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Abstract

Fructokinase is the main catalytic enzyme for fructose phosphorylation and can also act as a glucose receptor and signal
molecule to regulate the metabolism of plants, which plays an important role in plant growth and development. In this
study, the CaFRK gene family and their molecular characteristics are systematically identified and analyzed, and the specific
expression of CaFRKs under different tissues, abiotic stresses and hormone treatments were explored. Nine FRK genes were
authenticated in pepper genome database, which were dispersedly distributed on eight reference chromosomes and predicted
to localize in the cytoplasm. Many cis-acting elements that respond to light, different stresses, hormones and tissue-specific
expression were found in the promoters of CaFRKs. FRK proteins of four species including Capsicum annuum, Arabidopsis
thaliana, Solanum lycopersicum and Oryza sativa were divided into four groups via phylogenetic analysis. The collinear-
ity analysis showed that there were two collinear gene pairs between CaFRKs and AtFRKs. In addition, it was significantly
found that CaFRK9 expressed far higher in flower than other tissues, and the relative expression of CaFRK9 was gradually
enhanced with the development of flower buds in fertile accessions, 8B, R1 and F,. Nevertheless, CaFRK9 hardly expressed
in all stages of cytoplasmic male sterile lines. Based on the quantitative real-time PCR, most of CaFRK genes showed
significant up-regulation under low-temperature, NaCl and PEG6000 treatments. On the contrary, the expression levels of
most CaFRKs revealed a various trend in response to hormone treatments (IAA, ABA, GA;, SA and MeJA). This study
systematically analyzed CaFRK gene family and studied its expression pattern, which lay the foundation of CaFRK genes
cloning and functional verification response to abiotic stresses, and provides new insights into exploring the CaFRK genes
on the pollen development in pepper.
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Introduction

Pepper (Capsicum annuum L.) is an important commercial
crops as vegetable spice crop and value-added processed
products in the worldwide (Hong et al. 1998; Pino et al.
2006). Farmers have a growing demand for hybrid seeds of
pepper due to their superior performance in quality, yield
and stress resistance (Swamy et al. 2017). Cytoplasmic male
sterility (CMS) system has an important agricultural value
in the production of hybrid seeds without the need for flower
emasculation, and it is one of the most effective methods on
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the utilization of crop heterosis (Zhang et al. 2015; Chase
2007; Hanson et al. 2004; Yang et al. 2020). Since male
sterility is mainly manifested in pollen abortion, it is vitally
important to have a good command of knowledge of the
molecular mechanism of pollen germination and maturation
becomes the basis for investigating male sterility (Chen et al.
2015). The development of pollen from archesporial cells to
mature pollen involves a series of complex activities regu-
lated by multitudinous genes (McCormick 2004). Any inter-
ruption during the period of pollen differentiation, stamens
development, sporogenous cell differentiation, meiosis,
microspore mitosis or anthesis may result in male sterility
(Glover et al. 1998), which indicate that pollen develop-
ment is a very complex and subtle process that is sensitive
to mutations. As a crucial premise for success of pollination,
pollen fertility is affected by a range of signal transduction,
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biochemical changes, and complicated cellular interactions
and numerous internal and external factors. Tapetum plays
a role in anther development and pollen fertility, provides
enzymes for callose dissolution and materials for formation
and development of pollen walls (Yang et al. 2008). Some
of genes influenced under CMS are those related with anther
or pollen development, particularly the formation of pollen
exine (Guo et al. 2017).

In most higher plants, sucrose is the major carbon
resources for most of metabolic pathways. Sucrose must
be cleaved into UDG-glucose and fructose by sucrose syn-
thase (SUS), or can be cleaved into glucose and fructose by
invertases for further sugar metabolism (Truernit et al. 1999;
Shi et al. 2014). Before entering the metabolic pathway, the
free hexoses, glucose and fructose must be phosphorylated
by hexokinase (HXK, EC 2.7.1.1) or fructokinase (FRK, EC
2.7.1.4) (Ashwell 1964). Fructose can be phosphorylated to
perform glycolysis and oxidized pentose pathways, which
could also be used in starch synthesis. HXK and FRK could
catalyze phosphorylation of fructose. Nevertheless, the affin-
ity of FRK are much higher than hexokinase for fructose. So
in most cases, FRK is the main catalytic enzyme for fruc-
tose phosphorylation (Renz and Stitt 1993). Studies have
shown that the decrease of FRK activity was accompanied
by a temporary halt of starch synthesis in developing tomato
fruits. Further studies have shown that FRK could regulate
the interconversion between sucrose and starch (Schaffer and
Petreikov 1997). In addition, FRK can also act as a glucose
receptor and signal molecule to regulate plant metabolism,
growth and development (Rolland et al. 2006). FRK gene
belongs to the phosphofructokinase B (PfkB), and the bind-
ing region of ATP to sugar is highly conserved (Fennington
and Hughes 1996). At present, FRK genes have been cloned
and identified in the tissues of Arabidopsis (Gonzali et al.
2001; Kaplan et al. 1997; Alexandrov et al. 2006), beet tap-
root (Franck et al. 1995), potato tuber (Taylor et al. 1995),
tomato fruit (Kanayama et al. 1997; German et al. 2004),
rice (Jiang et al. 2003), soybean (Kuo et al. 1990), maize
endosperm (Zhang et al. 2003), poplar (Ralph et al. 2008a),
barley leaves (Baysdorfer et al. 1989), avocado (Copeland
and Tanner 1988), spinach leaves (Schnarrenberger 1990),
camellia pollen (Nakamura et al. 1991), lily pollen (Naka-
mura et al. 1991), pea (Copeland et al. 1984), sugarcane
(Hoepfner and Botha 2004), spruce (Ralph et al. 2008b) and
citrus (Qin et al. 2004). Nevertheless, due to the complex
pepper genetic background, there are no reports about iden-
tification and function of FRK genes in pepper.

