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RGN B B E WA EN, TR
TE KT o A0 2 0 3 SIS A i v 70 B A 1 R 1
B (Pichia kudriavzevii) ,50 mg/L 2H I [ fif 5 55 ik
98.61% , = % I AEI A &z I A €61 v 43 15 114 7 R A1
Md B (Pseudomonas azotoformans ) , 41 I B fift % ik
40.7% . EAT, D TEE K 7 it v 43 185 O 35 o4 fe v A
R AR TEF B K 0 T g A A AR e
PR o1 R H R AR PR A N A A 1A
TR 25 F N, A FR AR L3 N R ) Lt X
A= Wy g V) R ik 8 0 L R o SR, H TR 2 5T
ASCNRICR 5 T DF-Ak BT ok ) R A 6 T, R AR AL
il o WFFE AT BN IRES T 0 B 1 RORS B 28 S
(Bacillus subtilis ) JZXJ-7, HAE TR W ie AT 8%
PR R A 2EL B R BB 0 o A R 28 SR T Ry — ol B
g5 A AU IR, 2 AR 3R EHE AL T, I 3545 Bk
B &2 4 Jry (EFSA) 136 B & 5 25 W B 48 2
Ja3 (FDA ) (4 AU 2 A A UEN M Al 0 25 F0 AT T i A
AR R B R h ] P A R E A RN Z R R
R RCTE R LA S T S a0 28 1 R s G A E
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PRI TR B R A T AR R 2
6L FF B8 A S Tl & 8% T D 14 25 28 8500 E 8k &
B, I 07 8 T A A D R

SRy ik — 2 R AR A R ZE AT TR A R K
(0 W e AL, DU ¥ b 43 25 04 Al B 2F 96 AT IR
JZXJ-T A5x4 R 5 HAE 170 mmol/L Fl 340
mmol/L. NaCl W38 T 1) B fife 21 B 500, 38 2o 7 5
2 7 (RNA-Seq ) A 53 b 4 T % e 20 Jig aok A v
R AR S ek 22 TR BE 48 7 A B 2E A AT
B AEER 0 B B HLER T %2 3 0 1o S50 3R
T ) B A 0 B 4

1 #REFE
1.1 #RERHF
LI B m bk AR 2F A 3 JZXT-7 (Bacillus
subtilis , 43 5 : GDMCC62458) , 73 & [ IF % , 14
JE T R Rk S TR AR B
1.1.2 kR AfebrifEm (=98.3%), X
Sigma /3 H] ; Trizol Reagent #2 5] , 22 [E Invitrogen
o) A% BER RNA %R0 & Epicentre Ribo—
Zero /> 7 ;NEBNext RNA 4 [a] 3CJ il #3877 &
FEB AR B A F] AMV 55 —5% cDNA & ik
Fl e, LA TAYABRA A LB (Luria-Bertani)
W7 AR AR (& AR 10.0 g/L, & ALh
10.0 g/L, BERFIZKY 5.0 /L, pH (N 7.2~7.4) T
W BHAL 223050 ) TC T PBS % W (pH=7.4) i %)
B AR EERER Y R R BRI A
g A EALE LK AR EE AL K G
TR GALEN O | LR R IR A A A A
B, At el g, B 254 PSR A PR A A
1.2 XEH5EH

NanoDropOne # & 5 473G 1, 56
Thermo /A 7] ;4200 TapeStation H 3l fb HL ik R 4t ,
F [ Agilent /A 7 ; LDZX-50KBS 57 3 28 15 % 11 K
Wy, g ZESTT M) JM-B 6002 LK
SV T R T R A e A A PR ) 5 XW-80A JiE I
KRG A4, TLPUfRE BT % %) ; H2050R &
HRVRE DML, LI RES A PR A | ;SW-CJ-
IF @& TAER, M ik &4 A SPX -
250B-7Z Ak 34, L IR ST A BR A H
Agetent1100 (=5 0B AH (35 , 55 [ Agetent 247 .

