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1 SUMMARY

Based on the information on tomatoes’ (Solanum lycopersicum) succinyl-CoA synthetase
(SCS) gene and some highly homologous pepper (Capsicum annuum 1.) ESTs, the complete
CDS sequence of the pepper SCS gene was amplified wusing the Reverse
Transcriptase-Polymerase Chain Reaction, The results showed the pepper SCS gene cDNA
is 981 bp long, contained a 326 amino acids polypeptide. The sequence of reduced protein
was highly homologous with the protein sequences of other five plant species — S.
Iycopersicum (Tomato) (94%), Vitis vinifera(Grape) (87%), Sorghum bicolor (Broomcorn)
(85%), Zea mays (Maize) (85%) and Arabidopsis thaliana(Arabidopsis) (82%). The pepper
SCS gene expression in pericarp was over-expressed; expression in stem and flower was
moderate; and expression in root, leaf, placenta and seed was weak. At the abortion stages,
the ATP and NADH pools in the maintainer buds were significantly higher than those in the
cytoplasmic male sterility (CMS) buds. The activities and expression levels of SCSin buds of
the CMS line were obviously reduced, while levels in the F, hybrid and maintainer buds
remained normal, indicating that stable transcripts of SCS were beneficial in maintaining
energy metabolism at a normal level.

2 INTRODUCTION

Cytoplasmic male sterility (CMS) has been
reported in more than 150 plant species as a
genetic  characteristic.  CMS involves not
producing or releasing viable pollen and has
been widely used in hybrid seeds production
(Wise and Pring 2002). Many researchers have
elucidated that the mitochondrion of CMS line

was reorganized and this recombination maybe
disturbs the energy metabolism of the CMS
(Connettm and Hanson 1990, Touzet and Budar
2004, Linke and Boérner 2005).In plants,
succinyl-CoA  synthetase (SCS; EC06.2.1.5)
catalyzes the reversible thioesterification of
succinate:

M I+
Succinate + CoA + ATP —— Succinyl-CoA + ADP + P,

SCS is an important mitochondrial enzyme. In

the absence of oxygen, it can produce ATP
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though substrate level phosphorylation. SCS
also plays a vital role in ketone metabolism and
the citric acid cycle. It has the important
functions of generation succinyl-CoA from
succinate for anabolic purposes (Kaufman ez a/.
1953, Labbe ¢ al. 1965). In aerobic organisms,
energy for cell activities is provided by
mitochondria. Many researchers have reported
that there is relationship between CMS and

inadequate energy metabolism (Balk and Leaver
2001, Sweetlove e al. 2002, Teixeira ef al. 2005,
Fujii ez al. 2007, Catlsson et al. 2007; Sun et al.

3 MATERIALS AND METHODS

3.1 Buds collection: A pepper CMS line (9704A),
its neat-isogenic maintainer line (9704B) and a Fy
hybrid line were used in this study. Young buds at
four developmental stages were collected from each
line for the experiments. Buds development stages
were divided according to development process of
microsporogenesis by a microscopic examination:
stages 1-4 were sporogenous cell division, pollen
mother cell meiosis, uninucleate microspore and
mature pollen stages, respectively. Liquid nitrogen
was used to preserve the fresh tissues (root, stem,
leaf, bud, pericarp, placenta and seed) collected in the
full bloom stage for RNA isolations.

3.2 RNA extraction and first-strand cDNA
synthesis: Total RNA and first-strand cDNA
synthesis for samples were carried out according to
the methods described by Deng ez al. (2012).

3.3 Isolation of the pepper SCS gene: Using the
cDNAs of the 9704A and 9704B from the different
tissues mentioned above, Reverse Transcription PCR
(RT-PCR) was performed to isolate the full length
cDNA of pepper SCS gene. The primers (5'-3") for
pepper SCS  isolation  were: up  primer:
AAAACCTAAACGGGACG and down primer:
GCATAATGAGGGTAAACTGA based on the
information of Solanum lycopersicum SCS gene and
some highly homologous pepper ESTs. RT-PCR was
performed according to the methods of deng e/ /.
(2012). After PCR, the products were linked into
pMD18-T vector (TaKaRa). At last five independent
clones were sequenced.

