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Abstract: As the precursor of polylactic acid (PLA), optically pure L-lactic acid production is
attracting increasing attention. The accumulation of lactic acid during fermentation inhibits
strain growth. Therefore, it is necessary to improve the acid tolerance of lactic acid producers.
In this study, comparative transcriptomic analysis was performed to investigate the effects of
transporters on lactic acid tolerance of Bacillus coagulans DSM1, which is an L-lactic acid
producer. The genes with more than two-fold up-regulation in transcriptional profile were
further verified using real-time PCR. The transcriptional levels of RS06895, RS10595, RS10595,
RS00500, RS00500, RS10635 and RS10635 were enhanced during lactic acid fermentation.
Strain overexpressing RS10595 exhibited a retarded cell growth and low lactic acid production
at pH 6.0, but an improved lactic acid production at pH 4.6. This study may facilitate the
investigation of the acid tolerance mechanism in B. coagulans DSMI1, as well as the
construction of efficient lactic acid producers.

Keywords: Bacillus coagulans DSM1; lactic acid; transporter; comparative transcription; gene
expression
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LA E A Y R WA L, WA . A
M RE TR AR A RN o =D E R
LR % T 20 o A 1% 48 FLIR B (Lactobacillus) . 2§71
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PR FT 1% (Corynebacterium glutamicum) 4 255, &
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RREYI R RAEET, FLRRI AT LI T — &5
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B, AT LS o 2 4 U R P 25 ) B 2 R P A
G R ER P 25 5 A A AR A i
Montanari 277 20, LR BRI H L A 10 %o
iR 1k 45 1 1 2K 22— A A4 2 i g
BRI o AR s BRI SCIE T, TR ER FLAT A 1
£ 6 S0 40 L R ) JEE R B B, AT A ARk
FLERUE AR DY, HEAE A1 ) R ) S B 22 ) B v
AT AR I RE R L T 240 B R P R M
St R 1G It AT AR AR R 2% 1 % DA R A K 15
i R Ak P (D B K, T R P £
ARG TS HREARITSERERNSE, N
T 0 A TR AR AE R AR BN Bl R T, gk
KRS, AT IR A K o F ik R i g 2
WEAh, 43T AR P RN SR 1 308 B i
A T2 = AT Ry e pe T, R K
WF5E O 28 I B T LR DA ZE BRI 45 14 A M A7 %
MU, {H 5SS 2 f8 4T 1 (Bacillus coagulans)i?
Tivf 2 5 Bt [R5 1 ik = B 5%

AHIGT LABESS ZEHOAT B (B. coagulans) DSM 1
RFLRRA T R TR, R LG SR 2E T
XT3 T B. coagulans DSM1 L2 R 2
JG SRR IE R A miSILE . BT SOk
1l B. coagulans DSM1 &R 4H (5 4., % 2% 7
F R AT T IRE . S BIEFLIR K% 6.
12 i1 24 h BUREDEATSEHT 2 & PCR B 0E, fifiik
LR A DG ) SR T, AR — AR R
RS2 VB AL T PRI BL A

1 MR5r%

1.1 EHRFARAL

E. coli DH5a Wy R AE I RHE AL A R
/3] B. coagulans DSM1 (GenBank: CP009709.1) .,
B. coagulans DSM1AIdhL1AIdhL2 (L-SL7 i & i
X FLF ). B. coagulans DSM1-AlutP (FLAR %
iz 2 1R TR AR ) PR AS SR 00 A R SRR A
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pPNW33n FH A< 5256 % [R5
1.2 EFE

LB Hi9: 5 (g/L): BREE R 10, BEEE 5,
SALEN 10, BE ks 15 (Bl A B TR L83 ) 5
BC i B(g/L): MEREM 10, BERRE — 8% 2, i
iR 3.50, Bis-Tris 10, JEHE 50, #fb45 3, &
fREE 5, NAKAEFEME 1, —IKEF L 0.05,
iz 1.50, —JKGHHIRM 0.15, ANKEIBRE
0.10, PIKAREIE 0.15, EfbiE 0.25, Bl
K15 (Rl AR IR mT ), SAREE 1 (Bl
AR SR AL, KESUS) (pH 6.6-6.7); HLF:
Zrh(g/L): REBE 17115, Hih 100, &fbEE
0.38 (pH 4.0-5.0); HE i3 (g/L): BC B
FEHHIAIHE 105 KRS H(513 H5 55 (g/L):
AN 50, BEEENY 10, RERBRERES 30,
1.3 RNA-seq #iEH

