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ARl

W E: AT HRIHRFIEAFE HK (Bacillus licheniformis HK) t9 A FfiaF, E20LERK-FHFRET KB
16~32 h 484 pH7.0 A A0 fLBR (AR E 2.0%) s HA KRB A FFedHh, HATHZASKFALLEFHSNT I
BR A RAMIR IR . SR AV SLBRAMTAESEE A HE (30h)  543x10"° CFU/mL, #s+88 (Aah g mem) #
% 54.3%: ¥ 3844 536x10" CFU/mML, 33 HBARE 60.0%. FUER AN 0948 7 A fo SR BR R 4B £ 2 X K B Idh.
pckA gapB. zwfs tht B3+ LA 2.8~93 4% BB, HARE R RN, 6-HB RAE. 13- 40 hER. 6-5
B B PEER . S-BRER-ALERAE . T-BEER R KR EAAE 69 F R R IEAe 1.55~12.6 15 . TCA 73 Ao AR BRI X A AL
citZ. icd. citBs odhB. atpAB. ndh. yumB. qcrABC. ctaODC. ythA. sdhAB % 5 %3¢ 18 F 18 34.2%~96.8%,
0 AKBR 27 AR AR B nasBCD 33 18 LR 107.4~287.3 45 52 A8 4900 A X SRt B kB, FATARBR Ao AT
HRBR F BT B TEAK 52.6%~62.5%, 1 NAD'. NADH F Z 3 380 1.6 #2 2.7 45 BB, BEEBR A9 ATAR 3-85 8%
b, Bk R AE 69 AT 4k UDP-N-C Bt i B B; A= UDP-N-C Bt i B2 Bt-L- A B -D-5 A M F A BRFH T
1.5~14 4%, mE, FRAERMXERE phrAC. cotP. cotd. yeek. yheD. tasA. gerQ- yuzJ 9% ik &3t 18 L i
1.4~5.7 4%, W rapAB- abrB. yisl. ynzD #= spoOFE 3.3t B8 T 8 60.7%~96.7%. BL.UIILERIGIR T 48 F £ . BB
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Influences of Lactate on the High-density Fermentation
by Bacillus licheniformis HK
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(1.Key Laboratory of Fermentation Engineering (Ministry of Education), Collaborative Innovation Center for Industrial
Fermentation, Hubei University of Technology, Wuhan 430068, China;
2.Henan Province Nanjiecun Group Co., Ltd., Linying 462600, China)

Abstract: To improve the biomass and spore rate of Bacillus licheniformis HK, influences of lactate on cell growth and
metabolism and spore production were investigated at a 20 L bioreactor, and lactate addition was conducted by coupling
with pH7.0 from 16 h to 32 h. Basing on the data differences in transcriptome and metabolome, the metabolic regulation
mechanism of lactate was analyzed. The results showed that a peak biomass (30 h) of 5.43x10'° CFU/mL was obtained in
lactate supplement group, which was 54.3% higher than that of basic fermentation group (control). Meanwhile, the spore
number was 5.36x10'° CFU/mL, which was 60.0% higher than the control. Compared with the control, expressions of key
genes in gluconeogenesis and pentose phosphate pathway (/dh, pckA, gapB, zwf, and tkt) were up-regulated by 2.8~9.3 fold

i A EA: 2024-05-15

EE&TWH: S b3FThE P53 Amnga (12022011) .

{EEEIT: R (1997-) %, MLAR A, BFRFH @) L8 142, E-mail: 2033998390@qq.com.
*EEES: & (1971-) , 5,18, #3%, #7077 @: X% 142, E-mail: wangzhi@hbut.edu.cn,


https://doi.org/10.13386/j.issn1002-0306.2024050140
https://doi.org/10.13386/j.issn1002-0306.2024050140
https://doi.org/10.13386/j.issn1002-0306.2024050140
mailto:2033998390@qq.com
mailto:wangzhi@hbut.edu.cn

<152 -

B Tl B

in the lactate supplement group, the abundance of marker metabolites (pyruvate, fructose-6-phosphate, glyceric acid-1,3-
diphosphate, 6-phosphate-gluconate, 5-phosphate-ribulose, and sedoheptulose 7-phosphate) in the pathways were increased
by 1.55~12.6 fold compared with the control. Additionally, expressions of key genes in TCA cycle and oxidative
phosphorylation system (citZ, icd, citB, odhB, atpAB, ndh, yumB, qcrABC, ctaODC, ythA, and sdhAB) were down-regulated
by 34.2%~96.8%, while nitrate respiration metabolism gene (rasBCD) was up-regulated by 107.4~287.3 fold compared
with the control. Abundances of corresponding key metabolites, such as aconitate, isocitrate and citrate, were decreased by
52.6%~62.5%, while the abundances of NAD" and NADH were increased by 1.6~2.7 fold. Meanwhile, the precursors
abundances of teichoic acid (glycerol-3-phosphate) and peptidoglycan (UDP-N-acetylmuramic acid, UDP-N-
acetylmuramyl-L-alanine-D-glutamate) were increased by 1.5~14 fold compared with the control. Moreover, gene
expressions involved in sporogenesis, such as phrdAC, cotP, cotd, yeek, yheD, tasA, gerQ, yuzJ, were up-regulated by
1.4~5.7 fold, while rapAB, abrB, yisl, ynzD, and spoOE were down-regulated by 60.7%~96.7% compared with the control.
The results suggested that lactate promoted gluconeogenesis, pentose phosphate pathway, nitrate respiration, and cell wall

