MR EmBE Modern Food Science and Technology 2025, Vol.41, No.8

R H8 FLER AT = copAZ ERRPER B Y £ KBETZEL

BRERIE', REiEY, F=ERE, MR, TR, EmB", BRI, BERE", KEE"”
(1. M RKFRRAFE TRZR, THRHM 225127)
(L HMRFIHFEZAT LS EMIEEZET, THRHMN 225127)

WE : copAd AR AR GBOR AR 32T L ETEMEA . Z XKL RN ILEEATE hsryfm 1301 49 ccpA
AR RKAAEHEILEEATHE hsryfm 1301 A4 copd SeFA R HHRERR TAFMH ToIA KK, 4RI+, AXHEH
. RAE. HEAE. FIUBSFAE—BRN, FARNBRGAEREEY G THUBAFHR, 29T 4~5 h Bl ELEH,
FERAFERITF A HEAK (02% ) BAEFBFRREN, FARARAENRERNE; REARTEHA=
RAERNE, FATHARI AT I, EIRBRARKABRIILT, SBAENERESZTHAR (ODy &% 0.3).
ccpA BT AT RETHRARNKE T RFERIYE, BRFELETAREFHLERBMER, &
AR AT 2. IRERARETHAKRE., ZRIEMT copd LR £ R A5 IUBATH BOR ) A Ao A K dx 6] 6916 A,
o AR AR AR TR i e SR Z HE .

KR APBIBATE; copd; ZRAEK, HRAA; £KF

TEBRE: 1673-9078(2025)08-72-82 DOI: 10.13982/j.mfst.1673-9078.2025.8.0798

Growth Changes of ccpA-deficient Lacticaseibacillus rhamnosus

CHEN Youyun', CHENG Haohao"?, LI Mengting', SHAO Jun', WANG Haikang"’, GUAN Chengran"’,
CHEN Dawei"’, GU Ruixia"’, ZHANG Chenchen"*

(1. College of Food Science and Engineering, Yangzhou University, Yangzhou 225127, China) (2. Jiangsu Key
Laboratory for Probiotics and Dairy Deep Processing, Yangzhou University, Yangzhou 225127, China)

Abstract: The gene encoding the carbon metabolism control protein, ccpA, plays a critical role in the utilization of
carbon sources and environmental adaptation of lactic acid bacteria. The ccpA gene of Lacticaseibacillus rhamnosus hsryfm
1301 was completely deleted using an in-frame, marker-free method. The growth status of L. rhamnosus hsryfm 1301 and its
ccpA deficient strain were compared under different conditions. The use of glucose, fructose, mannose, galactose, or lactose
as the sole carbon source resulted in the wild-type strain reaching the stationary phase 4~5 h faster than the ccp4 mutant. At
low mass fraction of mixed carbon sources (0.2%) and the presence of non-preferred carbon sources, the wild-type strain
exhibited a secondary growth phase. In contrast, the mutant strain did not exhibit the secondary growth phase but entered the

stationary phase earlier than the wild-type strain. Under low-carbon source conditions, the biomass of the ccp4 mutant was
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greater (approximately 0.3 of ODy,) than that of the wild-type strain. The ccp4 gene enhanced the growth rate of L. rhamnosus,

but it inhibited growth under low carbon source conditions. The effects of the ccp4 gene on the growth of L. rhamnosus varied

across different environments, conferring a growth advantage to the strain under conditions with ample carbon sources.
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Table 2 Carbon sources in the culture media
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Gly-MRS 0.0

Gle-MRS 1.0

Gle-MRS-1 0.1

Gle-MRS-2 0.2

Gle-MRS-3 0.3

Gle-MRS-4 0.4

Glc-MRS-5 0.5

Fru-MRS 1.0

Gal-MRS 1.0

Man-MRS 1.0

Lac-MRS 1.0

Suc-MRS 1.0

Mal-MRS 1.0

Gle+Gal-MRS 0.2 0.2

Gle+Lac-MRS 0.2 0.2

GlctMan-MRS 0.2 0.2

Gle+Fru-MRS 0.2 0.2

Glc+Rib-MRS 0.2 0.2

Gle+Suc-MRS 0.2 0.2

Glc+Mal-MRS 0.2 0.2

Glc+Raf-MRS 0.2 0.2

Gle+Sta-MRS 0.2 0.2

Glc+FOS-MRS 0.2
Glc+GOS-MRS 0.2

0.2
0.2
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2 & [ %2 4 . Multiporator 4308 FL % FLAX, WA
M (PED AIRAF: JF-SX-500 4> HB KK, H
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Table 3 Plasmids used in this study