1.3 REH*
1.3.1  AHFZFAAT AU H A P IBOR R A
FF 0B TR V% 7 LB IR 35 i 35 9% B rh 36 CH5 57
24 h JG , HELARP IR 1% Fh i 3280 T LB 55 57
Wi, 1538 24 h, BEJS 4 000 r/min, 4 “CE.L> 10 min
AR R, H pH=7.0 1 PBS 22 il V% 2 KU,
R EET 2 mL PBS %4 H
1.3.2 A 5 2 SR FT B T 2L i B9 A A R I 5 TR
1 LR R BERE 32 . N5 0.5% % 8% 0.15% 1%
BESEELY 0.25% % H i, 1 mmol/L. KH,PO, |
1 mmol/l. K,HPO,.2 mmol/l. MgSO,-7H,0 0.6 mmol/L
CaCl,.0.4 mmol/l. MnCl,,2.5 mmol/L. CuSO,+5H,0,
AT pH=7.1, 150 2H 3 S5 ES A 170 mmol/L #1340
mmol/L. NaCl, %f BB 41 A% NaCl, B 6 mL & 1
B R, A 50 mg/L 20 e A 1 5 L, 4 P T A
1.5% W 2 i 12 Fh T 85 32 B2 b 37 °C 120 1/min
Ki g% 48 h, 79 5l 2 X HE 2 (po) 5 AL PRAH (p)) L ¥E
TR ) 4 IR R (mg/L) 4% 5 (1) T 4L 1)
K& A% 3 (%) = (po—p1) Ipex 100 (1)
2 e A I 2 25 2% T S USSR 1Y) 7 3k O A 4R 2
o REFRWZ 5000 t/min B0 15 min, B 1 mL |
HIBIMA SRS KE W (R 1T3) M ERES
mL I 3 0.22 wm 8 K5 28 4 SR 4
T R IR T, WA AL N B 0.1%
fi2-15 mmol/L. LR B MR , R FHAMbR 1 28 1, WRUAH
3% 4  Hypersil Gold-C18 % 4E (100 mmx2.1
mm,5 pum), i 0.3 mL/min, YEAERFL .2 WL, A
M35 °C,
1.3.3 Rl B2 AT I I T S A 2 4 i 48
h K595 0 & B 2030 YA B S , B 1 mL 34 T LB
AR R IR 3, 1535 24 h Je AT P AT 4K,
TR % B
1.3.4 M B ZEFRAT DA R A 4R 1) RINA 48 B0 A i
Ry 8RR O IR WA IR, WARR T AR
FH Trizol ¥ 42 BURE A RNA | FH B0 W 058 I B Tk
XF RNA [ B il B2 BE AN Y5 Gtk ol 1 45 4 0,
Nonodrop X} RNA [ ¥ B A1 2 B2 #E 47K 5 A D, 4
MEH8 5, 1 FAAZ B RNA 25 BRI & 2 B A% b
T RNA, 8 LRI G 4% 5 A9 60 RNA 3% 2/
s LB A PR F] L T NEB Next RNA
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1] SC 453 70 & AT Mlumina SCEM X T
J RG89 SC K R ] Tllumina 753 £ 90 )5 F &
AT PELSO T o X5 5 45 21 /9 J5L 46 0 5 )7 51
(Raw reads) JJi it E A7 PPAL | I AR 415 2 B 5 ot it
ALK T 15, 5 U)K/ 4 HIE s
S AR AR T 20 FUF RS reads A b
KT 75 bp B BRI TECHE B

1.3.5 ZRFRREFE S XG0 KR M
1o B B4 Bowtie2 5145 5 5 I B 0 4k
Pt 5 Retam £ 2 v i R 1A 7 1 2047 L, 7551
FBRAZME A Y B A T Bowtie2 #4525 BRAEZ AR
W RS 5 2 2 SE A HEAT X A5 21 BAM A% 2011
SEI SO IS L A AR b BoE T R
FRmGeE ARk i 2 5T DI BE R T (GO
B HTR KEGG i 38 i & 450 b7 ) DI he & 4
Sy M7, BUE R E Sk P<0.05,