FEA D-5 2 B. coagulans DSM1 1E 513 WA
FEHEIGFE 5 W AFRIRIAEAS, HEAC Q-2 L-ZLIRIIR
SR FEAR B. coagulans DSM1AldhL1AldhL2
TE 513 WIASEFRHSE SR 4 h 13RI REA

A6 5T AR BRI A BR 2 W 58 B T A
A D-5 1 Q-2 ) RNA TR L, SCPEM EE 58 1
JEiEL CASAVA Bf3E iR 5l (base calling) M
Je B (A0 Tlumina HiSeq'2500/Miseq™)
1530 19 5 b R B SO A R IR G R 80,
Ji i e A 3 2o 2 BR A 4 Sk (adapten) Y reads, %
BRI AL reads (B {H Qprea<20 HYBHILEL (5 #
A read KEEAY 50%LL F Y reads)55E #6171 B4
#l| clean reads, BIZ#% ¥4, %A Bowtie2 4=
2 Ty 50 AT 3 TR 20 2 6 4 B I i o B X
K HTSeq BRAFRE 254 i ifE 47 3L R 3Rk /K-
My, {8 BYA T A union, 18 33 T4 3L K ) FPKM
(fragments per kb per million reads){H H 53 A
RIBIK o BT I P K TE K 0 45 310 1Y
readcount %4 F Wt 22 5 KR FL A, i H R G rh
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1 GOseq Xf 25573235 1 35 R k47 3L IR A A8
(gene ontology, GO)Y& & #r, R sk &
f) 30 4~ GO term; f#iJfl KOBAS (2.0)#17i&%#
(pathway) B M & 0T, i 22 55 RIA LA
Z 51 FEAMREBERENGES % SiEE,
JENE R B E ) 20 % pathway %5 H .
14 BHERRZERFRIE

fd ] Primer Premier 5 X451 H5 4. 14
PrimeSTAR DNA =& B R A B 5143 H 1y
B A B, REERAGRRIHEIMER D, D
B. coagulans DSM1 %:[K 4] DNA MHAR, 45
FA51#91%F RS00500-E-F/RS00500-E-R .RS06895-
E-F/RS06895-E-R . RS10595-E-F/RS10595-E-R
1 RS10635-E-F/RS10635-E-R §"1 4 Nz %
S A RSD0500 , RSD6895 . RS10595 F1 RS10635
ATy Rk R, FIBHAE pNW33n &
EcoR I, Hind I1I fYIIE iUk P24, Gibson %
P RPN B LR SRk Rk B RaE 8, b
22564 )R A E. coli DH5a, FJfH 100 pg/mL
DR AR S RS i iprire e S|V =0 2 N o = R B S P
AMIES 14 pPNW33n-repB-r F1 RS00500-E-F/R .
RS06895-E-F/R . RS10595-E-F/R #l RS10635-E-F
3 51%F pNW33n-RS00500, pNW33n-RS06895 .,
pNW33n-RS10595 1 pNW33n-RS10635 #17 4
7% PCR B UF, 283 560 UF i B TR 75 51 7 oA 45 B
FERRMF , 55k A Y e 1k 38 i H S AR i
#JEA B. coagulans DSM1-AlutP,
1.5 EHEK. BHRERKZEEN . 2
g & B K ZE
1.5.1 EHKIEKL

A H 4 FORLAY E. coli DH5a #% 70 T LB
WIEFREE(EA 100 pg/mL AN HFER), fHil
37 °C. 200 r/min 53¢ 12 h; B. coagulans DSM1
I B. coagulans DSM1-AlutP # % T BC TLHiL i
KB FREE, 45°C, 120 t/min }53% 12 h; &4
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Table 1  Primers used in this study

Primer names Primer sequences (5'—3’)