Understanding the molecular structure and evolution
of gene family is a critical step to search the physiological
function and metabolic mechanism of its members. What's
more, gene identification makes it possible to study gene
expression to evaluate the potential function of gene family.
In this study, nine CaFRK genes were identified from pepper
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genomics, and the gene structure characteristics, conserved
motifs, chromosomal localization, composition of cis-acting
elements and phylogenetic relationship of CaFRKs were
comprehensively investigated. In addition, the expression
patterns of CaFRKs were in detail explored under differ-
ent tissues, abiotic stresses and hormone treatments. In our
previous study on the comparative analysis between the
buds of CMS accessions and fertility restorer accessions,
Capana00g002348, designated as CaFRK9 in this paper,
was significant up-regulated in restorer accessions as com-
pared to CMS accessions in pepper (Wei et al. 2019), and
the raw data can be found in NCBI (https://www.ncbi.nlm.
nih.gov/) with an accession number of SRA895207. In this
study, the expression level of CaFRK9 was also analyzed by
quantitative real-time polymerase chain reaction (QRT-PCR)
between male sterile accessions and fertile accessions at dif-
ferent developmental stage of flower buds (I, calyx closed;
II, corolla is flush with the calyx; III, the ratio of corolla
to calyx calyx height is about 1:1; IV, the buds are about
to open.). This study suggested an overall knowledge of
CaFRK gene family, and provided a new insight into the
function of FRK gene on pollen development, the restoration
of fertility and response to abiotic stresses.

Materials and methods

Identification and sequence characterization of FRK
gene

The proteome and genome data of Capsicum annuum Zunla
database (v2.0) were downloaded from Sol Genomics Net-
work (https://solgenomics.net/ftp/genomes/Capsicum_
annuum/C.annuum_zunla/assemblies/Capsicum.annuum.
L_Zunla-1_Release_2.0.fasta.gz) to establish pepper local
genome-wide database. The FRK genes of Arabidopsis thal-
iana were obtained from the published article (Riggs et al.
2017), and the protein sequences were downloaded from the
Arabidopsis Information Resource (TAIR11) (https://www.
arabidopsis.org/). The Hidden Markov Model (HMM) pro-
files of the FRK conservative domain (PfkB, serial number
PF00294) was downloaded from the Pfam database (http://
pfam.xfam.org/) (Sara er al. 2019). Subsequently, the FRK
genes were searched from pepper local genome-wide data-
base using HMMER3.0 (the E-value was less than le-10)
(Finn et al. 2011). According to the results of further analy-
sis for sequence alignment with AtFRKs and functional
annotation of Capsicum annuum Zunla Genome protein
sequences (v2.0) (Sol Genomics Network), the redundant
protein sequences were eliminated. The candidate protein
sequences were predicted by the online software SMART
(http://smart.embl.de/) and Pfam database (http://pfam.
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xfam.org/) to further identify whether the PfkB domain was
contained.

The physicochemical properties of FRK genes of pep-
per were analyzed using the ProtParam (https://web.expasy.
org/protparam/) (Gasteiger et al. 2005), including molecular
weight, number of amino acids, isoelectric point. Subcellular
localization of CaFRK genes was predicted using the Euk-
mPLoc 2.0 (http://www.csbio.sjtu.edu.cn/bioinf/euk-multi-
2/) (Chou and Shen 2010).

Chromosomal location, collinearity, promoter
cis-acting element and gene structure analysis

The chromosome location information of CaFRKs was
obtained from the pepper local genome-wide database. The
mappings of physical locations of the FRK genes on pepper
chromosomes were draw using MapChart2.3 tools (Voor-
rips 2002). The collinearity of FRK genes of pepper and
Arabidopsis was analyzed using MCScanX from TBtools.
The upstream 2000 bp sequence of the start codon of each
CaFRK coding sequence (CDS) was extracted by TBTools,
and the promoter cis-acting elements of CaFRKs were pre-
dicted by the PlantCARE server (http://bioinformatics.psb.
ugent.be/webtools/plantcare/html/) (Lescot et al. 2001).
The intron/exon configuration of the FRK genes coding
sequences and genomic sequences are shown in the gene
structure diagram aided by GSDS2.0 software (http://gsds.
gao-lab.org/index.php) (Hu et al. 2015).

Conservated domain analysis, conservative motifs
and secondary structure prediction

The conservative domains of CaFRK proteins were down-
loaded from Pfam v33.1-18271 PSSMs database in NCBI
CDD (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.
cgi). The conservative motifs of CaFRK proteins were
analyzed by MEMES.2.0 software (http://meme-suite.org/
meme_5.2.0/) (Bailey et al. 2009), under these parameters:
the Motif E-value threshold was not limited; the optimum
motif width ranged from 6 to 50; and the maximum number
of motifs of the conserved domain was set to 10 (Bailey et al.
2006). The prediction results of conservative domains and
motifs were analyzed in visualization by TBtools (Chen et al.
2020). The online software SOPMA was used to predict
the secondary structure of FRK protein in pepper, includ-
ing random coil, extended strand, alpha helix and beta turn
(https://mpsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=
npsa_sopma.html).