3.4 Bioinformatics analysis: Software from
NCBI (Blast, 2013) and ExPaSy (Protscale. 2013)
was used for analysis sequence of pepper SCS gene;
GenScan softwate (GenScan 2013) was used for
prediction the cDNA sequences. Software from
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2009). Due to the key role of SCS in energy
metabolism, it is very important to study the
SCS gene for enriching the molecular
mechanism of CMS. The SCS genes have been
cloned and characterized from a variety of
species  (Bush 1969, David e al 19806,
Studart-Guimaraes ez 2/. 2005, Phillips ez a/. 2009).
However, up to now the pepper (Capsicum
annuum 1..) SCS gene has not been reported. In
this paper, the pepper SCS gene were cloned and
analyzed, and the relationship of the SCS gene
with the CMS were primary studied.

expasy (ProtParam 2013) was used for Putative
protein theoretical molecular weight (Mw) and
isoelectric point (pl) prediction; SignalP 3.0 server
(SignalP 3.0 server 2013) was used for signal peptide
prediction; Software from PSort www server (PSort
II 2013) was used for subcellular localization
prediction;, TMHMM-2.0 server (TMHMM-2.0
server 2013) was used for transmembrane topology
prediction; Conserved domains and similar proteins
was performed using the software from NCBI (Blast,
2013); Software from Clustal (ClustalX 2013) and
from megasoftware (Mega 4.0 2013) with standard
parameters was used for the alignment of the
nucleotide sequences and deduced amino acid
sequences; Software from NPS (sopma 2013) was
used for secondary structures of deduced amino acid
sequences prediction; Software from ExPaSy
(swissmodel 2013) was used for the 3D structure
prediction based on existing 3D structures by the
amino acids homology modeling,

3.5 Semi-quantitative RT-PCR:
semi-quantitative RT-PCR was performed according
to the method of Deng e al (2012). Actin, a
housekeeping gene as a positive control was selected
and the primers were 5-TGC AGG AAT CCA CGA
GAC TAC-3" and 5-TAC CAC CAC TGA GCA
CAA TGT T-3'. The primers of pepper SCS gene
expression were the primers used in SCS gene
isolation.

3.6 Enzyme activity determinations: SCS
activity was measured using the method of Alarcon
(2002) at 25°C. The content of protein was
measured according to the Bradford (1976).

3.7 Mitochondria isolation: Mitochondria were
isolated from pepper buds using the method
described by Bergman e a/. (1980) and in our
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previous study (Deng ez a/. 2010).

3.8 Measurement of NAD*-NADH pool and
ATP: The amount of ATP was determined using the
method described by St. John (1970) and Wan ¢ a/.
(2007). The content of NAD*-NADH was
determined using the method described by Tretter

4 RESULTS

4.1 Cloning and identification of pepper SCS
cDNA: Using different tissue cDNAs, the RT-PCR
product for the pepper SCS gene was 1194 bp (Fig
1). The cDNA sequence of the pepper SCS gene was
analyzed. The result showed the cDNA sequence
was not identical to any known pepper genes. The
gene was submitted to the genebank and JN885190
is accession number. The result of sequence

M

and Adam-Vizi (2000) and Wan ez a/. (2007).

3.9 Statistical analyses: The experimentations
were performed in three independent series with 3
replications. Values given are the mean * standard
deviation (SD).

prediction revealed that the 981-bp long cDNA
sequences represented a single gene that encoding
326 amino acids. The cDNA sequences in maintainer
land CMS lines were exactly the same, indicating that
the SCS gene in the CMS line had not been
reorganized. The complete CDS nucleotide sequence
and the deduced amino acids of the pepper SCS§
gene are presented in Fig. 2.