AR 4 KR
pUC19e pUCI9 AT ks, LB F vk [17]
pUC19e-ccpAUD pUC19e #TA S #s, % AL S 4EN copd IR 69 LA T i h & EE
pMG36e aEELFME, KWAAHE - ILRE FREAK Novagen
pPMG36e-ccpA PMG36e #T4& Az, A 1301 49 ccpA B 57 (4 23T ) #ak P32 % L

x4 ZX ARSI
Table 4 Primers used in this study

24

Vel AR LZeR

Eco-ccpaupF

TTTGAATTCCATATACCCATGATTGTCGGTGC EcoR 1

ccpaupR TTTATTTTCTCCTTAGTCGTGAAAA
ccpadownF TTTTCACGACTAAGGAGAAAATAAAACAGAAGTAACACGATATTCTGGC
hind-ccpadownR AAGAAGCTTGTCATCAAGTCAAAAAGACCAAG Hind 111
ccpaTestF GTCCATCGCGGTTAAGTTAGCC
ccpaTestR CAACATTCGCCAATCAAGGTG
M13c-F CCCAGTCACGACGTTGTAAAACG
RV-M GAGCGGATAACAATTTCACACAGG
Eco-1301ccpAF GGAATTCGGCTACTCCTTAAAACTCGCTG EcoR 1
Hind-1301ccpAR ATTAAGCTTCTACTTGGTTGAACCACGCTTC Hind 111

14 BT

141 BHegEHR

MUK A H BCHS AR A7 1R B 25 B L8 AT 5 hsryfim
1301, $FT 5 mL [ MRS Wik 555, BT 37 C
TEIRIEFRAE TR IR 24 h, MG BIRAE MRS [B k577
FRIZ, 37 CHEFR 36 h, PRHURRETR, T MRS ik
B 9% 24 h, TN 4 CUKFRIRAT™.
142 SRR E

ZOCH B BRI G| PNk 3 FIER 4 Fros. #&
BB, 25 0 FL IS AT B hsryfm 1301 (1) DNA, DA A #
#, H Eco-ccpaupF. ccpaupR F ccpadownF. hind-
ccpadownR 73 |4 1¥ cepA F K L3 Bt ccpAUP
1R % A Bt ccpADOWN 5 Fi| | 8 & #E{# PCR, ¥
ccpAUP Fll ccpADOWN il & A ccpAU-DY;  H
EcoR 1 fl Hind TI1 §§ 1) pUC19e Jii i FI ccpAU-D
A EE G E R RS, 35
pUC19e-ccpAUD JFi ki .
143 copAR I 69 TRE R

B IR B O IR ml R R RE S RSk A Bk
WIRIR « ¥ pUC19e-ccpAUD HL#% 4K 28 [ 2= 4 7,
P& AT B hsryfm 1301, £ & A 40 % F 1) MRS - 1)

R AT, R 514 cepaTestF. M13c¢-47
cepaTestR. RV-M %iiE B R BAA KBS K —&
BT LA FAE AL R 1 MRS H 2 kLR,
FHB AR 2 0 i o 4L 8 R Pu i bk, RIS
ccpaTestF. ccpaTestR & H Gl B R g bk, v 44 AR 2
Bl FLIE AT B copAm.
144 wAMAME

DL 2= 05 LS AT 1 hsryfm 1301 [ DNA AR,
Jil Eco-1301ccpAF F1 Hind-1301ccpAR § 1 cepd %
R A 211 FN 2w s 5 51 P-cepA 5 $2HX pMG36e ;
EcoR 1 #1 Hind 111 Y] pMG36e Jii FL AT P-cepA F B,
B KIATRIRZ S, 345 pMG36e-
ccpA i ki. K pMG36e-cepA Jii K HE 5 Ak &5 [ 2= 1
FLEE A copAm,  3RAF BR 25 HE LIS AT B cepAh. [F]
i K pMG36e 5 44 22 B 45 4l 5L & AT 18 hsryfm 1301
A cepAm, FRTF R ZEHEFLEEH B 1301e A ccpAmes
145 EHA KM LN E