Phylogenetic tree construction of FRK family genes

To research the phylogenetic relationship of FRK genes,
FRK protein sequences were obtained from Capsicum

annuum L., Arabidopsis thaliana, Solanum lycopersicum,
Oryza sativa. Protein sequences of published AtFRKs
were downloaded from the Arabidopsis thaliana Database
(https://www.arabidopsis.org/) (Riggs et al. 2017). Based on
the data obtained from previous searches in phytozome data-
base (Ye and Zhou 2021), FRK protein sequences of Sola-
num lycopersicum and Oryza sativa were obtained from the
Sol Genomics Network (https://solgenomics.net/) and Rice
Whole Genome Database (http://rice.plantbiology.msu.edu/)
(Feng et al. 2016), respectively. Multiple sequence alignment
for FRK proteins of these four species was conducted by
ClustalW (Higgins et al. 1996) in MEGA-X software with
the default parameters, and the phylogenetic tree was con-
structed by neighbor-joining method in MEGA-X (Kumar
et al. 2018; Saitou 1987). In the phylogenetic tree, execution
parameters were p-distance and pairwise deletion, and the
number of repeats of bootstrap was set to 1000 (Sanderson
1989), and the default option was selected for the remaining
set-up. And then the result was revealed via the software
Evolview version 2 (https://www.evolgenius.info//evolv
iew/#login) (He et al. 2016).

Plant materials, cultivation and treatment
conditions

The plump seeds of pepper variety “Qiangfeng 101" were
wrapped in gauze, then sterilized by a 20% hypochlorous
acid solution for 20 min and soaked in distilled water for 8 h.
The seeds were placed in a controlled chamber (28 °C day/
night, 24 h dark cycle) to germinate. After germination for
3 days, the seedlings were transferred into hydroponic boxes
containing hoagland nutrient solution, and were placed in
plant incubators at 28 ‘C day/23 ‘C night and a photoperiod
of 16 h light/8 h dark. The six-leaf stage seedlings were
used for abiotic stress treatments. For low-temperature treat-
ment, plant samples were placed in plant incubators at 23 °C
day/18 °C night with a photoperiod of 16 h light/8 h dark
and a light intensity of 2000 Lx. For drought, salt and hor-
mone treatments, plant samples were grown in nutrient solu-
tion containing 15% (w/v) polyethylene glycol (PEG6000),
300 mM NaCl, 0.2 mM auxin (IAA), 0.6 mM abscisic acid
(ABA), 0.6 mM gibberellin acid (GA;), 2 mM salicylic acid
(SA) and 0.1 mM methyl jasmonate (MeJA), respectively.
After treatment for 0, 1, 3, 6, 12, 24, 48, 72 h, 4-6 true leaves
of pepper were collected and stored at — 80 “C for qRT-PCR.

Furthermore, seeds with uniform germination were
selected and seeded in a nutrient bowl containing a substrate
(vermiculite: nutrient soil=3:1). The Light incubator param-
eters were set as 28 “C/23 °C (day/night) with a photoperiod
of 16 h/8 h (light/dark) and a light intensity of 20,000 Lx.
The different tissues, including the roots, tender stems, fresh
leaves, flower buds, young fruit placenta, big fruit placenta,
ripened fruit placenta, young fruit flesh, big fruit flesh and
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ripened fruit flesh (Fig. 1) were collected and directly frozen
in liquid nitrogen and stored at — 80 °C for RNA extraction.

The pepper CMS line 8A and its maintainer line 8B were
a pair of near-isogenic lines. 8A is absolutely sterile with
no pollen on anthers at the whole flowering stage. On the
contrary, 8B presents massive and active pollen grains at
anthesis stage. The fertility restorer line R1 exhibits a large
number pollens on the anther when the flowers are open.
Furthermore, the hybrid F, of 8A X R1 shows abundant pol-
lens as R1 and 8A. All accessions were cultivated in plastic
tunnel, standard horticultural practices were followed for
disease and pest control, which were described in a previ-
ously published article (Wei et al. 2020). Healthy flower
buds at different developmental stages were sampled, imme-
diately frozen in liquid nitrogen and stored at — 80 °C until
used.

RNA extraction, gRT-PCR and statistical analysis

Total RNA was extracted using the RNA simple Total RNA
Kit (TTANGEN, Beijing, China) according to the manufac-
turer’s instruction. The quality of RNA samples was veri-
fied by agarose gel electrophoresis. The total RNA extracted
from pepper flower bud and tissue was used as the tem-
plates, and were reversely transcribed into cDNA using
PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa
Biotechnology, Dalian, China).

The specific primers of CaFRKs and internal reference
gene (P-actin; Cla007792) were designed according to the
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Fig.1 The images of young fruit flesh, big fruit flesh and ripened
fruit flesh. The length of young fruit flesh is about 6 cm; The length
of big fruit flesh is about 20 cm; The flesh of large fruit that turns red
but no longer becomes long and thick is called the ripened fruit flesh
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gene sequences using Primer Premier 5.0, and were syn-
thesized by Shanghai Sangon Biotechnology (Table S1).
Applied Biosystems StepOnePlus Real-Time PCR System
was used for detection. QRT-PCR was carried out using
TB Green® Premix Ex Tag™ II (TaKaRa Biotechnology,
Dalian, China) according to the manufacturer’s instructions,
and was operated in a 20 pL volume that included 10 pL
of 2Xx SYBR Green Master mix, 0.8 pL of forward primer
(10 pM) and reverse primer (10 pM) respectively, 2 pL of
cDNA template and 6 pL of double-distilled water. The qRT-
PCR was performed with the following parameters: dena-
turation at 95 °C for 30 s, 40 cycles of denaturation at 95 °C
for 5 s, annealing and extension at 60 °C for 30 s. Triplicate
gRT-PCR experiments were performed for all samples.

The gene expression data of CaFRKs were calculated
by 2722€T method (Livak and Schmittgen 2000; Taylor
et al. 1995). In tissue expression analysis, the mean value
ACt of all tested tissues was used as endogenous control to
calculate the relative expression amount of genes in each
tissue. In abiotic stresses and hormone treatments, 0 h of
treatment was used as endogenous control. The quantitative
data were performed one-way analysis of variance, and Dun-
can's method was used for significant difference analysis by
SPSS22, and P <0.05 was considered as significant differ-
ence. Histograms with error lines and heatmaps were drawn
using Origin 2019 and TBtools, respectively.