2

1194

Fig. 1 RT-PCR result for pepper SCS gene. M: DL2000 DNA marker, 1: PCR product for pepper 9704A; 2:

PCR product for pepper 9704B.
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ATGGCTCGTCAAGCGACAAGAGTGATCTCAAAGTGGAGTACAAAGCTTAACCCTAATGAGTATCGCTACTTTGGATCGTCAGCACCACEG
Mm A R 0 A T R U I § K W 5 T KL HNUPMNE VY R Y F G 3 5 A P P
CCCGCTGTTTTCGTTGATAAGAACACCCGCGTCATCTGTCAAGGCATCACCGGCAARAACGGCACTTTCCACACTGAACAAGCCATTGAA
P A U F U D KM HTW RUITGTC QG I TG KNG TFHTETI0Q®aATE
TACGGTACTAAAATGGTTGGTGGAGTGACCCCCAAGAAGGGTGGAACAGAACATTTGGGGCTTCCTGTTTTCAATACTGTTGCAGAGGEA
¥ 6 T KMV G G6 UV T P K K G G& TEHILGL P U F HNT U A E A
AAAGCAGAGACAAAGGCTAATGCTTCAGTGGTTTATGTCCCTCCACCATTTGCTGCAGCAGCTATTATGGAGGCCATGLAAGCTGAGTTG
K A E T K A N A 53 U U Y U P PP F A A aalI HWEAMHKEAAEL
GACTTAGTTGTCTGCATAACGGAGGGAATTCCTCAGCATGATATGGTTCGCGTAAAAGCTGCTCTTAAGAAGCAATCAAGAACTCGGETG
pL vwwec I TETG I P Q HD M VUR UK AALIEKIEKDQ SIS RTHRL
ATTGGGCCAAATTGTCCAGGTATTATCAAACCAGGAGAGTGCAAAATTGGAATTATGCCTGGATACATTCACAAACCTGGECGTATTGEA
I 6 P N CP G I I K P G EC K I G I HWHP G Y I HEKUPG R I &
ATTGTTTCTCGATCTGGTACATTGACATATGAAGCAGTTTTTCAGACAACTGCTGTTGETCTTGGACAGTCAACTTGTGTAGGGATTGET
I v s R S 6 TL TY EnAR UV FQTTAWVGE&L G Q0 5 TCU G I 6
GGTGATCCTTTTAATGGTACAAATTTTGTCGATTGCTTAGAGAGATTTATTGCTGATCCACAGACAGAAGGTATTGTTCTTATTGGTGAG
G D P F MG TMHFWUUVD CLEWR FTIaaADUPDQTETGTI VL I G E
ATCGGTGGTACAGCAGAAGAAGATGCTGCAGCCTTGATARAGGARAGTGGAACTCAAARGCCTGTTGTTGCATTTATTGCTGGACTAAGT
I 6 6 T A E E D A A AL I K E S GTDQQ KPPV VU a F I A 66 L T
GCTCCTCCTGGACGACGAATGGGETCATGETGGAGCCATTGTATCGGGTGGAAAGGGAACAGCACAGGACAAGATCAAGGCTCTCAAGGAA

AP P G R R MG HA G A I

U s

G

G K 6 T A O D K I K A L K E

GCTGGGGETTACAGTATGCGAGTCTCCTGCTAAAATTGGGATCACAATGCTTGATGTGTTCAAACAGAGGGGTCTTGCGTAA

A G W T WV CE S P a K I G I

T

H

L DV F KORG L A .

Fig. 2 The complete cDNA sequence and amino acid sequence of the protein encoded by SCS (GenBank

accession number: JN885190).

4.2 Physical and chemical characteristics of
pepper SCS: Some of the physical and chemical
characteristics of pepper SCS gene were predicted.
The pl was 8.99 and the Mw was 34204; Pepper SCS
gene did not contain a potential signal peptide
(Bendtsen ez al. 2004, Comlekcioglu e a/. 2010) and
was not potential membrane protein (Moller e# 4.
2001); pepper SCS was probably located in the
mitochondrial matrix space (Nakai e a/ 1999).

