£ % L OB ik ELE % | ERSEHRAH I EARERRLEERFESH
Chinese Journal of Biotechnology

http://journals.im.ac.cn/cjbcn Jan. 25, 2024, 40(1): 137-149
DOI: 10.13345/j.cjb.230166 ©2024 Chin J Biotech, All rights reserved

« R PR -

ERITHRER A 3 ERRIRMREERRETH

2O FXFT, EEXL AL WHE BENZ GEE

1 HR gl Rz 22468, HR 22H 730070
2 RAKIMYE2EBe A TR SH AR, HilF KK 741000

ZE0ER, o0, BE4, Fb, BRER, sREENI, DIRAE. SERATIERR A 3 kN A 51 4 KRR AT ], A TR
243, 2024, 40(1): 137-149.

LI Xinrui, LI Wenfang, HUO Jiaxing, LI Long, CHEN Baihong, GUO Zhigang, MA Zonghuan. Identification and expression
analysis of citrate synthase 3 gene family members in apple[J]. Chinese Journal of Biotechnology, 2024, 40(1): 137-149.
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Identification and expression analysis of citrate synthase 3
gene family members in apple
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Abstract: As one of the key enzymes in cell metabolism, the activity of citrate synthase 3 (CS3)
regulates the substance and energy metabolism of organisms. The protein members of CS3
family were identified from the whole genome of apple, and bioinformatics analysis was
performed and expression patterns were analyzed to provide a theoretical basis for studying the
potential function of CS3 gene in apple. BLASTp was used to identify members of the apple
CS3 family based on the GDR database, and the basic information of CS3 protein sequence,
subcellular localization, domain composition, phylogenetic relationship and chromosome
localization were analyzed by Pfam, SMART, MEGAS5.0, clustalx.exe, ExXPASy Proteomics
Server, MEGAX, SOPMA, MEME, WoLF PSORT and other software. The tissue expression
and inducible expression characteristics of 6 CS3 genes in apple were determined by acid
content and real-time fluorescence quantitative polymerase chain reaction (qQRT-PCR). Apple
CS3 gene family contains 6 members, and these CS3 proteins contain 473-608 amino acid
residues, with isoelectric point distribution between 7.21 and 8.82. Subcellular localization
results showed that CS3 protein was located in mitochondria and chloroplasts, respectively.
Phylogenetic analysis divided them into 3 categories, and the number of genes in each
subfamily was 2. Chromosome localization analysis showed that CS3 gene was distributed on
different chromosomes of apple. The secondary structure of protein is mainly a-helix, followed
by random curling, and the proportion of B-angle is the smallest. The 6 members were all
expressed in different apple tissues. The overall expression trend from high to low was the
highest relative expression content of MdCS3.4, followed by MdCS3.6, and the relative
expression level of other members was in the order of MdCS3.3>MdCS3.2>MdCS3.1>MdCS3.5.
qRT-PCR results showed that MACS3.1 and MdCS3.3 genes had the highest relative expression
in the pulp of ‘Chengji No. 1’ with low acid content, and MdCS3.2 and MdCS3.3 genes in the
pulp of ‘Asda’ with higher acid content had the highest relative expression. Therefore, in this
study, the relative expression of CS3 gene in apple cultivars with different acid content in
different apple varieties was detected, and its role in apple fruit acid synthesis was analyzed.
The experimental results showed that the relative expression of CS3 gene in different apple
varieties was different, which provided a reference for the subsequent study of the quality
formation mechanism of apple.

Keywords: apple; citrate synthase 3 (CS3) gene family; bioinformatics; citric acid; expression analysis
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FrEE R &l (citrate synthase 3, CS3)/&4H /i
N 22 Fil B AR A 1Y) DG B o CS3 Ak 1 =k
LR OB A ZIA 466 N, e
TR G A PR AR IR H
A EPEEAT  AEATE S LA, TEBEEZG RIS
I CA G T 1z B TR S AR AR &
B B 22—, CS3 FITETE R T 25 A IR )
Yy A Re R ACHFE, W CS3 BYIE SNz Bis
Bl RN R S M 55— R YA R 52
M) T 2 A= 22 Ak

S5 (Malusx domestica. Borkh.) Jly % fi B35 1
JEREY), ATz, SRR E YA R A
Wi, MATEEEHRKRZ — EFE, 3
ol & s, SRS 2L
SEACEB AN]SR SRR PR 22 S R I, SRR
FPAGEIR AN ZE T R S5 AT AILIR X /K SR ) 8 B AR