synthesis, thus promoting cell growth and spore formation efficiency. The results provided theoretical supports for high-
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density fermentation production of Bacillus licheniformis.

Key words: Bacillus licheniformis; lactate; cell growth; spore; transcriptome analysis; metabolome analysis
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B RTE P EEE ERMAR WAE . PRIk, ASSCHE 20 L
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1 #MR5RE
1.1 MR5EE

K ZE AT B HK( Bacillus licheniformis HK)
R EGIA BRA Al s b L Rgi R Ak~
HRR T R, SN, R . TNl % 4li, Fisher
Nl HA S EGFR P Ardrali.

BIOTECH-20JS & it FFLR 24 A 00 wl;
SPX-150D BUEIRAEICEEFRAE IR WP Es
HlEEA A F; CI-2D BITHEMES  RKIFBETT4skE
IR BRI T B EZSOK RS BRSO A BR
NEVBEIFRAET 5 S-10 ARSI i Bk
A4 W B3 A R 2 Bl 5 Vanquish Horizon system %Y
UHPLC % #H 0,3% & 4t . Q-Exactive HF-X %l 57 {i%
1 . LSTAR1116 %Y pH i FEER KH/RBHS A TRA
Fl; VORTEX2 BUljEiRiR G af S RAEWRHEA R
]
1.2 LWHE
1.2.1 ¥EFREECH]  AhFEEFREL . CFU UG R &L
(g/L): Tryptone 10, B:ERZ MY 5, NaCl 10, BiEig#; 20,
P& pH7.0, 121 °C, KBE 20 min,

REEIE IR EE (g/L) : EKTER 40, DA 60, 4
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% 15, EKJE 10, CaCO; 2.0, MgSO,-7H,0 0.3,
K,HPO,-3H,0 0.7, MnSO,-H,0 0.2 #iff 6, 121 °C,
KB 30 min,

FLER IR 20% MUFLERISAE, 115 °C, 20 min K.
1.2.2 HbARZEAAF BRI PSR 7 HKEE
AP HK AA—80 °C HIMA I 20 pL 42%] LB
LR FRILTAR, 37 °C 355%E 12 ho Phidi | e &L
ZF PA HCREE: 5 mL 49 LB #53#4L), 37 °C. 230 r/min
¥E3% 12 ho WHX 3 mL #2702 100 mL 19 LB E5 3%
H(250 mL ##)f), 37 °C. 230 r/min ¥%3% 8 h, JF-&IR
AP AT
1.2.3 HIRZFFUATE HK KBLSRE 20 L A BERERS
FEILK B JEIRFUN 10 L, 3% 10% AR R A F
TREFPREN . BEFEEFE#E 500 r/min, 3B 1.6 m/h,
WEJE 0.035 MPa, R 37 °C, KB 12 h J5 5% &
700 r/min, B & 2.0 m*/h,

FL il A B (KRB ZH, ck 4H) : A EERS IR R WY
pH F#k. 16~32 h AN 1.0 L JCR/K, & EER %
it 4 (DO) AB AL FEASRFAE Sy : & 1 8 h B DO K&k 0,
13 h J5§ DO ElFt, 2 & EE45 9K R 80%(19 h ) DO
S 40%) o

FLIR RN A B2 (528640, Lac 2): 16~32 h #4
pH7.0 FINFLIR (pH KF 7.0 H sh*MEHA 30, 3 A
1.0 L IR, MR N 2%) . #MEHTFE DO 281k
FRAE M. K 7 h B9 DO &2 0, 12 h 5 DO [l 7},
% 19 hi5%] 20.5% J5 FRE, 21 h A BEZEE 9 (32 h)
DO 4E¥F 0,

1.2.4 pH MM E HeRR pH K ZERE T & BEGE
pH 15 52k, SR JH pH6.86 Fil pH4.01 b5 7 2% v ik b
A pH B . KPR IR T iaEd pH R A 2R I 2
pH.