Results

Identification and characterization of FRK gene
family in pepper

Through screening and identification, a total of nine FRK
gene family members were identified in pepper genome,
which were named CaFRK1-9 according to their location on
the chromosomes. (Table 1). The conserved domain of FRK
was identified as PfkB (phosphofructokinase B) (serial num-
ber PF00294) by SMART and Pfam database research. The
results manifested that all the FRK gene family members in
pepper had typical PfkB domains, and CaFRK)5 also con-
tained a ArgJ domain (also known as Ornithine acetyltrans-
ferase/OAT, serial number PF01960). The position of PfkB
domain was different due to the different amino acid residues
of FRK family proteins in pepper. Sequences analysis of
CaFRKs indicated that the deduced amino acid sequence
lengths ranged from 187 to 676 aa, and the CDS lengths
from 564 to 2031 bp. The molecular weight of CaFRKs
ranged between 20.59 and 75.59 kDa. The theoretical iso-
electric point (pI) values of most CaFRKs were less than
7, only that of CaFRK6 with a value of 8.76, which indi-
cated that all CaFRKs were acidic except CaFRK6. In addi-
tion, subcellular locations manifested that all CaFRK genes
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Table 1 The characteristics of FRK gene family in pepper genome

Gene Sequence ID Chromosome PfkB domain loca- ~ Number CDS Length(bp) Molecular pl  Subcellular prediction
tion of amino weight
acids (kDa)
CaFRKI Capana02g002877 2 73~382 394 1185 42.37 5.35 Cytoplasm, nucleus
CaFRK2 Capana03g002428 3 21~331 343 1032 37.00 5.09 Cytoplasm, nucleus
CaFRK3 Capana03g003379 3 84~409 485 1458 52.42 6.60 Cytoplasm, nucleus,
chloroplast, mito-
chondrion
CaFRK4 Capana06g000734 6 9~317 328 987 34.88 5.56 Cytoplasm
CaFRK5 Capana07g001748 1 182~255 266 801 29.25 5.01 Cytoplasm
(ArgJ:199 ~266)
CaFRK6 Capana09g001611 9 3~70 187 564 20.59 8.76 Cytoplasm
CaFRK7 Capanallg001996 11 276~583 676 2031 75.59 6.24 Cytoplasm, nucleus
CaFRKS Capanal2g002513 12 112~447 463 1392 52.98 6.96 Cytoplasm, nucleus
CaFRK9 Capana00g002348 - 62~258;266~399 412 1239 44.68 6.17 Cytoplasm, nucleus,

chloroplast

chr2 chrd chré chr7 chre chri1 chr12 chroo

CaFRK4

CsFRI2

CaFRK1

CaERIB CaFRKS
—— CsFRIB CeFRIT
coFRIG CaFRKS

H— CeFRKS

Fig.2 Chromosomal locations of CaFRK genes. Chromosome num-
bers were showed at the top of each chromosome. The black lines on
the pepper chromosomes indicated the location of the CaFRK genes

were predicted to localize in the cytoplasm. Among them,
six CaFRK genes (CaFRKI1, CaFRK2, CaFRK3, CaFRK7,
CaFRKS8, CaFRK9) were also located in the nucleus, two
CaFRK genes (CaFRK3, CaFRK9) also in the chloroplast
and CaFRK3 also in the mitochondrion.

Chromosome localization and gene structure
analysis of CaFRKs

The chromosomal distribution and orientation of CaFRKs
were obtained by Mapchart2.3 tool (Fig. 2). Except CaFRK9
was located in chromosome 0, the rest of CaFRKs were ran-
domly and unequally distributed on seven out of the 12 chro-
mosomes. There were two CaFRKs distributed on chromo-
some 3, and only one CaFRK gene was located on each of

the remaining chromosomes. Interestingly, most of CaFRK
genes were distributed at the end of the corresponding chro-
mosomes, such as CaFRK1, CaFRK3 and CaFRK5-8.
Intron/exon configurations of CaFRKs were constructed
using the Gene Structure Display Server by aligning the
cDNA sequences with the corresponding genomic DNA
sequences. The full lengths of CaFRKs dramatically var-
ied between 3 and 14 kb, and exon numbers ranged from
two to eight, and the sizes of exons were obviously discrep-
ant (Fig. 3). In addition, the sizes of introns have disparity.
Remarkably, one intron size of CaFRK3 was more than 9 kb.
Two CaFRKs (CaFRK5 and CaFRK9) comprised the high-
est exon number with a value of eight, whereas CaFRK6 and
CaFRKS8 only contained two exons. It was interesting that
the numbers of exons were not consistent with the length
of genes. CaFRKS with the shortest sequence of about 3 kb
possessed two exons. However, although the sequence of
CaFRK3 was more than 14 kb and exceeded far from that
of other family genes, the number of exons was only five.