SR, KR XURTE ) e At SESR N
FrAGE IR A BT SRR S D) R 22 HAth PR o SR s vh
M FEZANIRY . 2 FRAE A S R B
A T 240 AN () DX 3l A8 JLAS A B DG HK 1) ) 2 1) 45
R, IFHZENFZHEE R,

FrAE IR £ Wl — i B ORST R, T3 A
TRTA YRR, 2504 A R 4on (4
e, ATk A K E T UL
ZA T BRI, R R RIE AL
TR CSEPKAFRM A Y, kst T /KRR #
JEPEREN s WA Z BIMCRE MG J5 M R Y CoCS 3
RN Z ISR, Rk E 2T ERE
MIRAGREHLT; Fsthl CS i [H 1 Rk ] AT 3L
3 i S DR B rh CS A Bl P S s
PR )5 BCE (] HS) 0, R B A 00 it vy A o R )
FrAGERR Y o Wbt , DTS 5 JL 0T 4R 8 35 A HIRAE g
IS EEAE T AR TR AR R0l B W S 1) A
FEEBUSYIE U ET ;B A PR IR A
DR (14 2 38 15 R SR 5 1 2 IR A O™y A A SRSl
A CS [N K R 5T B 4 BUSPI L kel

&: 010-64807509

FrRIRAEVE 2 R S0 iy E AL, AR &
TSR SR IR FUBCRPR B2, TERPAE . PR |
FURE R ELA AT AR RS 15 RS e B A S SR R
AT FEAH GBI T B 4k B AR R
RS PRI A A Oy ISR R R
ZRBEIR AT L5 P, %
DR B 408 0 R A KR T A R P LB 5 R S
JREA E AR L o (HA S CS ZRIEIN 1Y
Fea Rt  ZH SRR R AU [R5 3 R b Y
PR AR ILARGE o AR AR5 R 225
W, MSER CS3 RN 53 27 45 R 5]
SIFTHER, TR CS3 BEIRI SR L 5t dH 4k
BAESE, FFIE A E AR R AR S i,
PE—B TR CS3 ZM LA L5 H4 5 TIRE
I BTSRRI AL B R ILE 2%

LR

1.1 #RIFIE

IR i T BRSBTS 3
IRRIBZE 15 3R UR S 2021 4F 10 H 2351
E 2 SR M2 1 5 SRR SR B A
RAK 1 g, WESMAEYYEL, WARKS
B T80 CHRMIIR AR5, HI T3725R CS3 3L
IZRIB IR0 b
1.2 ¥R CBEEKRERRALE

M NCBI 7E£ % ¥ % (https://www.ncbi.nlm.
nih.gov/) A& ER CS3 FEH AR S . 7E Pfam
(https://pfam.xfam.org/)fll SMART (http://smart.
embl-heidelberg.de/smart/save -user preferences.pl)
B P PR B R E S AR A M A S R Y
FER LBk, Ba kAR 6 AR A S AL
b, SR BEDR H Bl 1 T B i 77 51 (coding
sequence, CDS)., HEHFEKME T, KiKiG
() CDS i AZISFIREER B, BRA39R CS3 Jk
2 1 51 {5 B (http://www. genoscope.cns.fi/cgi-
bin/blast_server/projet ML/blast.pl).
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1.3 ¥R CS3 HERERE#HMMKXR, HERELH
. motif FHREMEERESH

J:F ExPASy $4 J% (https://web.expasy.org/
protparam/) Protparam 7EZE 443 H7 25 FH B &5 H,
R RAERREGE . BRI AR AER KN At
SEVERBOr THRFHEAE, @i MEGA 5.0
J clustalx.exe AT ARG R, HLA
ik R AL, S SOPMA (http:/npsa-
pbil.ibcp.fr/cgi-bin/npsa_automat.plpage=/NPSA/n
psa_-hnn.html) 75 4% 43 B 300 5000 28 (1 o — R 45
#J, Fi MEME (http://memesuite.org/)7E £ Fe ¥ 43
B CS3 DA ZEEARF R, K UL Motif
P HBERN 10 4, HELRMF GSDS2.0
(http://gsds.cbi.pku.edu.cn/) K JE 7~ B K 2544 .