1.2.5 DO EHMMIE HERREA i A AR (DO HLK)
AR T R BERE DO A 54L, 121 °C| 30 min )%
TR AR E IR EE NI A 05 K 0 h B (5% 31
500 r/min. A< 1.6 m*h. )£ 0.035 MPa [ 4
1) BEFRRL IR ERRE N 100%., AT AR 7
DO HRFELRIE DO {H.

1.2.6 AYEAZEHREBINE A5 (CFU/mL):
SR RERAT AR I o

ZEHUB: 15 MBS I TE R 80 °C 7K 10 min,
JEHH T PARERAT, 37 °C 353% 24 h 115K 2R
KD

PRk

FHIZE(%) = T x 100

1.2.7 #zeibd. FLERAIN ik KRR (=20 °C £7
T7) 4 12000 r/min 250> 5 min, 15 WS Y7 S,
HERAW L 25 pL B RGHERE . IS B S i FH AR T &
EGHAT =R bRE ™),

1.2.8 FESFEHERAHT  XTHEZH 19 h ARyt ik 3|k

& (D

H )5 L, BLR 2 B o 1.2 g/L. FLER*MEHZE
19 h 4455 xF fedT, (AU K 4R RES)] 30 h,
PRI A& 19 21 h B 2 a2 52 mT LA s e LA it
P2, O HRZH (ck 2H, #MRMASERICE) gL« Mt
KW (Lac 2H)21 h MR TEAREIET 755 40 50T .

BURE BARFAZ A0 T : B 20~30 mL R EAR 2 ICH
i) 50 mL B0, SR CE fEvKE_DIRAE, O3 ElH]
AH ] EE b 50 mL 250 8 Bl P i S B R B O AL
4 °C. 1500 r/min B.0> 5 min, B EBEH TS T,
B ISR ZHT00 50 mL TG E.0AE TR, H il
o Ze PR S SR I L AN R (SRS, BeE S
4 °C. 2500 r/min &5.0> 5 min, PR E LN TEIRF
W )2 AW 1 mL, % 2 1.5 mL /9 EP & +p
(GRI4& 15 1), B2 4 °C. 12000 r/min 25.0> 2 min,
BB EP 4 N4 — )2, LIRS E, bR
200 pL Mz HR 4 °C TG A B ER KRR WS T IG 77
B, Wi FEREARDTE . B 2 BRHARTTTE AR
ARG IE, WAEAT T—80 °C vKAH b 38 Sk 4
R, FRES =AY E

I FERCR A0 A | s P | SRR S A
HE2E ST R 26 AR RHE A RS R 5E . TR
4R : Mlumina Hiseq A &3l 5 J5F- 5 10775 5]
) SIS S PS5 FASTQ & 2O F MG EHE; %o
R I 250 I s A #1) v o )Y A 5 3 1k R
Bowtie 5#5 2 S5 FLH U AT L XT, F£F Burrows-
Wheeler 77753845 H T /5 €243 8719 Mapped data; Xt
RO S R R H VA T REE RS, T HE TS H
KEPEZE (NR JZE | swiss-prot J&£ . Pfam J& . COG %4
PaE . GO Ba e ) b47 Lb X, 15 B ThRETERS ., &5
B IR R TR LS TR, e R ) 3k PRI R 2 3t
A5 HT -

T sk R IR E BT TPM (B 3% IR 2K (2) 29 1
B 22 5B A= (3) 1AL

R x 10°
TPM = ——— x10 @)
e 2 xL
(L1+L2 +Ln)><
TPM (Lactate)
FC= —— (3)
TPM (ck) A

. R Fil L, F53H3 3 A read counts FHZE [
K, R AT LG=1, 2., n), FEA AR 1 DERIAY read
counts FIFERHLEE

B Jr b 28 AR FE AT KOBAS 1T KEGG
EARSIHT, LI 28 S RE AT A ) e
1.2.9 ARURHEHR-HT  HATARETLR ST i AE i e
il ik m] FiREE S . LC-MS/MS X i g Ax
PRSI, A QBRI I S0 5 25 343 Br X4y | 565 2R R
HIRAF T

HAARFA W T 854 LALZE R, R Pro-
genesis QI FA4X] (A IEIET 74347, RIBP—9 55—
TR S S AU A R FEEA T UC AL, 15 2 Sl
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PIME R . Hak, DIIE s i/ N3k m VIP>1.0, 2
SR FC>1.5 H P<0.05 g 2528 07 1k Y 22 AR
Y. wa i KEGG B0 X 22 S e 1A
I BEIERE R T o

(A% 25k 2 ul FEARZS HSS T3 (Ai%4:(100 mmx
2.1 mm i.d., 1.8 pm) 43 &5 dE ARSI . FshAH
A R 95% IK+5% ZIE(F 0.1% L), s B
47.5% L E+47.5% S BE+5% K (F 0.1% HR) 5
SR ESEAE: 0~0.1 min, JiLBIAH B AZM: 0 FH 2 5%;
0.1~2 min, JishAH B MM 5% T = 25%; 2~9 min,
T AE B £k M 25% THE 100%; 9~13 min, Hi sl
FH B 4EFF 100%; 13.0~13.1 min, i 314 B £ M
100% %= 0; 13.1~16 min, st B 4535 0. ik
A 0.40 mL/min, £E7E-~ 40 °C .