Promoter cis-acting element analysis of CaFRKs

To further understand the function and regulation mode
of CaFRKs, cis-elements in the promoter sequences of
CaFRKs were studied. The 2000 bp upstream region of
the start codon of CaFRKs was analyzed by PlantCare
software. The results showed that 14 cis-acting elements
were found in CaFRK promoters by screening and clas-
sifying (Fig. 4). These cis-acting elements were classified
to four major classes including light-responsive, stress-
responsive, hormone-responsive, growth and development
correlation, respectively. A number of light-responsive
elements in CaFRKs promoters were observed. Stress-
responsive elements consisted of ARE, TC-rich, LTR
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Fig. 3 Intron/exon configurations of CaFRK genes. Exons and introns were shown as red boxes and thin lines, respectively
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CaFRK1 CaFRK2 CaFRK3 CaFRK4 CaFRK5 CaFRK6 CaFRK7 CaFRKS CaFRK9

Fig.4 Cis-elements in the promoters of CaFRK genes. The cis-
elements with diverse functions are presented in various colors.
The numbers represents the number of cis-elements contained each
CaFRK

and MBS, which reflected plant responses to anaerobic
induction, defense and stress responsiveness, low-temper-
ature responsiveness and MYB-binding site involved in
drought-inducibility respectively. Five types of hormone-
responsive elements including MeJA (TGACG motif,
CGTCA motif), abscisic acid (ABRE), salicylic acid
(TCA), gibberellins (P box, GARE motif, TATC box) and
auxin (TGA element) were identified, which indicated that
CaFRK genes may be regulated by hormones. In addi-
tion, four kinds of growth and development correlative
elements were discovered, including differentiation of the
palisade mesophyll cells (HD-Zip 1), seed-specific regula-
tion (RY element), meristem (CTA box) and endosperm
expression (GCN4 motif). It was worth noting that MeJA-
responsiveness element was found to be widely existed in
CaFRK9, which indicated that CaFRK9 may be regulated
by MeJA. These results suggest that CaFRKs may play an
important role in regulating the growth and development,
and it respond to light, abiotic stress and hormones.
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Conserved motif, domains and secondary structure
prediction of CaFRKs

To further examine the structural features of CaFRKs, the
conserved motifs of CaFRK protein sequences were ana-
lyzed using MEME to obtain 10 conserved motifs (Fig. 5
a). The results of conserved domains and motifs analysis
were visualized by TBtools (Fig. 5 b). The length of 10
motifs ranged from 8 to 50 amino acids, and the numbers of
motifs distributed on CaFRKs diversified from one to eight.
The same conservative motifs were observed in CaFRK],
CaFRK2, CaFRK4 and CaFRK9, and their domain archi-
tectures were consistent. Additionally, except for Motif 1
existing in all CaFRK proteins, Motif 8 and Motif 10 only
in CaFRK7 and CaFRKS, the rest of eight motifs were une-
qually distributed on the CaFRK proteins, including Motif
2 on eight CaFRKs except CaFRK9, Motif 3, Motif 7 and
Motif 9 on six CaFRKs, Motif 4 on seven CaFRKs, Motif 5
and Motif 6 on four CaFRKs, respectively.

According to the prediction results of the secondary
structure of CaFRK proteins, the FRK family proteins of
pepper were composed of a-helix, f-corner, extended
strand and random coil (Table 2). Among them, a-helix
and random coil were authenticated as the main second-
ary structure components of CaFRK proteins, and the
-corner occupied the least proportion of all the structures.
Moreover, the data showed that the proportions of the sec-
ondary structure of the six CaFRKs were identified as ran-
dom coil > a-helix > extended strand > -corner (CaFRK]I,
CaFRK5-9). CaFRK?2 was pointed out that the proportion
of a-helix and random coil was equal.

Phylogenetic tree construction and collinearity
analysis of FRK family genes

To investigate the phylogenetic relationships of FRK pro-
teins between pepper and other plant species, FRK pro-
teins from Capsicum annuum L., Arabidopsis thaliana,
Solanum lycopersicum and Oryza sativa were used to
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Fig.5 Conserved domains and motifs analysis of CaFRK proteins. a The motif sequences and widths in CaFRKs, which were identified by
MEME. b Different color boxes represent types of domains and motifs, and the number represents the name of different motifs

build phylogenetic tree with MEGA-X software (Fig. 6).
In our study, the phylogenetic tree can be separated into
four main classes that referred to as Group 1-4 based on
Table 2 The secondary structure of FRK gene family from Capsicum  the topology and bootstrap values. The results showed that

annuum L the FRK genes of pepper had close genetic distance with
Gene a-helix (%) p-corner (%) Extended Random coil (%) the dicotyledonous plant t.omato and most bootstrap val-
strand (%) ues were 100, but were distantly related to the FRKs of

CaFRKI 3350 . 57 934 monocotyledonous plant rice according to the evolution-
“ ' ’ ’ ' ary relationship. Remarkably, we found that only CaFRK4

CaFRK2 35.57 6.41 22.45 35.57 . .

CuFRK3 3938 6.60 173 2670 was closely clustered with four AtFRK genes in Group 2.
“ ’ ) ’ ’ Noteworthily, the losses of AtFRKs were observed on the

CaFRK4 36.59 6.40 21.04 35.98

CaFRKS5 29.32 5.64 11.65 53.38 Group 3 and Group 4.

CaFRK6 30.48 8~02 25'13 36.36 The MCScanX of TBtools software was used to analyze
“ ’ : ’ : the collinearity of FRK genes in Arabidopsis thaliana and

CaFRK7 36.98 6.66 12.87 43.49 .

CaFRKS 3261 s 18 l6.41 4579 Capsicum annuum L. The results showed there are two col-
“ ' ’ ' ’ linear gene pairs between nine CaFRKs and seven AtFRKs

CaFRK9 35.92 6.07 21.12 36.89

(Fig. 7). CaFRKI and CaFRK?2 were collinear with AtFRK3
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Fig.6 Phylogenetic analy-

sis of FRK family genes

from Capsicum annuum L.,
Arabidopsis thaliana, Solanum
lycopersicum, Oryza sativa.
The phylogenetic tree was
constructed using the approach
of neighbor-joining with 1000
bootstrap replicates, and the
results were displayed through
Evolview Version 2
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Fig.7 Synteny analysis of FRK genes between Arabidopsis thali-
ana and Capsicum annuum L. The chromosome numbers of Cap-
sicum annuum L. are ChrO0~Chrl2, and the chromosome numbers

and AtFRK] respectively (CaFRKI/ AtFRK3, CaFRK2
/AtFRKI).