4.3 Prediction and analysis of structures and
conserved domains of pepper SCS: Proteins

150

often contain several domains, each with their own
evolutionary origins and functions. Examination
indicated that pepper SCS protein contained one
conserved domain — PLN00125 (Fig, 3). The result
of secondary structure prediction showed that
deduced pepper SCS protein contained 28.8% alpha
helices, 20.6% extended strands, 8.3% beta turns and
42.3% random coils (Fig. 4). The 3D structure of
pepper SCS protein was similar to that of pig SCS
(leuc Chain: A) (Wang ezal. 2007, Benkert ez al. 2011).

200 250 300 326

e | '
( NADE_Rossmann superfamily ) ( Ligase_ CoA superfamily ]
PLN0OO125

Fig. 3 The putative domains of the protein encoded by pepper SC§
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Fig. 4: The secondary structure of the pepper SCS protein predicted by SOPMA. Helices, strands and coils are
indicated, respectively, with long, middle and short vertical lines.

4.4 Analysis of sequence identity and
evolutionary relationships of pepper SCS: The
homology of the pepper SCS gene were performed
and analyzed. The result showed that the pepper SCS
protein had high homology with this gene of five
other plant species: S. Jcopersicum (94%), Vitis vinifera
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(87%), Sorghum bicolor (85%), Zea mays (85%) and
Arabidopsis  thaliana (82%) (Fig. 5). Evolutionary
relationships analysis revealed a closer genetic
relationship between the pepper SCS gene and that
of S lycopersicum than with those of A. thaliana, Z. mays,

S. bicolor and 1. vinifera (Fig, 6).
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Capsicum anmuum 35
Solarum lycopersicum 46
Arabideopsis thaliana LTSLVQSRSFGTT 45
Vitis vinifera ——ELRFPP-SEH 37
Sorghum bicolor 40
Zea mays 39

13
Capsilcum annuum 895
Solamm lycopersicum 106
Arabidopsiz thaliana 109
Vitiz vinifera 57
Sorghum bicolor 100
Zea mays 99
Capsicum anmum H 155
Solamm lycopersicum K le6
Arabidopsis thaliana L 165
Vitiz vinifera L 157
Sorghum bicolor [ 160
Zea mays L 158
Capsicum annuum zl5
Solarum lycopersicum 228
Arabidopsis thaliana 225
Vitis vinifera 217
Sorghum bicolor zz0
Zea mays 219
Capzicum antm 275
Solamm Lycopersicum 286
Arabidopsis thaliana 2889
Vitis vinifera 277
Sorghum bicolor 280
Zea mays 279
Capsicum annuum 326
Solarmm Lycopersicum 337
Arabidopsis thaliana 340
Vitis vinifera 328
Sorghum bicolor 331
Zea mays 330

Fig. 5: lignment of the protein encoded by the pepper SCS and five other types of SCS from Solanum lycopersicum
(AATG67464), Arabidopsis thaliana (AAMG65450), Zea mays (NP_001136494) and Sorghum bicolor (XP_002460917),
Vitis vinifera (XP_002271740)

1o | Capaliclin anmiLm
| SOIFRLIT N opersiciim
[ Arabicopsis thaliang
a2 | I¥itis winifera
[ Sorghlrn bicaky
1m | Zea mays

Fig. 6: Phylogenetic tree for pepper SCS gene.
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4.5 mRNA tissue-specific expression profile: was over-expressed in  pericarp; moderately
Using semi-quantitative RT-PCR, relative expression expressed in stem and flower; and weakly expressed

levels of pepper SCS mRNA in seven pepper tissues in root leaf, placenta and seed (Fig; 7).
were checked. Results revealed that pepper SCS gene