1.3.6  SCHEFE 9 & PCR &I 43 5l 12 HX
Qb FR IS 3 41 AK FEZE F AT T TR R RNA I35 5% 55 A

cDNA, He#F % 22 57 0y H &R/ 22 & W/ 55 IR AX
wam B 8 A2 KA (Differentially ex
pressed genes, DEGs) #17%¢)%%E & PCR %,
fifi 1 Primer Premier 6.0 %R {4 X 5 X 51 ¥ i 171
MR 1RSI F A B A T AR
PR R . cDNA W8 SEROVIR G W) : 1 WL A 5
RNA,1 pL #5519 ,9 nl. RNase free ddH,0,
R 2JJ5 1000 r/min B5.0> 55,65 “C/KIA 5 min Ji7 VK
W 30s, FEEL 58, %0 4 wl 5xReaction Buffer,
1 p. RNase Inhibitor (40 U/pL),2 pL. ANTP Mix
(10 mmol/L) ,2 wL. AMV RT(10 U/uL), 542102
JE# L 55, PCR #5551 :42 °C 50 min,85 °C 5
min, FLL eDNA #4752 1) 5 1 PCR I,
P74 :95 CHIAEPE 120 5394 CAEHE 55,56 Cilt
k20,72 CIEAH 20 s, 3 45 DMFIR, LA rpoB"E
NS ER A RN 3K, R 27424 ik T
e H Y KL R AR R R TR 7K

x1 BHEBENKXEE PCR3Y

Table 1 Fluorescent quantitative PCR primers of targeted genes
AR ID AR 2 45 (5°—37) 7= 4 K Ibp
gene-F1602_88164 rpoB F:TGTCCGCATTGATCGCAC 175
R:TCAAGCGTATTTCGCAGGT
gene—F1602_03400 aroQ) F:GGTGCATAGTACCTCATG 263
R:CTGACGTACGAATCGATA
gene-F1602_23710 rpmE F:TCGATCGACTGACCATCG 152
R:GTCTAGCATCCTGACTAC
gene—F1602_08025 speB F:GTCGATGCATGCTAGCTA 117
R:TCTTAGCGTATACTAGGT
gene—F1602_20275 murC F:GTCATCGATCGATCCTAC 169
R:CTATCGAGCTATCGATTG
gene-F1602_09635 preA F:AGTCGATTCGATCCTAAC 158
R:GTCCTAGCTAGGTCATTAG
gene-F1602_21020 pcaH F:TGCTAGTAGCTAATCGTTA 134
R:ATCGGCTAGGACCTAGAAC
1.4 HESH 2 HBREHW
BAHKEIEL 3K, MITEERRHN “Meant 21 BB THEFHTELBERAKRENR

SD™IE X, R SPSS 20.0 #RAF#EAT ML 2 U7 2541
Hr (ANOVA) F1 Duncan 4 56, f#i Fi Garphpad
Prism 9.0 #EATVEE 20 #T, DL P<0.05 #ric i A 5
EHER,

B B E

WK 1a B, Ais 2EFF W A B 48 h 5, %)
IR R o 3 7RSS VAL R R 2R A
TR X 20 e 1) R i 2R (45.1843.97)%, 1E 170
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mmol/L. NaCl 38T, i B 25 60 KT A1 6 i 26 1 2 T
B, 3K (62.93+3.69)% (P<0.05) , 1fi 7 340 mmol/L
NaCl Jilh 38 T, B i 5 15 35 (84.87+5.35) % (P<
0.05), < B lp 30 fnb =2 41 v R 0 2 00T TR 1Y R i
YR RE ST o FERE AR AR rp A 28 A A 2
0T B B 7 5 (2.73+0.32) x10° CFU/mL, 76 &5 il
NaCl J& , 55 5% 48 h # V& S8 & Fh i, 430 o
4.13x10° CFU/mL #1 4.53x10° CFU/mL(& 1b),
22 MFHIERETH

K 3 A~ 10 2 Ak B 0 A 2 FRLFT A TR AR A
AR PTG S T o B, AT 3 9 28 T 9 s B
ANFEAS FE 5 BT (Clean reads) Y KT 1.1x107 4%,
J5 46 % HlE 31.77 Gb, P33 R A BT S R B
3.53 Gb, Q20 JEH N 99.01%~99.11% ,Q30 L H
96.11%~96.52% ,GC & it i [l °h 56.93%~59.37%,
Clean bases 57 B 804 & 19 6115 19 92.33% LA I
(F2) o BHEVEAl g5 5 R W 3 1 5 e 3045 19 )7 91
JoT R AT, AT RE R R, I RE S 2 L D A R A N S
LA HTITE K

o R 2024 455 8
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4151 Zigl
Group Group
(a) ZH M A i 7 (b) v LK