Expression patterns analysis of CaFRKs in different
tissues

To characterize tissue-specific expression, the expressions
of CaFRKs were analyzed by qRT-PCR during ten different
tissues. The results show that the expressions of CaFRKs

iglate ¢llo ay .
s st @) Springer

B ¢ D ¢ D ¢ D G ) € D ¢ )
Chr04 Chr05 Chr06 Chr07 Chr08 Chro9 Chr10 Chri1

¢ )
Chri2

of Arabidopsis thaliana are 1.0~5.0; Red curves indicate synteny

relationship between Arabidopsis thaliana and Capsicum annuum L.
FRK genes

were identified in all tested tissues, but the expression levels
of CaFRKs were significantly different in this ten tissues
(Fig. 8). The expression levels of CaFRKI-3 were high in
the young fruit flesh, big fruit placenta and big fruit flesh,
respectively, and that of CaFRK4 was high in the roots.
CaFRKI and CaFRK5-8 were specifically expressed in
leaves, about 1 to 5 times as much as in other tissue. It is
remarkable that the expression level of CaFRK9 in flower
was more than 350-fold higher than big fruit flesh. In
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Fig.8 The relative expression of CaFRKs in different tissues. YFF
young fruit flesh, YFP young fruit placenta, BFF big fruit flesh, BFP
big fruit placenta, RFF ripened fruit flesh, RFP ripened fruit pla-

addition, the expression level of CaFRK9 was more than 320
times in flowers than CaFRKI-8. Therefore, CaFRK9 may
be closely related to the growth and development of flowers.

Expression analysis of CaFRK9 in different fertility
accessions

To further verify whether CaFRK9 was related to pollen
development, the relative expression of CaFRK9 in dif-
ferent developmental stages of flower buds was analyzed
using qRT-PCR. The results indicated that CaFRK9 hardly
expressed at stage I, IT and III of all accessions except for a
little expression at stage III of 8A and R1 (Fig. 9). Interest-
ingly, the relative expression of CaFRK9 was extremely high
at stage IV in fertile accessions (8B, R1 and F,), about 9- to
12.5-fold higher than that of the sterile accession 8A.

Tissues

Tissues

centa, R root, S stem, L leaf, F flower. Different lowercase letters indi-
cate significant difference (P <0.05)

Expression patterns analysis of CaFRKs under low
temperature, NaCl and PEG treatments

We conducted qRT-PCR experiments of CaFRKs under low-
temperature, NaCl and PEG treatments to further understand
the possible roles of CaFRKs in response to abiotic stresses.
Our results indicated that all CaFRKs showed up-regulated
expression patterns compared to untreated control under
low-temperature (Fig. 10a). The expression of CaFRK2,
CaFRK3 and CaFRKS8 was up-regulated significantly and
peaked at 72 h. Nevertheless, CaFRK5 and CaFRK7 were
up-regulated slightly and peaked at 3 h. The expression level
of CaFRK4 increased most obviously, about 11-28 times.
Under NaCl treatment, the expression level of CaFRK6
and CaFRKS8 was slightly changed, which was up-reg-
ulated in the early stage and down-regulated in the later
stage (Fig. 10b). However, CaFRK7 was down-regulated
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Fig.9 The relative expression of CaFRKY in four different stages of
flower buds in 8A, 8B, R1 and F,. I, calyx closed; II, corolla is flush
with the calyx; III, the ratio of corolla to calyx height is about 1:1; IV,
the buds are about to open. Different lowercase letters indicate sig-
nificant difference (P <0.05)

and reached the lowest expression level at 12 h. CaFRK2
was most significantly up-regulated compared with other
CaFRK genes and reached its peak at 6 h, which was about
8.5 times that of the control. Under PEG treatment, the

Fig. 10 Expression analyses of
CaFRKs under low-temperature
treatment, NaCl and PEG. Plant
samples were treated with low
temperature (23 °C day/18 °C
night), 15% (w/v) PEG6000
and 300 mM NaCl. The color
scale represents fold changes
normalized by log2-transformed
data. The red shading represents
up-regulated genes and blue
shading represents down-regu-
lated genes
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expression levels of all CaFRK genes were up-regulated
except CaFRK7 was significantly down-regulated fivefold
change when treated for 24 h. After 48 h treatment, the
expression level of CaFRK9 was up-regulated 65 times. The
rest CaFRKs (CaFRKI-6 and CaFRKS) were up-regulated
2.5- to 13-fold change when treated for 12 or 48 h. These
results suggest that CaFRKs may play an important role in
pepper response to abiotic stress.

Expression patterns analysis of CaFRKs
under different hormone treatments

In this experiment, we studied the expression patterns of
CaFRK genes under different hormone treatments. The
results indicated that CaFRKs showed different expression
trends under the same hormone treatment (Fig. 11). Under
TIAA treatment, CaFRK6 and CaFRKS8 were up-regulated
significantly, whereas CaFRKI showed down-regulated
obviously. The expression levels of CaFRK2 and CaFRKG6-
8 were up-regulated four- to sevenfold change when treated
for 12 h. The relative expression of CaFRK4 and CaFRK9
displayed a trend of down-regulation and then up-regulation,
and reached the peak at 48 or 72 h. Under ABA treatment,
CaFRK]I and CaFRK5 were down-regulated significantly,
whereas others genes were basically up-regulated. The peak
of all CaFRK genes occurred almost after 12 h treatment. It
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Fig. 11 Expression analyses of CaFRKs under different hormone
treatments, containing 0.2 mM IAA, 0.6 mM ABA, 0.6 mM GA;,
2 mM SA and 0.1 mM MeJA. The color scale represented fold