W vE A 2 AR B 20 L A T R R AR TR 2% 1
e (BRE0 9l 2lsss Rt . R
E)JG, WRHER 300 uL IR R, AFEM I =A
SPATHE, RGN B3R K &0, £
BBE N 3T C, KiFF 48 h, FEBE 30 min S2HL 1K

75




MR B

Modern Food Science and Technology

2025, Vol.41, No.8

HOEPY . & BRI R, 7ERFFREE AN 10 pg/mL
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146 BHERRAHNABREIHKTHAERMZT
Wi Ak 2 AR B ZE B LS AT B hsryfm 1301
PRFH cepAm 2 /8 2% IR & (R 50 73 il 42
TR ES 775 Gle-MRS 1. Gle-MRS 2. Gle-MRS 3.
Glc-MRS 4. Gle-MRS 5 H; #%H8 1.4.5 777%,
SE PN BRI AR K i 26
147 BHAETR R THARNE
FE 3 AL 2 AR BR 45 B L AT B hsryfm 1301
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B ERSED 7l Fh BB AR S 77 5L Gle-MRS-2.
Glc+Gal-MRS. Glc+Lac-MRS. Glc+Man-MRS.
Glc+Fru-MRS. Glc+Rib-MRS. Glc+Suc-MRS.
Glc+Mal-MRS. Glc+Raf-MRS. Glc+Sta-MRS.
Glc+FOS-MRS. Glc+GOS-MRS ' %[ 1.4.5 K77
%, M A BRI A K2R .
148 HHERRZEOBRREIHTHARNZ
HEE AL 2 AR 1) R 2548 LB AT B hsryfm 1301
PN cepAm (fRIEH: OD {H—30) 218 2% &/
2 (50 2 P 3 744 55 7% 5 OP-MRS.
QP-MRS. LP-MRS Al HP-MRS H; % 1.4.3 ({177
%, ME AR AR TR .
149 B SH
WIS TR 5 A 3 I E AR 25 P 1,
FFFIF Origin #4174

2 FER5E

2.1 ccpAFEH W B IR

HH pUC19e Joit K A1 B 2% B 7L 5% AT B hsryfim
1301 B DA 2 T i b #A pUC19e-ccpAUD Jiii fir,
ML 0 RS ik, 3R T BAHE RN
W Pk copAm (] 1a). $REUA k) DNA J&, A
cepA KW 51 W) % (cepaTestF. ccpaTestR) ik 47
PCR #"34. HLIKEE R Eox, BAR R G 5% 70 ug
KT 3000 bp, ccpAm 91§ 2% 7 B& KT 2 000 bp
(E 1b). ccpd FEFFIR/NERAE 1 000 bp 7247,
B 2= 1 7L 8% #F B8 hsryfm 1301 copd 5 R K /N K
1 002 bp (Genbank locus_tag="F5976 03715"),
cepA K Bl W AE copA FER) B R E %2 1 000 bp
Ab, TR KN 3 292 bp, R [ AL T4

76

K/NA2290 bp. HLVKZE R E T —8 B R
i 5% T B 2E BE FL K AT 5§ hsryfm 1301 (1) copA % A
(cepAm), HERFEEPRA 5] AT FNESE R A peik,
NG5t B PR IR 37 3 BRI

( puCISe ) LB ZIDNA
R~—
| N T——
Y
pUClée-ccpAUD
o
Pl |/ |
LERD P4 | !
AL | R
H:FHDNA 2 | _’L :
I EdR51 I
o = |
Pl I cepAFER :
S i — | — |
LEN N T .
|
K ZHDNA l P4 | >< |
P3_ : [ A :
AN—E.
— |
H:FADNA P2 —_——————— /
b B o
Marker ‘&f\‘%/ ‘%3&@
5000 bp
3000 bp
2000 bp
1500 bp
1 000 bp
750 bp
500 bp