TE 7RI NaCl 2045 %5 FUA A bE 25 53 0 35 (P<0.05) .
B 1 AERE NaCl riE THHEF BT EEF
48 h 3t HER I PG % (a) FIE & B 8 (b)

Fig.1 Degradation rate of histamine (a) and total
bacteria counts (b) of B. subtilis after cultured for

48 h under different concentrations of salt stress

R 2 FEERNFHETMG

Table 2 Evaluation of sample sequencing data

Clean bases

HA A R REIEE/Ch Q20/% Q30/% GCe=Z/% ERHEZE
#) Y45 /%
= G 4-S1 11 167 082 3.26 99.10 96.43 56.93 93.24
= G Mm-S2 13 608 828 3.99 99.01 96.11 56.95 93.15
= 6 #-S3 12732729 3.72 99.09 96.38 57.29 93.42
170 mmol/L NaCl 41-S1 11 064 565 3.20 99.11 96.52 58.60 92.33
170 mmol/L NaCl #82-S2 11762 116 3.42 99.03 96.28 59.37 92.75
170 mmol/L NaCl #8-S3 12 809 387 3.76 99.11 96.48 58.55 93.57
340 mmol/L. NaCl 41-S1 13261777 3.89 99.05 96.27 58.58 93.07
340 mmol/LL NaCl £41-S2 11 123 396 3.24 99.07 96.36 58.47 92.80
340 mmol/L. NaCl 28-S3 11348915 3.29 99.10 96.46 58.57 92.37

T+ Q20 7 B8 A% IE B YU 587 99% LA L IR BEE I o4 17 53 L 5 Q30 &7 WL IE 1 IR 5 R AE 99.9% LA L (K L JIT 15 /1 4 1L

23 ERREEMSHSTFAEBSH

F W 4343 (Principal component analysis,
PCA) 1T X AN [ RE AR 1) 56 P 6 3K S5 5 B P8 p il A 7
R4 LA, 28 DT mRAS 435 201 ) FE 25 040 Do 40 ) 2R 2
T B2 B B ity [E] (R A DG PR S X 3 A Al B 2 AR AT TR
R i I S R 2 5k 25 SR EAT PCA 43 #T , 459 5128
1 F@sr (PC1) MYTTHRR N 64%, 5 2 F Mo
(PC2) M TTREEN 24%, 5 HA5 170 mmol/L

NaCl 4 N FE R BB E R, 0 AL T4 1 2R
%52 4B, 340 mmol/L. NaCl #HEEA S2 F1 S3 3%
BRIEE 3R, FEA ST FEAES 4 2B (A
2), M PCA 73 #r Al 45,2 AN 2 5 25 1 4 AH L
KRB HAREER,

S BT AT (B 3), 28 [T SRR 3R Gk
WA TAN R 1, B ECh 320,P
{H} 0.00028 , & 2 5 i 2 (K] 3a), HEHFRILH
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2 AEKE NaCl EBEREFHAFHREEEN

Fig.2 Principal component analysis (PCA) gene
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-154
240 mmoL NaCIEL. S 340 mmol/L NaCI41-83
A

PC1 :64%7% 1L i
PC1:64% Variance

%

expression of B. subtilis treated by different

concentrations of NaCl

#2340 PEREST 005, FW HAmES
AR (K 3b.3¢.3d) . %5 4 )5k N 2k it
TR E AU S P AN 9.5x107™", F£R b4l
B) 25 5 4 2 (8] 3e) ., #a¥A 6 IR 28 (AL Rk
AT 2 dikged, FEHESECH 971,P{H N 1.8
1072, SR 5L N A LA 1 35 25 5 (81 3F), #a#h 7
2 A EE R g b, R 321, P 1H
J29x107°, KU EHAHANEAREES (K
3g).
24 ERRIZEFRFERMELSH

FH 2 18] 6 L 5 3 BT A5 M 170 mmol/L i 56
20 5 25 2R U LA R R 1317 A4 i
LWL 803 A, FIHIEE Jy 514 4~ (K 4a),
340 mmol/L X 5 24 5 25 (L4 AH H A5 3 25 22 7 3R
IRFERAE 1042 4, o i 2 1 H 569 4, R
P& 473 4~ (K 4b) ., 170 mmol/L 415 340 mmol/L 21
A, 15 B 2 R BECN 174 4, b B 2%
L 109 A4S, 52 T 65 AN (K 4e) .