JURE SR R TS E S oRAER HIE M B T4
I, B WL Bl m/z: 70~1050. BT H,
JE, IEES FHLE 3500 V, 7B T HLJE 2800 V, #i§/<.
40 psi, F BNV 10 psi, B FHEIIFIEREE 400 °C,
20-40-60 V JEFRHFEARE, MS1 4383 70000, MS2 43
HER 17500,

1.3 B

TR LI FRIEAT 3 ROFAT S50, s LA 1)
{EtFRHEZE R, @it Origin 9.0 F1 SPSS 23.0 #4147
YEEI A B AL FES3HT, *P<0.05; *#P<0.01; ***P<
0.001.

2 RSHH
2.1 20 LEEKFEHRFRITE HK xBEKTE
rhzk

HUAR ZEFAT B HK & PR N 2RI iR AE an
1 (KFREZE) BT 7n: 15 h ) pH N 6.97, J535£enl I,
%2 27 h 2l 8.41, Ja RIRAS I . XIEUNAY =R 17 h
B 2.01x10" CFU/mL X 804 K &= 19 h ik 3| W (E
(3.52x10'" CFU/mL); [FIE} 2EHU%H 17 h B9 1.87x
10" CFU/mL #2£ /% & 19 h 19 3.35x10'° CFU/mL, %
FAREIR 95.2%, KB E 5 R EK . 19~22 h, A4

Yy R ZEAEBOAT S HR A 1 IR E PR T RE A 2,14
10'° CFU/mL F1 1.85x10'° CFU/mL, 4> %Il F [ T
39.2% Fl1 44.8%, i H. 19 h J5 #2585 . FLIRSS RIS
ARFEIL, 33t 2 BRI A e ) A SRR AR B R80%
22 h J54id — R4 K = 27 h (9 2.83x10'° CFU/mL,
ZEFECH 2.79%10'° CFU/mL, 1B 78 265 3 R L iR Tk
JER 1.8 g/L A1 0.1 g/Lo Ui BH 4 M 7E A FIR il PR 2 )
AR FREF EF AR A K

FEmtBh Y ORI & A FLR S5 7, v B FLER
8 & (LDH) AL A= 50 i 12 (£ B NADH A= )
BEABEF AL TCA @12, Hbxt & it 72 v AY
PR E TR, A BFLIR AR S = O h
B 0.73 g/L Il 12.20 g/L FF4EE = 6 h AR {H
(0.10 g/L 1 1.40 g/L, & 1), Uil 6 h JoiRarEpR iR
FORIER 535 R FHAR T PHRIRES, FE4ERramifaxs)
BUAEK PGS, et ionmik HK B8 20
FFLAR A HACINTE J7, ZLIE v/ E it 75 e U5 9l 2 iz
W I 2 WP A Rk AL, 3X 5 Hui 5527 194 E
—3.
2.2 A pH7.0 RMMABRII EHK HK £KFFREK
)=

ZEAT B R A AR R T B KA AE CepA
PR FE R, B IR T AR, AT AT R S T A48
TP A = RE A S 2B A E I T kAR K P20, B
R HK &% 19 h J5 09 Ae S0 o Ji 76 TS 2,
BB SR I A 2 FE 8 I 2 R A IR A R R 1 T iR A K,
{HAE— ZIRERKZIMIFAAERZI AL B A,
M 22 5L 1R = 5 R QIR AR TE R AN 2 Y BRBE o an
B 1 s, BAE HK B 55 205 A 2Lie 19 e ae
77, i HFLRR L Re 2 Sl A AR, R, 548 T4
4 pH7.0 #MEFFLIER (16~32 h) XTHBA ZEAIAT T HK A=
K52, i 2 B,

pH Zsfbitadt 5% B8 (ck 2, & 1)FeA—3%, 17 h
BIFFZE 7.0, FFUEHES pH7.0 FLERAMEH(16~32 h) i #2
HEFRFLE 6.86~7.18 Zif7 o AEWEFNZEIHEAE 19 h ik
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Fig.1 Fermentation growth characteristics of strain HK
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KEGG enrichment analysis (Lac_vs_ck up mRNA)
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Fig.4 Effects of lactate on gene expression of gluconeogenesis,
glycolysis, and HMP pathway metabolism
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Fig.5 Metabolite abundances in the gluconeogenesis,
glycolysis, and HMP pathways
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Table 3 Differences in gene expression related to TCA cycle, oxidative phosphorylation, and nitrate metabolism
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