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Abstract: [Objective] Cronobacter sakazakii (C. sakazakii), a milk-borne pathogen leading to high mortality,
is hard to be controlled in dairy processing due to its special cell characteristics and strong environmental stress
resistance. C. sakazakii produces carotenoids which are located in the cell membrane, while there are few
studies on the physiological role of C. sakazakii carotenoids. This study aims to explore the effects of
[-carotene hydroxylase gene (crtZ) deletion and complementation on cell characteristics and stress resistance and
decipher the potential mechanisms. [Method] Using Red homologous recombination, the BAA-894AcrtZ (AcrtZ)
mutant was constructed from C. sakazakii BAA-894 (BAA-894), and crtZ was complemented with pWSK29 to
generate BAA-894AcrtZ/pWSK29-crtZ (AcrtZ/pWSK29-crtZ). The cellular characteristics and fatty acid profiles
of these strains were then analyzed. [Result] Compared with BAA-894, AcrtZ exhibited enhanced outer
membrane permeability, reduced membrane fluidity and biofilm formation, and attenuated resistance to various
environmental stresses, whereas these changes were diminished in AcrtZ/pWSK29-cr¢Z. In addition, the number and

mass fraction of unsaturated fatty acids increased significantly in Acr#Z, while they showed no notable changes in
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AcrtZlpWSK29-crtZ.
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[Conclusion] Deletion of crtZ may be a critical factor influencing the cellular

characteristics and environmental stress resistance of C. sakazakii. This study contributes to the theoretical

understanding of stress resistance mechanisms in C. sakazakii and provides insights for food safety control

strategies.
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FA R @SR FEER RN AERCRETNER
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Table 1 Primers used in this study
514 4 7R S 51 (5 —31 BKHREECC A BN bp
crtZ-U-F CGAATTGGGTACCGGGCCCGCACGGCTGGTGGATGAA 56
crtZ-U-R AACTGCAGGTCGACGGATGGTTATCTGAAGCGGCTCTA 58 ol
crtZ-D-F GCCTACACAATCGCTCAAGACGGCAGCACAATCGCCACGTTA 61
crtZ-D-R GCAGGAATTCGATATCAAGCTCGTCGCCAAAGTGCGTGAA 60 ot
crtZ-kan-F TAGAGCCGCTTCAGATAACCATCCGTCGACCTGCAGTT 60
crtZ-kan-R TAACGTGGCGATTGTGCTGCCGTCTTGAGCGATTGTGTAGGC 53 L
crtZ-pBS-F TTCACGCACTTTGGCGACGAGCTTGATATCGAATTCCTGC 54
crtZ-pBS-R TTCATCCACCAGCCGTGCGGGCCCGGTACCCAATTCG 62 2903
H-crtZ-F CGAATTGGGTACCGGGCACCAGCAAGGCCGAGAAACT 59
H-crtZ-R GCAGGAATTCGATATCAAGCTCAACAGGACGTTCCGTTGC 55 0
pWSK29-crtZ-F GCAACGGAACGTCCTGTTGAGCTTGATATCGAATTCCTGC 56
pWSK29-crtZ-R AGTTTCTCGGCCTTGCTGGTGCCCGGTACCCAATTCG 58 2o