is noteworthy that the expression level of CaFRK3 reached
its peak at 12 h of treatment, which was 6.5 times that of the
untreated level, but in other treatment periods were down-
regulated relative to the control. Under SA treatment, the
differences of CaFRK genes expression were obvious. The
expression levels of CaFRKI and CaFRKS5 were down-reg-
ulated significantly and extremely low. Whereas, CaFRK2,
CaFRK4 and CaFRK7 were up-regulated 11- to 50-fold.
Under GA; treatment, decreased expression levels of more
than twofold change were found in three CaFRK genes
(CaFRK1, CaFRK5 and CaFRK9). In contrast, CaFRK2,
CaFRK4 and CaFRK7 displayed increased expression
levels of more than threefold change when treated for 1 h.
Three genes (CaFRK3, CaFRK6 and CaFRKS) increased
to peak at 6 h of treatment, and then it started to descend.
The astonishing thing was that the MeJA treatment caused
a large decline in the expression of almost all CaFRKs. The
expression level of CaFRK7 was down-regulated in the early
stage of treatment, but suddenly increased by 8 times at 24 h.
These results suggested that CaFRK genes may be involved
in hormone regulation.

Discussion

To maintain their growth and development, plants have
evolved various mechanisms to adapt to various environ-
mental stresses. Recent studies indicated that FRK, as an
important carbon flux-regulated kinase in plants, played an
important role in plant stress. In most plants, the primary
transported sugar is sucrose, which is mainly phosphoryl-
ated by FRK after being decomposed into fructose. Addi-
tionally, sugar played a momentous part in pollen devel-
opment and germination, provides energy for metabolism,
structure, storage and signal functions (Clement and Burrus
1996; Clément and Audran. 1995; Goetz et al. 2001; Hir-
sche et al. 2009). Therefore, the study of FRK genes will
contribute to explore its influence on adversity stress and

TP

changes normalized by log2-transformed data. Red and blue shading
represented the up-regulated and down-regulated expression level,
respectively

pollen development. With the development of whole genome
sequencing, a good deal of potential FRK gene families has
been identified in many species in recent years, and the func-
tion of FRK genes has been thoroughly studied in tomato
(David-Schwartz et al. 2013; German et al. 2002, 2004,
Kanayama et al. 1997) and Arabidopsis (Gonzali et al. 2001;
Kaplan et al. 1997; Alexandrov et al. 2006). Fortunately,
bioinformatics, as an independent subject emphasizing both
theory and practice, has been widely used to the identifica-
tion and analysis of gene family.

In previous studies, seven MeFRKs and SsFRKs were
identified in cassava (Manihot esculenta Crantz) and
sugarcane (Saccharum spp.) genomes respectively (Yao
et al. 2017; Chen et al. 2017). However, Cao et al. have
reported that 49 FRK genes were identified in four species
of Rosaceae, including 20 FRK genes in Chinese white
pear, and six, eight and 15 in strawberry, peach and mei,
respectively (Cao et al. 2018). Differently, in this study, a
total of nine CaFRKs were identified using bioinformatics
methods in pepper. These distinct evidence manifested that
the members of the FRK gene family were different between
plant species. The molecular characteristics, gene structure,
conserved motifs, chromosome distribution, secondary
structure, cis-acting elements, subcellular localization and
phylogenetic relationships of CaFRKs were predicted and
analyzed via a series of bioinformatics analysis software.
The results showed that CaFRKs were irregularly distrib-
uted between the chromosomes in the pepper reference
genomes pepper, and tandem duplication was not observed.
This result coincided with the distribution of FRK genes in
cassava and sugarcane (Yao et al. 2017; Chen et al. 2017).
The theoretical pl values indicated that all CaFRKs were
acidic amino acid except for CaFRK6. This result was con-
sistent with previous studies about FRK proteins of Pyrus
bretschneideri (Cao et al. 2018). In this study, the molecu-
lar weight of CaFRKs varied dramatically between 20.59
and 75.59 kDa. Whereas, previous studies showed that the
molecular weights of FRKI were 119 kDa in potato tuber
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(Renz and Stitt 1993), 73 kDa in barley leaves (Baysdor-
fer et al. 1989), 84 kDa in soybean nodules (Copeland and
Morell 1985), and 37 kDa in tomato (Martinez-Barajas and
Randall 1996) via gel filtration chromatography, respec-
tively. And Doehlert (1989) reported a FRK protein with a
natural molecular weight of 59 kDa. All of the above evi-
dences illustrated that the molecular weights of FRKs were
diverse from different species to family members of the same
species. In addition, subcellular location could help to fore-
cast the potential function of gene family. In previous study,
three out of four SIFRKs of tomato have been located in
cytoplasm (Damari-Weissler et al. 2006). In this study, all
CaFRKs were predicted to localize in the cytoplasm, which
was similar to the results in tomato.

Through phylogenetic tree analysis, FRK proteins from
the four species, including Capsicum annuum L., Arabi-
dopsis thaliana, Solanum lycopersicum and Oryza sativa,
were divided into four groups. Based on the clustering of
the four groups, it can be concluded that pepper, tomato
and Arabidopsis clustered together, while most of the rice
was distantly related to peppers. This may be due to the fact
that the tomato, pepper and Arabidopsis are dicotyledon-
ous plants, while the rice is monocotyledonous. The mono-
cotyledons and dicotyledons will cluster on their neighbor
branches separately. It is speculated that FRK genes of
dicotyledonous and monocotyledonous plants may have
undergone different evolutionary processes. After years
of genome evolution, gene differentiation and duplication
may have occurred, and different species evolve at differ-
ent rates, which makes different copies of new genes. In
addition, collinearity analysis revealed that two pairs of
colinear FRK genes (CaFRKI1/AtFRK3, CaFRK2 /AtFRKI)
were found in Arabidopsis and pepper, indicating that FRK
proteins from different species may have similar functions.
The process of species evolution may also be accompanied
by vast gain and loss events of motif or structural domain.
As the main component of protein and the crucial element of
functional differentiation, the functional domain was neces-
sary for protein function and interactions (Bagowski et al.
2010). In this study, we found that CaFRK proteins of the
same group had semblable conserved motifs distribution,
which was coincident to the results of phylogenetic analy-
sis. On the contrary, the differences in the number and type
of motifs among different groups suggested the diversity
of protein functions. Besides, the analysis of gene structure
also showed that the length and intron/exon configurations
of CaFRKs family were different, which indicated that the
RNA splicing and gene function of different CaFRK family
members were diverse.