M 1 2 3 4 5 6 7

200 [
= 150 |
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= 100 |
&
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I:I 1 1 1 1 I’-—‘II-—II
1 2 3 4 5 & T

Fig. 7: Tissue expression profile of pepper SCS gene.
1-root; 2-stem; 3-leaf; 4-flower; 5-pericarp; 6-placenta; 7-seed. The Actin expression level is used for the internal
control. M: DL2000 DNA mark

4.6 ATP and NAD*-NADH content in isolated However, there were no distinct changes in the other
mitochondria: The ATP levels in CMS (9704A), its three stages for the CMS buds except for a clear
maintainer (9704B) and F; hybrid buds preserved a decline at stage 2 (Fig. 8b). At the same time, the
continuous uptrend, but ATP levels in CMS were ATP and NAD*-NADH levels were no more
remarkably lower than those in maintainer and F difference in maintainer and Fy buds at all stages (Fig.
buds in all stages (Fig. 8a). The NAD*-NADH levels 8).

showed a gradual rise in maintainer and F; buds.
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Fig. 8: ATP and NAD*-NADH content in isolated mitochondria during flowers development. a Generation
of ATP in isolated mitochondria from the anthers. b Content of NAD*-NADH in the mitochondria.

4.7 Activities and expression level: The assay of
SCS activity showed that in stage 1 there were no
more changes in CMS, maintainer and F; buds (Fig.
9). In contrast, in stages 2—4, the SCS activity in the
CMS buds was 48.7, 30.0 and 34.8% lower than in
the  maintainer  buds,  respectively,  and
correspondingly 49.0, 33.3 and 31.8% lower than the
F1. Transcriptional analysis of the SCS gene was used
to test differences in gene expression between the

2595

sterile and fertile buds during buds development.
During stage 1 there were no significant differences
in SCS expression in buds of CMS, maintainer and
Fi lines. At stages 2—4, expression of SCS mRNA in
buds of the CMS line was clearly lower than in the
buds of maintainer and F lines. The levels of Actin
mRNA remained relatively constant in all RNA
samples analyzed (Fig. 9).
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Fig. 9 Activities and expression level of pepper SCS gene in anthers of 9704A (CMS), 9704B (maintainer) and
Fi during different development stages. a Activities of pepper SCS gene. b Semi-quantitative RT-PCR of
pepper SCS gene. ¢ Relative transcript amount of pepper SCS gene.

5 DISCUSSION
Pollen will consume very high energy during
development in higher plants (Tedege and

Kuhlemeier 1997, Heydari ez al. 2010). A hypothesis

on the mechanism of CMS has been widely accepted.

The hypothesis is that expression of the aberrant
mitochondria genes will affect the energy supply and
disturb the normal development of pollen.

In aerobic organisms, the energy for all activities is
provided by the mitochondria. A great deal of
research has revealed that abnormal mitochondrial
gene reorganization is related to CMS (Touzet and
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Budar 2004, Linke and Bérner 2005). There are a
series of enzymes in the citric acid cycle, such as SCS,
and these enzymes catalyze enzyme-catalyzed
chemical reactions. The enzyme-catalyzed reactions
play most important role in the living cells of aerobic
respiration.

Succinyl-CoA  synthetase (SCS) catalyzes the
substrate-level ~ phosphorylation, an important
reaction, in aerobic metabolism (Park ez al. 1997).
The enzyme have two various subunits - & and 3. The
SCS consists 2 isoforms, one is the GTP-specific
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(G-SCS) and the other is ATP-specific (A-SCS)
(Fraser ez al. 1999). It is well-known that the 2 SCS
isoforms have the same «-subunit and different
B-subunit (Labbe e7 a/. 1965).

The ATP and NADH pools in the CMS buds were
significantly lower than those in the male fertile buds
(i.e. maintainer and F1), indicating that the CMS
buds were in a insufficient energy supply state and
had reduced availability of energy. At the same time,
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