T 5 R B R R B, DA BAA-894 SRR , 43 il
H 51 %) crtZ-U-F/ertZ-U-R Ml crtZ-D-F/ertZ-D-R ¥~
WA ] bR R crez-U MR B R B crtZ-D; DA
pKD13 N #R , I 51 ¥ crtZ-kan-F/crtZ-kan-R 3 14
5 3P B ertZ-Kan; PL i B crtZ-U. crtZ-Kan.
crtZ-D N, 7E 51 ¥ crtZ-U-F Ml crtZ-D-RAEH
L S PCRG R A B crtZ-UKD. FLU, M 2 i
J5i K, DL pBluescript 1T SK (+) A #& AR , 5 F 51 4
crtZ-pBS-F Al crtZ-pBS-R ¥ 14 159 F| £ 14 1L pBS F
BB — 20 s B 2k M4k pBS Al ereZ-UKD # $%,
15 3 B R KL pBS-crtZ-UKD. 2 Ja 3 M a4 F B,
LA R Bk R N AR , B 5190 ertZ-U-F fl crtZ-D-R ¥
W93 3 R FE v AR R B ertZ-UKD. 2R J5
R L A B ertZ-UKD # N & pKD46 Jii ki
BAA-894 ML RS2 A AL, 7E & RIBE R FIE R E
PR XUHT 1 AR b 07 328 B PR 3 A6 1, IR AE 42 °CRE 3%
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AERPUEFRIFER T, T 42 cCil i 97 %
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ZJEAE— L BEEEAE N A erez Fr BORN 2 14 Ak
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762 mL &% N 3 uL 3K A4 2 mmol/L [
DPH ¥ 1 G 771 - DU K IR ) , 30 °C R 15 % & 30 min,
4 000 r/min & 0> 5 min, PBS 2% #F O VR 1 Ik,
12 000 r/min & > 2 min, fl 2 mL PBS %% 3 i &
BB K, AR S 1E 9O 4 6Ot BE T R I i AH R 9%
o WOk K 360 nm, KSR K 450 nm, 34 5%
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B Ve JE IO 200 pL 45 R B, SR E
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S VT TR ke 2 0 T T A O
1.7 RSN E
1.7.1  BR Ak, A A & B R 69 & M e
35 4k (1) BAA-894 \ AcrtZ Al AcrtZIpW SK29-crtZ
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2.00,12 000 r/min & > 2 min Y 4 B /& , PBS 28 3
T Ve 2 Wk, FH LB R 1R 8% 97 2k 5 B B 1A, IR 3%
BB ODgoo 14 0.10,30 CHH BN H . IMES K
J& > LL 12 000 r/min & 0> 2 min, Y4 1 14, PBS 2% i
WET 1R ERE A, B EEWT PBS Z M
HOE SRR RE UG @G W B 19 100 pL B R A T LB
[ 4 7 B b, 24 h G 3R AT R B R B R B e 1 T
PRI 5E < 10 mol/L HC1 i 15 LB ¥ 14 1% 77 %%,
fi . pH A 3, B PR & 30 mino B 30 10 i A2
52 : F 4 mol/L NaOH 5 LB i #& ks 77 5 , i H
pH A 11, 1 ¥k % & 30 min. %46 W38 ) T 32 7
W5« F AR B 5 030% 1 H,0, 1 15 LB ik 14k 15 77
el A 2 H,0, % N 30 mmol/L, B & I &
15 min. =535 & 8 1 52 v e - LB A
B % v NaCl it & 7 208 5 9 10%, B bR &
90 min. X M ZH A& 0 F Ab B B AT S W 1E
Ko A VRO Bk 8 4% RO T BE T 0 B b
KR DOIHH .

B=lgA,~1g 4, 3

C % 100% (4)

:lgAl
A
A— XA B % 2, CFU/mL;
A,— 15 H B 7% %, CFU/mL;;
B— A V& % # /b fi , 1g (CFU/mL) ;
C—T# V&% X B0k > %, % .
kR
W6 B B W e 2 R SC kL1411 7
AT .
1.8 4BEIBE AR ER IR BN R 43 #fr

HE BT 8 2 X S o3 M7 225 Li S50 05 v 04T
1.9 HIEGIt o

F HAR I I BB 3 RCPAT , BiE O S s
#E 2 % 78 . R GraphPad Prism 4 #4347 45 it
POk I & i DU NV e I L A Sl R S i
1T 25 BEMES T .
2 #iRkS5w
2.1 criZBRR R EAMREE

