower buds and open flowers of the male
fertile pepper (figure 6a) showed CaMF4, as seen through
expression analysis. This shows that the gene products
of CaMF4 could be implicated in pollen germination

and maturation (Mascarenhas 1993), and that CaMF4 can be
classified as a ‘late’ group gene.

Genic male sterility (GMS) and cytoplasmic male steril-
ity (CMS) are the two categorizations of male sterility in
pepper (Shifriss 1997; Lee et al. 2010). GMS peppers are
found in nature or have been produced artificially (by ethyl-
methane sulphonate treatment, gamma rays or X-ray muta-
genesis) and over a dozen varieties exist (Shifriss 1997). In
the GMS system, 50% of male plants are sterile and 50% are
fertile. Sterile plants and fertile plants differ in the anther,
which is abnormal in sterile plants and there is no pollen in
mature anther, while the pollen and anther in fertile plants
have a normal course of development (Shifriss 1997; Hao et al.
2008). Thus, in theory, genes which were not expressed in
sterile plants but were seen in the anther of fertile plants are
likely to be key in pollen development.

Figure 5. RT-PCR and qRT-PCR detection of CaMF4 expression in flower bud tissues at dif-
ferent developmental stages. (a) RT-PCR detection of CaMF4 expression. (b) qRT-PCR detec-
tion of CaMF4 expression. In RT-PCR, β-actin was used as the reference gene. Lane F1–F9:
flower buds from stages 1 to 8 and the open flowers from fertile plants. Lane S1–S9: flower
buds from stages 1 to 8 and open flowers from sterile plants.
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Figure 6. Spatial expression pattern of CaMF4 in different tissues of genic male sterile–fertile
line 114AB. (a) RT-PCR detection of CaMF4 expression. (b) qRT-PCR detection of CaMF4
expression. In RT-PCR, β-actin was used as the reference gene. Lane F1–F7, CaMF4 expres-
sion in roots, tender stems, fresh leaves, sepals, petals, anthers and pistils of fertile plants,
respectively. Lane S1–S7, CaMF4 expression in roots, tender stems, fresh leaves, sepals, petals,
anthers and pistils of sterile plants, respectively.

In this study, CaMF4 was observed through RNA-
sequencing to be specifically expressed in fertile buds, and
then it was identified in fertile plants as an anther-specific
gene, which suggested that CaMF4 probably plays an impor-
tant role in the development or germination of pollen in pep-
per. Meanwhile, CaMF4’s gene products could potentially
take part in anther dehiscence, since the cellular location
of CaMF4 mRNA during anther and pollen development
has not been ascertained. The deduced amino acid sequence
of CaMF4 had a similarity (75%) to a PGPS/D3 gene, as
revealed by a sequence analysis employing bioinfiormatics
tools (Guyon et al. 2000), shared 78 and 85% similarity
with probable serine/threonine-protein kinase kinX-like from
S. tuberosum and N. tomentosiformis, respectively (table 1).
Moreover, all these homology proteins share a low similar-
ity with each other and not more than 10% of the amino
acids were present in all the homology proteins. Interestingly,
we could not find a homology protein with CaMF4 even in
the model plants, Arabidopsis, which suggested that CaMF4
was a new gene possibly involved in pollen maturation or
germination.

PGPS/D3 is one of the eight novel petunia germinating
pollen (PGP) cDNAs that responded to a flavonol signal dur-
ing the early moments of pollen germination (Guyon et al.
2000). The steady-state transcript level of PGPS/D3 was
increased in the first 0.5 h of flavonol-induced germina-
tion. All the observations indicated that PGPS/D3 may not
only play a critical role in early-germination, but also be in-
volved in tube growth or postgermination interactions (Guyon
et al. 2000). CaMF4 had similarity (75%) to a PGPS/D3
gene, which indicated that CaMF4 might be involved
in tube growth or postgermination interactions. Interest-
ingly, there is no report on serine/threonine-protein kinase
kinX-like involved in pollen development or germination.

A serine/threonine protein kinase which was a G-type lectin
and S-receptor like was a positive regulator to salt stress tol-
erance in plants and was identified putatively as an abiotic
stress responsive gene (Ge et al. 2010; Sun et al. 2013). Thus,
we speculate that CaMF4 was a new gene possibly involved
in pollen development or germination.

To summarize, this is the first report on the expression
analysis and cloning of a new pollen or anther development-
related gene (CaMF4) in C. annuum. Expressed only in
the fertile pepper’s open flowers and late-stage flower buds,
CaMF4 thus demonstrated properties of an anther-specific
gene. Our results suggest that CaMF4 plays a role in
critical processes involved in anther development in the
C. annuum, including pollen maturation and germination.
Our results also suggest that CaMF4 is involved in late
pollen development. Our understanding is that probably the
serine/threonine-protein kinase kinX gene family involve-
ment in pollen and anther development, and of the over-
all molecular mechanisms of anther development in pepper
could be improved with further study of CaMF4.
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