100 bp

0.0 1 1 1 1 I

iFE] / h
B 1 copA E R RIRLER K Bl #b
Fig.1 Deletion of the ccpA gene
E:a: ABSRRAAZAE; P1: M13c-F; P2: ccpaTestR ;
P3: ccpaTestF ; P4: RV-M; b: BFA R fek ARy 3 54 ¢
AR A (1301e). #FBAE FHH (ccpAme) FoE AME F
#& (ccpAh) £ MRS ¥k (A4 FZ) FoIA KWK,

HFH pMG36e J5i ki, 8 T cepA [al #h 44,
FE WL # A & copAm B B CBJ ccpAh) 5 A HEIE 40
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Fa WA KRKE W, & pMG36e & #H 1&
a5 % 4k & R 2R 0 FL B AT B hstyfm 1301 C R
1301e) Fl ccpAm (Bl ccpAme). KL TR,
ccpAme 14 K FE 18 T 1301e, fi B % ccpA
B G, cepAh A4 K 8 FE [B] & 2 B A4 Y 9K S
(Bl 1c). CepA B BHERERMEH, A
% 7L 3R B R AR ) LA T R B IR R W U AT P TR
PR W I 45 1) % 6 32 B CepA B s R 250 7L ES AT
R cepA I R A G B AR 18 1) I B S HL IR HLBR
BRT R 20 LT B T LR B 5 LR A AR L
WAL AT B 1) copd BRI RIFE A B T &
Ko fiE .

2.2 B ZHEILEAT Ehsryfm 1301 F7ccpAmiE
T REBIES T A KR

a 18
1.6
1.4+
1.2}
1.0
0.8F
0.6 -
0.4
02+

0.0 1 1 1 1 1 I
0 5 10 15 20 25

i8] / h

OD600
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-e-cCpAm

b 187

1.6
1.4+
1.2}
1.0f
0.8F
0.6 -
0.4
02+

00 L L L L L |
0 5 10 15 20 25

fiFA] / h

0D600

-=hsryfm 1301
-e-cCPAm

1.6
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1.2}
1.0}
0.8
0.6 -
0.4+
021+

00 L L L L L |
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fiFA] / h

0D600
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-e-ccpAm

O DéOO
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-e-CCPAm

0 5 10 15 20 25
1A / h

1.6
1.4
1.2
1.0
0.8
0.6
0.4
02

00 1 1 1 1 1 ]
0 5 10 15 20 25

fFa] / h

0D600

-=hsryfm 1301
-e-CCPAmM

-=hsryfm 1301

1.6 -e-ccpAm

1.4
1.2
1.0
0.8
0.6 -

0.4 F"F.d :
02F

0.0 1 1 1 1 I

OD600

i1 / h

g 18 -a-hsryfm 1301
L6 -e-CcCPAm
1.4F

12}
Lok
08}
0.6

04} W‘M
02}

0.0 ' ' ' ' -

O D600

I 1E] / h
B 2 B4R ( hsryfm 1301 ) #0 copA £RFEEY ( ccpAm )
EREAR R BRIR SR G TR ERK &
Fig.2 Growth curves of wild-type and the ccp4 mutant under
different carbon source conditions
E:a: 3BAAA Gle-MRS; b: 25 H Gal-MRS ; ¢ :
3FIEA Fru-MRS 5 d: 3774 Man-MRS ;5 e: 3%
Lac-MRS ; f: 3734 Suc-MRS ; g: 3444 Mal-MRS.