K BEONE BE BE R R VK B UE AcrtZ
AcrtZ/pWSK29-crtZ W IE# 1 . Wi B 1) FoR , 18
i 51 ¥ crtZ-U-F F crtZ-D-R % 30E crtZ 2 H & & %

1.7.2

¥ A% BRI E crZ R 5 X 40 B HF 1 0 ER 5T 4 35 M 0 S0

Th R, VK IE 1 9 BAA-894 HIF= 4, 46 %1 1 500 bp,
KN IEH : PK3E 2 8 AcrtZ (74, 215 21 1 000 bp,
K/NIEHRG s 9k 18 1 RIPKIE 2 10 %5 22 % R W erez
B R T R R . 1 (b) 38 i 5] ¥ HecriZ-F A
H-crtZ-R %3 F creZ 56 R & 75 A% B 8] 4h , 3k 34
BAA-894 [ 72 ) , % 7 £1 650 bp, K /N IE 1 ; ¥k JE 4
N AcrtZ W 72 W), % 29 350 bp, K/ IE i s 9K IE 5
N ertZIpWSK29-crtZ I 7= ¥ , % s 21 650 bp , K /Iy
TR s VK TE 3245 Z (8] 1 2% 5 22 S 1IE 5K ertZ 2R 7
AcrtZ F Dy A4 o HE— 20 W 7 45 SRR W AcreZ
Hl AcrtZIpW SK29-crtZ #  ili h .
22 crtZBRRBIEVNEKERERNEMN

N TR AR AcrtZ & R N K
B, A% AR B AcreZ P AR RS DR R 5 Tl
it TLC M LC-MS %€ il or H . an B 2Ca) s
X EE BAA-894 Fl AcrtZ B AR UTUE I EREL R I, AcrtZ
T AR, AR B O . W 2(0) R, 7R
TLC iERI R BAA-894 4 3 Rl (0 2K il 20 » AcrtZ Y
H—F0, H AcrzZ Wt % oy oL # A B 35 -
BN EARUE L. WK 20 TR, BAA-894 H =
B R RS ARG 73 7 5 BN 893.5, 1 v L fR FI
U cm/z 893.5 N BEE FIE (M ,910.5(M-17) .
801.5(M-92).731.5(M-162).713.5(M-180) .569.4
(M-180.1-162+18).551.4(M-180.1-162) .533.4(M-
180.1-180) » BAA-894 fi i 4 fi ¥l 5 Zhang
SO AR — B, IR BRI BAA-894 77 A 1) 2K A
&N 2R U R OK B, AB X 4> T RN 892.5, 48
F RN CuH0e WK 20D fion , RAE KK AcrtZ h
F B R AN 7R = 537.5, Hw v
RN T cm/z 537.5(M") ,453.3(M-84.2) .436.3
(M-101.2).282.3(M-84.2-171) , 5 & p-1H%E N EH
file A . B-THEE D E A XS 4 T &N 536.5, i
— 5454 TLC FILC-MS 45 3, HI BT AcreZ 1 (1)t &
oy N B-THE N &, 7 N CyHseo BL EEF R
B, creZ 2k DR 2% T 7 X0RE oK 38 A g 12
MUE T BAA-894 KRR N R AR .
23 crtZ BRI R MR AR YT AR

41 o R M 5 40 R D e A DDA O, B4 4E e
BB & Ve IR B A T B R
B, A B2 B M R T K VB T T AR A
/NS O A R o B D 2R, 5 M RS E BB B
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Agarose gel electrophoresis diagram of different strains
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Fig. 2 Identification of carotenoid synthesis in different strains
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BN T RE Ao SEWIIE I AT R 5 e R X
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0.05) . AcriZ 40 i it s PR D> T 31.2% , A4
JE TR i BE ST BE AR T 48.8% . 45 R B IR, AcrtZ 7%
A N R R R A U T LA i R
B, R BN IS B P 9 LI R 3h M AR
JEL ' F B8 7 ek 55