PlantCARE (http://bioin-formatiCSpsb.ugent.
bewebtoolsplantcarehtml) Fit ill 373 Hr 3 S CS3

R R im %651 B 2 kb B3t A B =CAE
FROCH 53 A5 B0, K F WoLF PSORT (http://psort.
ims.u-tokyo.ac.jp/form.html)i#E4 1540 B 2 v 34T
14 $R CS3 EERKAOTA AT R
PCR 571

R B 28 (A 50O A R A IR W Y
A BUK A & RNAPlant-RTR2303 47 T3¢
SR AR Y RNA 194, 519t 4 T
A T AR (TR e A FR 2 ] (https://www.sangon.
com/newPrimer Design)JFEL KI5 (G- 1),

1 FERCIEEFREELFRIEEES|H
Table 1

HHIZA A A . cDNA 4 B M-MLV
(Moloney Murine Leukemia Virus)z#% 5% R4
AR Gl &, SO G Ay cDNA =4y m]
BT S 5 O e & R G Mk 2C R
(real-time fluorescence quantitative polymerase
chain reaction, qRT-PCR)KZIM , -4 5 5% 5 7= 4y
{RAFETE—20 °CYKFH . qRT-PCR fdi ] Light Cycler®™
96 RealTime PCR System(Roche) % 5Z i %€ i
PCRAY, ATt ry514¥, #5471 PCR 971,
Hor, DISER GAPDH SNSRI, A4
BEIAF N 20 L, A 2 uL cDNA, IR
519144 1 uL, SYBR MIX 10 puL, ddH,0 6 pL; J2
WABR A 95 °CAEYE 30 53 95 °CAEPE 105, 58 °C
B 30s, 72 °CHEMf 20 s, AT 40 DMEH . K
WRE 3 AEE, WA 27T Ok, TR
DR AR ik it o
1.5 ARFERPERSENMNE
SMBRIKEE AR Al 2w, o35l B Sk
B 1S HREHERINAS 1 g VIRHERS), BEWHE
R, 3 S mLKPEA 10 mL 2550, # 85 °C
K 30 min, WIFRESNEA, BUBSED, Ak E
ZIEE, $EoIkuE, WP 5 mL KRR, T
ks /R77) 2 7%, FH 0.1 mol/L NaOH if5&, HE
SHRZLAG 30 s ARENZE AL, 2 T NaOH WU
HATHE 3 U, BOLFI(E.

Real-time fluorescent quantitative primers for apple CS3 gene family

Gene Forward primer (5'—3")

Reverse primer (5'—3")

MdCS3.1 CTTTCCAAGCTCCGTTCTCGTCTC
MdCS3.2 AGGGTCTTCTGTGGCTGCTTTTAAC
MdCS3.3 CACCTGGTACTATGCGTTCTCTTGG
MdCS3.4 TTGTGGTTCAAGCGTAGCCTTCC
MdCS3.5 GAGGGATGCTGGTGCTGTTGTTC
MdCS3.6 CGGTAAGAGGTATCAGGTCCAGGTC
GAPDH CATTCATCACCACCGACTACA

ATCTGTGGAGGTCTGCGTTTGAATC
GGCACGAGTCCTCAATTCCTTGG
CACCTGGTACTATGCGTTCTCTTGG
GCCAGCCCTAGCAGTTACTATTGAG
ATCTTCAGGGATTTGTGGAGGCTTG
CGAACAGGGGCGGTATTAAGATAGC
GAAGGGTCTTCTCATCCTTGAC

http://journals.im.ac.cn/cjben
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AR
St = YaXOTIRI Ve 0,
Vi m

K, Ve FESREUR BA(mL); Vi: 1%
EN FTBOER AT (mL); c¢: NaOH Vi ERHEE
(mol/L); Va: & IEIRIHFER NaOH ¥ (AT
(mL); m: FEAFE(g).