71




MR B

Modern Food Science and Technology

2025, Vol.41, No.8

ODy, 8 1V B e % A ) 5 RS B 20 A
7 THI B BT R B AR AR 77, SR BR 2 W AL I AT A
S MERIRAT B, HAEEKEE A KR AR L s AT
CFU, H: ODg, fli 5 qPCR i1 %1 “EH k%" 45 %
o — 8, R 12 3R F OD g0 15 5 B B PR 11 42
KRB 7o 4 B 2508 FL & AT B hsryfm 1301 Al ccpAm
BT ASFEBE RS MRS 85972 (1.0%), %
HAKMZ. w2 frx, RAREALEATFE hsryfm
1301 Ref% R F A 2 5. EFURE. B, H e A
FLE N ME— B AR s I IR RS AN 22 2R R B8 7758
590 BZSREFLEEAT B hsryfm 1301 A1 ccpAm 7E 1.0%
BERRE BTN AKEAAR, & ODgy, [H
REIE B2y 1.6 (I 2a). 75 F FH % 45 8. 21 L0 A
R AR, R ZEHE FLES AT 5 hsryfm 1301 %E i ¢
Bi, 29292 h, FIHEBER AR IR, A A L
BERF, ZERHIRT Sh (K 2e). RAHEIALEATE
hsryfm 1301 7E & FHEIRIE T FIFEECS/E 7 h 2
(K 2). BRZEVEFLEATE copAm FIBRIEF HEE S
hsryfm 1301 AHIT, 1HSZ hsryfm 1301 [ 4 K HE 01
BT copAm, SeFiEFR e (HEHT 4~5 hoo
25 b LS AT B hsryfm 1301 X Ji 4 A1 22 28 0 L -1
WEFRHEE S (B 2f. 2g), EBHATE R4k
s 7 38 G ) I 7 Bl R 9RL Y . CepA B b F A
T SRS VA T R AT P T W e 4 ) e S v T R I AR
Kl FE, 17 PR P TR YA il 5 A 5 P e A e R A U 3
FEMEETY, K, WAL R copd BFE
A CeepAm) A=Kl B AR 12 (1) W R AE 2% FlvmT 1)
TR Y 7 il A LE o

23 HEBRELEMRERALBHE
hsryfm 1301 fccpAm 4 K 8 % i

A AE B2 28 IR A B R 2 I — IR AE K
FEE Ll T CCR BLSR AFAE, v T 3 1 4
B 2 R A 27 B U ) R A, LR 8 (v A4 AR K B
ODyqo 18l 7E B A2 B 85 5% 58 o vh B A i P 1) |
PR, PR S T A e IR R A S R, S8R
LI 21 TR PR B B IR R FH e 4. PR, R TR T ecpA
B RO B Y R FH e e () 520, 5 S8 20 A BR 2R L
P AT B A A S BR A1) B B U o 2 O B K SR 2 L
T hsryfm 1301 FI copAm 224 AN [7] 4] 2 0 5 =
Sy H ) MRS 5555 2k il 2 0% 5T 270 2003 0 0%
0.1%-+ 0.2%-+ 0.3%. 04%. 0.5%), % il 4 K i 2k.
SRR, 1E0.5% HEMERESHN, WA

78

FFA hsryfin 1301 1 copAm S EES AT BEAEH
EIFERUR B ES, IS BRI AR KO 2 R 32
FFZm, (H 2 B AR A K RS2 BRG] (13D, 4
B 9%k (1) 461 %) B o1 5 70 309 0.2% I, hsryfm 1301
A copAm (A K BE R R AN, HEEKER
N, SRR AR I A BV, AT A EE R I
B RAEKMZ, AT UMEA RS SR K. I
Ab, BRI, AE R 5T R ) 0 B R
ccpAm A EEMAEKE.

a 6l =X A
T --0.0%
1L4r -40.1%
12L +02%
--0.3%
—0.4%
»-0.5%

1.0+
0.8+

ODéOO

0.6 -
0.4
0.2}
0 5 10 15 20 25
] / h
b | =

0 5 10 15 20 25

i 1E] / h
B 3 B4R copA BB EFMKERRE A ERE
DETHERK ML

Fig.3 Growth curves of wild-type and the ccp4 mutant under
different concentrations of glucose
E:a: HAAR (hsryfm 1301); b: copd #7487 (ccpAm);
SEC PSS SRS 3

2.4 R 2B ILEEAT Hhsryfm 1301/ ccpAm7E
BABIREFH ZREKEFR

H B3 2= 08 FL AT B hsryfm 1301 Al ccpAm 27
TAE B MRS 15 72 CRERR AR 5 1) ot & 43
IR 02%), Kz, HErsRAtph S
W EBER, copAm BFEEAEKE (Kl4a). 4
55 57 BV A ) WE A UM LA 0 R T R R
) B A0 SR I CR BT & 2 BN 0.4%), hsryfm
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Fig.4 Growth curves of wild-type and the ccp4 mutant under different mixed carbon source conditions
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