2.4 crtZ R ITEMRIFE I IE MR
241 ARFRFEME LS TRAKRGKEHL

C. sakazakii 2 77 ML #| 5 HAE M 0 26 18R 1) iE
NP YA OB . AT B R ereZ B TR B 2R X T AR
R85 P30 M B9 52w, BL B T BAA-894. AcrtZ M

¥ FHF: BRIGEATE crZ R o x40 B EF 1 0 3552 4 M A0 20

AcrtZIpW SK29-crtZ 16 T8 Bk Ak Rl 51 78 & & W
T IR 2R 1 L o

W& 4 Fr R, pH N 3 B, BAA-894 7E 30 min
WK 2> 7 1.361 1Ig(CFU/mL) , AcrtZ 3 /> 1 1.799
lg (CFU/mL) , AcrtZ/pWSK29-crtZ ¥ /> T 1.284
lg (CFU/mL) . AcrtZ Lt BAA-894 [ 1 74 %t £
DA R 32.18%, H & F & T AcrtZIpWSK29-crtZ
(P<0.05). pH N 115, AcrtZ {£ 30 min N J& /> 1
3.203 lg (CFU/mL) , AcrtZ/pWSK29-crtZ 3% /> T
2.899 1g (CFU/mL) , AcrtZ [ 1 ¥ X BB Ik b i %
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Z S5 . 7F 30 mmol/L H,0, %1 F , AcrtZ 1E 15
min N [ & % XF %ok 2> 7 3.688 1g (CFU/mL) ,
BAA-894 [1) B v& XT #jk /> 7 3.168 1g (CFU/mL) ,
AcrtZ/pWSK29-crtZ % /> 1 3.544 1g (CFU/mL) , 7]
W, AcrtZ 1) W ¥ X BU D> e % o AR TR 92 31 10%
) NaCl 3 4 T 0% & 90 min Ji5 , AcrtZ [ 16 75 X% B0
/bl S~ 0.301 1g (CFU/mL) , b BAA-894 &
35.59%, AcrtZ/pWSK29-crtZ 5 BAA-894 T i % %
7 (P>0.05). Z5REY LR A EBE K
i , BAA-894 Al AcrtZ/pW SK29-crtZ ) B ¥ %t
g D E B B AcrtZ A% .
2.4.2 crtZ 3 H bk IR RO M 69 % v

WO BAE A — Mo B R 7, B B
Sk AE Y. 415 nm (19 O6 AT BLA AR I
C. sakazakii™ . N T b & criz # B g X
C. sakazakii ¥ Y6 BUBAE 52 ) , P 2 17 A [H ¥k
oo RN TB) T 1 B e D 1

S B, BEAH (T8 ok RO T V& 6 SO LT
AN i B 1) AR 4k, W8 ' i R 1 T VR BR0R D i B
e WO TR] G o T ¥G 2 o 4 DO R IR 45 min i,
BAA-894 T ¥ X #0098 /> {5 4 3.133 1g (CFU/mL),
T %o B b 2R 28.64% 5 AcrtZ/pW SK29-crtZ 1]
B % X B b 8 4.250 1g (CFU/mL) , 1 ¥ X $¢
W N 49.42% 3 AcrtZ 1 TE V& X B 2D B N
8.315 1g (CFU/mL) , & % *F 9% /> % 4 100% ,
KW AcrtZ 58 4 B0 6 K . 4 D R R 60
min J& , AcrtZ/pWSK29-crtZ [ # 7% % # b
N 8.600 lg (CFU/mL) , B & X % 9 > £ N

BE 30182025 F 4 B | ERE5EMBEARFER

100% . 4 % % 4% B 120 min 5 , BAA-894 [f]
7% % B > 8 N 8.036 1g (CFU/mL) , B ¥ Xt
ok > #H 100% .