HEFSE: 320; Pl{=0.00028 (&% E¥E)

RS 92; Pl=0.98 (BHABE)

EFAAL: 95; PlE=0.95 (EAHFEE)

HEFE ML 104; plli=0.95 GAHAFEE)

5
4 25 3
——
—~ —~ —~ =
0 E 00 L:]‘ [ E [
Z = -l
< < <
20 20 o0
=] =] =
= = =
25 e s
a4 170 mmoVLNaCl 340 mmol/LNaCI] ~ ZH#A

B 4151

Experimental group

(a) 4% 1. B W A 55

log,(FC)

RS 484; PlE=9.5x10"" (&%)

]
B 411

170 mmol/L NaCI#f 340 mmol/L NaCIZ

170 mmol/L NaCIZf 340 mmol/L NaCll ZH4H

B 4151

Experimental group

(b) #a % 2. S B AR s T i e 25

170 mmol/L NaCI#f 340 mmolL NaClf ~ ZHA 170 mmolV/L NaCI# 340 mmol/L NaCIZH

B 411
Experimental group

(c) % 3. VR P (35

2565 28 531
Experimental group

()% 4. Z W Tt

10
5
5
&) (&)
= =
<o ~ o
o0 0
= i)
-5
-5
RS 971: PE=1.8x107 (&#HBE) 101 PSR 321 P=2.9x1070 GA%BEH

ZRH 170 mmol/L NaCI#f 340 mmol/L, NaCIZE.

ERE 170 mmol/L NaCI#{ 340 mmol/L NaCIZ

Experimental group

(e) e 5. 56T I eI 3

(DA% 6. T+ 5 TR 5

B 41531

Experimental group

4L
Experimental group

(g)ta%h 7.2 T+ Ha
TE:FC Rm 2758

3 AEKE NaCl BN FHEFAFEREEEREE S

Fig.3 Trend analysis of gene expression of B. subtilis after treated by different concentrations of NaCl
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10| genee s ! . . dene-F1802_05390 " £ 089 50 . O
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% 5 TR 5| - L8 . Bt H
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(a)170 mmol/L. NaCl 4 v.s. &5 141

(b)340 mmol/L. NaCl 4 v.s. 25 141

(¢)170 mmol/L. NaCl 4 v.s. 340 mmol/L. NaCl 21

B4 ETHREENERREIZESSN

Fig.4 Analysis of gene expression differences based on comparison between groups

22 21 1) b B 07 0 15 Y Tog, (FC) 46 XHE K F 3
MR R, B H 170 mmol/L NaCl H 525 HAH
3 LR R EA 2 E R TR R i log,(FC)H
1K 5.92 FDR i}y 1.13x107% . HiA £ A AGE K
W 22 1) S K Tl L 3 I R) e 38 B R RO (MFS) %
1z M alanyl tRNA i 85 H BT A T 255 W R 48
BB H/ATP B log,(FC){HYE F R 4.13~5.51,P {4
BEFMT 0.001 HEEHF (False discovery rate,
FDR) A , M 7.56x107°~7.66x10°, . & T i 2
IR A AR EE R FE R A
PQQ-A A M A T 23— i3t 198 I /K il
log, (FC) {H 35 Fil 4 -4.62~-3.32 ,FDR A & 1.46x
1075~1.26x107,

340 mmol/L. NaCl 41 525 4 A 1L 8 2 7
() 3k PR 2 AT APC 5 3 85 il F1 22 5 % & Tk 7%
Pt log, (FC)E 23 %1 M 8.37 A1 5.49, HiAx F 54

MFS ¥ iz 8 11 |1 B 53 W R 5218 i W/ATP il Fl
alanyl-tRNA 2 45 8 5, log, (FC){ELYE ok 3.60~
471, B3 FRER P 3.02x1072~2.45%
10, FDR fH & 1.29x1078~1.16x107"°, &3 F 3L
PR 3= A ] G R T TT Y 3t U PR D /K Al 2
iz 6 2 i CoA % ¥ il WV JE A log, (FC ) {H 1 F
H-5.04~-3.51,