1.6 RIEHESITERHER

Excel 2010 2P 3054, I H Origin 2018
2218, FI ] SPSS v.22.0 HEA 440, i FHEAIA
Z ANOVA () Duncan H# 225 B #1%(P<0.05).,

2 ZERE54

2.1 ¥R CSIBERAREHRGZHM KR
MAERFE R 79 i %5 e 15 5] 6 1~ CSB K
MR o AT E AR REHM LR, KA
MEGA 5.0 F1 clustalx.exe 73 #8445 6 350
6 I~ CS3 HIIZE(CsCS). K (GMCS3), #itE
(CitCS). #k(PpCS). F#(MaCS). Wik (CcCS)
IR TF(AICS, AtCSL, AtCS2, AtCSB)%:f# CS3
BT HNIEAT X 3BT A R G Ak A 2, an ]
1 BRI SR OB T CS3 FE 140 3 4,

1 ¥R CBERKRENRFHLKXE
Figure 1

&: 010-64807509

Phylogenetic relationship of CS3 gene family in apple.
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MdCS3.1-3.6 K 435l T Abd 3 K32 |,
ST AR ISR R — 2, PR R,
22 ¥R CS3 EEFREEREBUMRSH
#0920 B 7E ar
FIHBIREIT SR IR 7 S R B 4
Wit BLAST #EA7HX, KBREE P, KI5
B CS3 ik, AR 6 1R CS3 HH, K
e RALE, KBRS 405128 Md00G1055300 .,
Md02G 1319300 . Md09G 1156400 . Md13G1153500
Md16G1154000 F1 Md17G1142900 1 CS3 JEH 5%
W AR IR Ay 440 MACS3.1-3.6 (% 2)., W3
R CS3 RH K E A A S dr T, H
i Y B IR B R LA 473-608 aa i 32, MACS3.4
HEAMEIER AR, MJICS3.1 fil MdCS3.2
EHAMARERTFINERK ARM, Horah
52 606.80-65 903.68 kDa, Z5Hi SN 7.21-8.82,
AHaE RECh 27.66-37.80, FHIXAEHE I KH
WAFEREET, BRI RECH 91.60-96.62., X%
F 5% B B R AT 40 M RE AL 43 BT A5
MdCS3.1, MdCS3.2 il MdCS3.5 Jit: [ = E fii T4k
kifk, MdCS3.3, MdCS3.4 fil MACS3.6 JE[H 3
P LR A
23 ER CSBEREFREN R
WAL X IER CSB IR E R E 1 K
i T IO b, KRB RSN o1

®2 FERCSBEERKEREHLMERI

e, SRJG RO G, T B- M iy LR
/Do fEX LR, o- 8 E R X T
41.12%-56.24% 2 [a] , A KL il 19 & 5 7E
28.33%-39.45%2 [0 . 1AM, 7F o-MRBELS Y 1,
MdCS3.1 1 MdCS3.2 fif 5 iy e 1 & K,
MdCS3.5 ir i 1 LU EE g /0N, 17 AE AN L0 45 i 45
Fgrp, M2 MdCS3.6 T i b F e K, MdCS3.1
1 MdCS3.2 A KL i 19 L B SR /N (B 2)0 H
DU T DAFEDN o~ WER 58 RN KI5 285 440 <2 i
FE D R S5 46 W8 B 72
24 FFR CS3 EREFREREFE G FIELL
4 53 7

FIFH GSDS2.0 (http://gsds.cbi.pku.edu.cn/){E
LA 6 A~ CS3 LR KA i L R 254
(& 3), MACS3.1-3.6 ¥ HA il T i 5L
FA, HASWNEFMINE T, d55aE,
MdCS3.1 ZEH K, AN[A] T HAh MdCS3 %:A
HAT 18 MAETFH 19 AN

FIH Circoletto@the BAT cave (http://tools.
bat.infspire.org/circoletto/)FEZE /1T 6 1~ CS3 JE [A]
P AN o S RS I < < N B I ST
MdCS3.1-3.6 43543 T Chr0 . Chr2 ,Chr9 , Chrl3,
Chr16 F1 Chr17 iX 6 ARG A b, it
R &P, MACS3.5 Fil MACS3.4 (kg
B, HAR 4 AR R AR I

Table 2 Physicochemical properties of CS3 gene family proteins in apple

Gene Gene accession No. Amino Molecular pl The instability Aliphatic Subcellular
acid weight (kDa) index index localization
MdCS3.1 Md00G1055300 473 52 606.80 8.82 27.66 96.62 Mitochondria
MdCS3.2 Md02G1319300 473 52 648.65 7.21 28.01 95.60 Mitochondria
MdCS3.3 Md09G1156400 514 56 806.22 8.79 36.61 91.89 Chloroplast
MdCS3.4 Md13G1153500 608 65 903.68 7.56 32.64 92.24 Chloroplast
MdCS3.5 Md16G1154000 608 65 851.50 7.56 31.27 91.60 Mitochondria
MdCS3.6 Md17G1142900 512 56 532.81 8.79 37.80 92.05 Chloroplast

http://journals.im.ac.cn/cjben



FLE F | ERITEREE I ZAARRRRLEERFTESH

Dao-helix  P-angle ZZlrregular curl

s —
MACS3.5 4112
MACS3.4 41.94
MdACS3.3 45.14
MACS3.2 56.24
e — 7 1o B—

0 20 40 60 80 100 (%)