BAA-894. AcrtZ M AcrtZIpWSK29-crtZ 1F
415 nm A I B BUR A FE 2 7 o BAA-894 & 15
Jt M 120 min B 58 A K 3SR N O
7 B Ny 218.88 J/em?, AcrtZ 24 W5 ¢ 4% IR 45 min
58 4 2R 3E , 6 B 6 F & N 54.72 J/em?,
AcrtZIpWSK29-crtZ 4 ¥ 't 4% I8 60 min B 58 4 2%
W6 R WOk B 82.08 T/em®. W WL, AcrtZ 1Y
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Fig. 5 Inactivation kinetics of blue light illumination on

different strains
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Table 2 Fatty acid profiles of different strains

JiE s B I B/ %
LZ3
C4:1 C8:0 CI2:0 Cl14:0 Cl16:0 Cl16:3 Cl6:5 C17:0 C17:1 C18:0 C18:1 Cl18:3 C19:0 C20:5 C21:0 C22:1
BAA.894 0.19+ 0.62+ 0.55+ 091+ 1837+ 094+ 1.00+ 0.52+ 1.51+ 10.03+ 11.71+ 31.16+ 22.49+
i 0.01 0.02 0.02 0.07 1.52 009 0.07 0.03 0.11 0.24 0.68 0.81 1.23
AeriZ 1.06+ 0.49+ 0.70+£ 17.66+ 0.99+ 045+  0.67+ 9.40+ 14.62+ 1.78+ 28.40+ 290+ 19.76+ 1.14+
crt. — —
0.05 0.04 0.08 0.50  0.04 0.04  0.09 0.49 0.86  0.08 0.69  0.02 139 0.08
021+ 036+ 0.58+ 0.81+ 1622+ 0.61+ 1.11+ 0.56+ 1.67+ 841+ 1293+ 32.30+ 2422+
AcrtZIpW SK29-crtZ — — —
0.02 0.01 0.06 0.15 1.02  0.02 003 0.03 0.12 0.35 0.48 0.87 1.25

V< IR 7 R R G 8 BN U TR 5T A o A M O B A3 B BL% R R R R R .

£ BAA-894 Al AcrtZ/pW SK29-crtZ H i Hi 13
Foft Jig 17 2 (.8 b b AR B Uiy R R 5 M AN L BT T T R

TE AcrtZ HRE H 14 F i 7 1R (8 v A0 fii iy R A0 6
A RN M A0 HE iR D, HrP C16:0.C18:0.C18: 1.
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C19: 0 F1 C21:0 2 341 Mk ot & 43 Hs = 1 5
FRMEWI R . B MMEN BRI, 5
BAA-894 #H LU, AcreZ v Fr B T 3 FNIE DT R
(C18:3.C20:5F1C22:1), 8t/ 7 2R IEWT R (C4:1
1 C16:5), AcrtZIpWSK29-crtZ 5 BAA-894 Jig i iz
P —3,

53 M1 16 0 B2 o1 & 43 BRI, BAA-894 1 A1

JE W7 12 S5 B 0 B 84.63% , AN M FI g i 12 I B 4y
N 15.37%; AcrtZ L FDHE BT R R A BN
77.90%, A 1K1 JE W7 BR BT & gy H N 22.10%;
AcrtZIpW SK29-criZ 1 F g 7 1R i & 4> F N

83.47% , AN M K i 7 B2 ot & 9> BN 16.53%. 5
BAA-894 #1 Lt , AcreZ W A i 7 B2 I 2 43 BB AR, A
LT T DT R BT B Ay BB, Hoh C19: 0 gk > i £
(2.76%) , C18: 1 M Jm & £ (291%) , 1
AcrtZ/pW SK29-crtZ Jig i B2 7 & 77 BB A/ .

g W R W, C. sakazakii UL A0 g B R N
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FH 5, g 07 R b 2 R0 5 & 4> 25 BAA-89 M .
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3 45
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