170 mmol/L. NaCl 415 340 mmol/L. NaCl 4 Lt
A S R b VR R DR 3 AT R y (SH3 4
PSR 2R 1 5 DUF4223 45 #9382 1 5 D—H i R
il HE &0 it AN A A2 2 A, log, (FC) fH Y5 [l 3.53~
5.79, BFE TR ETA FAD-45 G Ak R
fiti | 2 B8 U (NADP*) 4— 32 il &0 B2 22 1) iy, —
A E W R G Tl S A 1 APC 58 0 G 2 il
log,(FC){E 75 BBl -4.94~-4.11(F 3),

®3 ABNARLRREIBEEFBEANER

Table 3 Genes with large differences in expression between groups

20 19 v d AE D log. Pk FDR 14 b 3 ik
(FC) 1t

170 mmol/LL NaCl 42  gene-F1602_19260 5.92 2.66x10™> 1.13x1072 2 5B L BL AL B

ve G sene-F1602_05390 551  1.79x10™ 7.66x10°  AGE R £t F 18
sene-F1602_19250 549  7.95x10° 6.79x10%  MFS 42 % &
cene-F1602_19255 485  3.54x107°  7.56x107°  alanyl-tRNA %% % & /&
gene-F1602_04580 4.13 2.21x10™8 1.18x107° 1 A 5 ik % %55 85 /ATP B
gene-F1602_17310 -3.32 8.18x10™ 4.99x10™" 20 R BR B B
sene-F1602_00620  -345  2.65x10°2 126x10° BEEG
cene-F1602_10280 434  556x10°°  395x10°°  E ML
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Transcriptomic Analysis of Histamine Degradation by Bacillus subtilis under Salt Stress

en, ijia’?, an, undong'*, an Xiqian', i Xuepeng', an, uhao®*, ang Bin*, 1 Jianrong"
Deng Yijia'?, Wang Rundong'?, Tan Xiqgian', Li Xuepeng', Zhang Yuhao**, Zhang Bin*, Li J g!
('College of Food Science and Engineering, Bohai University, Jinzhou 121013, Liaoning
*College of Food Science, Southwest University, Chongging 400715
'Chongqing Key Laboratory of Speciality Food Co-Built by Sichuan and Chongging, Chongqing 400715
“College of Food and Pharmacy, Zhejiang Ocean University, Zhoushan 316022, Zhejiang)

Abstract In order to explore the mechanism of histamine degradation of Bacillus subtilis under salt stress, B. subtilis
JZX]J-T was used as the experimental strain, and cultured in liquid culture environment with 170 mmol/L. and 340 mmol/L
NaCl for 48 h. Histamine degradation rate and colony growth were measured, and transcripome high—throughput sequenc-
ing was performed on the degraded strain. The differential gene expression and related metabolic pathways of strains in
different NaCl addition groups were detected during reducing amine process. Results showed that the degradation rate of
histamine after adding 170 mmol/L. and 340 mmol/L. NaCl was significantly higher than control group (P<0.05), which
were 62.93% and 84.87%, respectively. The total number of colonies was significantly increased (P<0.05), which were
4.13x10° CFU/mL and 4.53x10° CFU/mL, respectively. Transcriptome analysis showed that differentially expressed genes
were significantly up-regulated in the salt stress group, and the main up-regulated functional genes were serine acetyl-
transferase, major facilitator superfamily (MFS) transporter and type | secretory system penetrase. The significantly down-—
regulated functional genes were histidine kinase, type Il 3-dehydroate dehydrase and shikimic dehydrogenase. GO func-
tional enrichment analysis mainly involved metabolic process, cell transformation, cell anatomical entity, structural molec-

ular activity, catalytic activity and binding ability. The metabolic pathway of KEGG involved pyruvate metabolism, pen-
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tose phosphate pathway, two—component system and arginine biosynthesis. Results revealed that salt stress was more con-
ducive to B. subtilis to promote gene expression, activate metabolic pathways, and increase histamine degradation rate.
This study provided an important theoretical basis and reference for the subsequent strains to be applied in food fermen-
tation industry to further degrade biogenic amines efficiently.
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