The cis-elements of promoters are closely related to
underlying gene function and regulatory mechanisms. The
promoters region of CaFRKs contained various cis-elements
that associated with hormone regulation, stress response,
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light response, growth and development, which suggests
that CaFRKs may have a wide range of biological activi-
ties and may be involved in a variety of hormone and stress
responses. Under PEG treatment, the expression level of
FRK1 was suppressed in three Saccharum species, contain-
ing S. robustum, S. officinarum and hybrid cultivar (ROC-
22), but it was induced in S. spontaneum, whereas FRK3
and FRKS5 were dramatically induced in Saccharum (Chen
et al. 2017). FRK was up-regulated in response to drought
stress in sunflower, therefore, FRK was a candidate gene for
physiological and molecular studies on drought tolerance of
sunflower (Fulda et al. 2011). In maize, short-term salt stress
leads to up-regulation of FRK?2 which could be regarded as
an early marker of salt stress (Zoerb et al. 2010). The results
of this study showed that the expression levels of all CaFRK
genes were up-regulated, except CaFRK7 which was sig-
nificantly down-regulated under PEG6000 treatment. Under
NaCl treatment, the expression level of CaFRK7 was also
decreased, while CaFRK?2 was significantly increased. Plant
growth and development depend on the regulation of gene
expression mediated by plant hormones. With the exten-
sion of ABA treatment time, the expression level of SsFRK1
tended to increase, while that of SsFRK5 decreased. Under
Et (Ethylene) and GA treatment, the expression of FRKS5
in most detected tissues was inhibited in Saccharum. The
expression level of FRKs was not markedly affected by the
TIAA treatment in Saccharum, whereas FRK1 in the stems of
S. officinarum increased more than 5 times after 24 h of IAA
treatment (Chen et al. 2017). In this study, we analyzed the
relative expression of CaFRKs in pepper plants with IAA,
ABA, GA;, SA and MeJA. CaFRK genes expression levels
were altered in response to diverse hormone treatment. Espe-
cially, the relative expressions of all CaFRKs showed a trend
of obvious down-regulation under MeJA treatment. But the
expression of minority CaFRK genes show no visible change
under hormone treatments, such as CaFRK3 after SA and
GA,; treatments, suggesting that these genes do not play an
important role in hormone regulation. In contrast, the rela-
tive expression of some genes increased sharply under hor-
mone treatments, for instance, CaFRK7 was up-regulated
14.5- and 50-fold when treated with ABA and SA for 12 h
and 6 h, respectively.

In our previous study, Capana00g002348 in flower buds
was expressed significantly higher in restorer accessions
than cytoplasmic male sterile accession through RNA
sequencing, which suggested that Capana00g002348 pre-
sumably involved in the pollen development or the fertil-
ity restorer of CMS in pepper (Wei et al. 2019). In this
study, Capana00g002348 was named CaFRK9 through
the identification of CaFRK gene family. Gene expression
analysis could provide the first direct evidence for study-
ing the certain biological function of genes. The analysis
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of tissue-specific expression of CaFRKs by qRT-PCR
showed that CaFRKs had different levels of expression in
the ten tissues. Previous studies have shown that SIFRK -
3 are generally expressed in most tissues (German et al.
2002; Fei et al. 2004), and MeFRK6 was expressed spe-
cially at very low levels in leaves, MeFRK -4 were widely
expressed in flowers, leaves, stems, fruits and tubers, and
the expression of MeFRK?2 was relatively low. MeFRK3
and MeFRK4 were highly expressed at the early stage of
cassava tuber development, and were associated with high
levels of FRK activity (Yao et al. 2017). Chen et al. (2015)
and Cao et al. (2018) discovered that the expression levels
of SsFRK2, SsFRK7 and PbFRKOQI were also low in stems
and leaves, indicating that these genes may not play the
main role in fructose metabolism. Remarkably, some FRK
genes were found to express specifically in flowers. For
example, SIFRK4 was specifically expressed in stamens
(German et al. 2002; Fei et al. 2004) and MeFRKS5 was
specially observed in flowers (Yao et al. 2017). Addition-
ally, the analysis of different activities of SIFRK4 pro-
moter in anther development found that SIFRK4 promoter
was gradually activated in pollen grains throughout late
anther development and pollen germination (David-
Schwartz et al. 2013). In this study, CaFRK9 was specifi-
cally expressed in flowers, compared with other tissues,
so do SIFRK4 and MeFRKS5. The strong specifical expres-
sion of CaFRK9 in flowers may hint toward a specific role
of CaFRK9 in pollen germination, anther development,
anthesis, and perhaps pollination. To further explore the
flower-specific expression pattern of CaFRK?9, the flower
buds at different development stages were used for relative
expression analysis. It is worth mentioning that the relative
expression of CaFRK9 gradually increased with the devel-
opment of the flower buds of fertile accession 8B, R1 and
F,. However, there is almost no expression in all stages of
cytoplasmic male sterile lines except for a small amount of
expression in the stage III and I'V. These provided strong
evidence that some FRK genes were involved in the pollen
development and fertility.
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