2 FER CS3ERRKEM_RELIH
Figure 2 Secondary structure analysis of apple CS3 gene family.
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Figure 3  Analysis of gene structure of apple CS3 gene family.
2.5 FR CS3 EREZKAE motif 5577
JiTf CS3 I A 51 TP 34425 motif 1.
motif 2 Al motif 3, H MdCS3.5 il MdCS3.4 f{]
motif 1 17 5 50 2 F motif 2 Fll motif 3 {7 & 5
(F 5). ERTHEA 30T, %R G 3l
3433, [a]— AR 23 32 Y motif £ SRR TA]
I HEI MdCS3.3 il MdCS3.6, MdCS3.5 il
MdCS3.4, MdCS3.1 il MdCS3.2 Jt: [Al [a] 43 i H AT
A ) P 85 ) R
2.6 ¥R CS3 FikBahFXIRIIER T
Tl
TR CSBA G B0 1% 2 000 bp
JAE T ¥4, Fl PLANT Care 754834 (4% L
AR T AT T Tl . 255k 3 s, 3

4 R CS3 EEZEMAEREEMMILLM

ST e
Figure 4 Gene localization and collinearity analysis R CSBFIRPAUFAES CAAT-box , TATA-box
of CS3 gene family members in apple. GRS, M HIS AR Z 5y
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Figure 5 Phylogenetic tree and motif analysis of apple CS3 gene family.
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B AKKE . MENZFOLESEEUIMEG
H IR e 45 T4 . MdCS3.1, MdCS3.4 . MdCS3.5
X3 AR 5l BE R AR DG Y R H B
%, VLB 3 AJE e 45 S vy i i] RB R F 5
A IIAE; MdCS3.2, MdCS3.4, MdCS3.5,
MACS3.6 X JLAFEF A& T K S5 E KR
A S CAE DT, Wl RE 5 2 Rl ER S
AX,
2.7 ¥R CSIREMRERRTIEDH

M Helm HI1EREI (B 6), 4iREK,
T A BE AN R 1 21 rh 3594 2 3k, L b ol
M67 By4EH MACS3.4 £k m, BEJE K
K J& MdCS3.6 . MdCS3.3,MdCS3.2 . MdCS3.1
A MACS3.5; /b M74 )R 527 MdCS3.4
Kk xE, M5 KK ZE MIC3.3,
MdCS3.6. MdCS3.2, MdCS3.1, MdCS3.5,
ahFh M74 (46 H MdCS3.4 £k, B

M67  M74100daa M74  M20100daa M4  M20 harvest . M49  M74 harvest  GD

JE M & MdCS3.6, MdCS3.3, MdCS3.2,
MdCS3.1 1 MdCS3.5; A #f M20 fiy SR s ep
MdACS3.4 K ik it & & , K5 K &k 2
MdCS3.6, MdCS3.3, MdCS3.2, MdCS3.1
M MdCS3.5; &4 Fl M14 (1 H H MdCS3.4
KikdEEE, MEKKE MICS3.3,
MdCS3.6. MdCS3.2, MdCS3.1 1 MdCS3.5;
i A M49 [y 52 MACS3.4 £ ik E e i,
Bifi J5 4 YK J& MdCS3.6, MdCS3.3, MdCS3.2,
MdCS3.5 il MdCS3.1.,
2.8 FRCSIEREREMAENEERM
R RIE S

A AL R B A I, T IR SR A SR
FUERA, Bal 15 SR FLR R R 1 433l
PATTIRE, 5RRBL, SR B R AR
IR SR EER T ORL 1 SRk, RRE
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Figure 6 Tissue-specific analysis of CS3 family genes in apple.
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Figure 7 Analysis of the expression of apple CS3 gene family members in different apple varieties. A:
Phenotypes of Chengji No.1 and Asda apples. B: Determination and analysis of acid content in peel and pulp of

Chengji No.1 and Asda apple. C: Analysis of CS3 gene family expression in apple. Different lowercase letters
indicate significant differences (P<0.05).
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