RS00500-F ATTCGCTGCAATCACAAA

RS00500-R GCTTACCGGCATCCTTC

RS06895-F AATAAGCGCCACCACTC

RS06895-R AAACATCTGCTCCCTAATACA

RS10595-F CATAAGCACGGCCATAAAG

RS10595-R ATCAATCGGCTGGGTCA

RS10635-F AGGCGGAAACAGCACG

RS10635-R TGAGCCGCTTTACAACAA

RS01930-F CCGCCGTTATTTGTCGC

RS01930-R GCATTGAAATGGTCCAGCA

RS16330-F CACTGGCGGAAAGGGAA

RS16330-R ACCCGAAGCCGAGAT

RS07275-F AAGCACGACCTGGAGCG

RS07275-R CCGAAACGAAAGAACAAAGA

RS16325-F GCTGTCGGCGGTGATT

RS16325-R GCCGCTTGTCGGAAAC

16S-F ACGCGAAGAACCTTACCA

16S-R CCTTAGAGTGCCCAACTGAAT

RS00500-E-F GTTCTCTCTGATTGTGAAATTGAAT
TCTCAACAGGGGGAGTCCGTT

RS00500-E-R TGACCATGATTACGCCAAGCTTTTA
ATCCCTCCGTCTGATGCGT

RS06895-E-F GTTCTCTCTGATTGTGAAATTGAAT
TCTCACCTCCTCAGCTTCGGATCG

RS06895-E-R TGACCATGATTACGCCAAGCTTGC
ACTGGTTCCGAAAAGAAGC

RS10595-E-F GTTCTCTCTGATTGTGAAATTGAAT
TCTCAGACAACTTGAAACAAAGCC
CG

RS10595-E-R TGACCATGATTACGCCAAGCTTAG
GGCGCAGGGTGAAC

RS10635-E-F GTTCTCTCTGATTGTGAAATTGAAT
TCTTATGATTCCGTTACAGGTTTTA
CCTGCC

RS10635-E-R TGACCATGATTACGCCAAGCTTAA

pNW33n-repB-r

AACTTTAG
AATTTTATCCTTGGACAGTTCATTT
GC
ATAACCGTATTACCGCCTTTGAGTG
AG

B<: cjb@im.ac.cn
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2] JiTk 1) B. coagulans DSM1 FiI B. coagulans
DSM1-AlutP#:#1F BC A #5357 pg/mL
HAEE), 45°C, 120 r/min K53F 12 h.
1.5.2  BHKE KRR RS

RBERERAN 6 mol/L EE R 25 BRIk BR 45 ;
TN TC TR 251 KR B2 ODgoo M 0.2-0.8, 153y
LA ARG A5 25 R A B S2BR ODgoo HIAEL

153 ZFERAE
R T HEBRFLRRE 2 A B2, L) B. coagulans

DSMI1-AlutP A JiE 2% 18 bk - i H i L R Y 2ok
iRSLE . # B. coagulans DSM1 #1 B. coagulans
DSMI-AlutP % 2 J4i BC WIAKE &,
45°C, 120 r/min 3% 12 h iEFE A4 K, 10%4%
Fhid 4 2 513 Kidr ik, 50 °C. 120 r/min &8
154+ ; B. coagulans DSM1-AlutP-pNW33n-RS00500.,
B. coagulans DSM1-AlutP-pNW33n-RS06895 .
B. coagulans DSM1-AlutP-pNW33n-RS10595
B. coagulans DSM 1-AlutP-pNW33n-RS10635 #11
B. coagulans DSM1-pNW33n-RS10595 #F F
BC M3 SR AL (T A 7 pg/mL EFR), 45 °C.
120 r/min 3% 12 h ik R4 K, 10%3Ef a5
P 513 55373, 50 °C. 120 r/min KB F
RS I L L BB 100 4% )5 1] SBA-40D
A A% IRy BT ASCN 7 LR 5t TR 2 0 5 o
PR 1.5.2 W7 e R A K AR, Bt sl ge
AR E 3T ER .
1.6 RNA BJ4E2EL, cDNA 4 5 #1 qRT-PCR
B. coagulans DSM1 fE & ;373513 T
PRER IR ) KW, J0 0 7E 6. 12 h 1 24 h AR 4
i, ffFH E.ZN.A405 RNA 7] £ (Omega)$
LS RNA. & RNA VR JZ i 3 260 nm 4E A9
B %€ (NanoVue 236G E 13 GE)o &% Fast
Quant RT Kit (with gDNase) (Tiangen )iz il &5 it
Jrik4A 8 cDNA #01, ] SYBR Cycler 96

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

RT-PCR £l 245 (SYBR Premix Ex Tag, TaKaRa)
P34 ¥ 2 L cDNA FE AR, A 20 pL 52
B} PCRIEE W, JIIA 10 pmol AL R AR ST 15|
Py M5 A [R] cDNA Y JE #9451~ PCR A B {E S
W(Cy, FSRIEHT PR E DNA (16S rRNA
FEIR ) (A R A T R . SR 278 MR
HEIE mRNA K- BB 4 1k, 4521
HANIR) cDNA FE S EIAHXS b it AU LA R
9 NFIYIXF AT DOLE R PCR (quantitative
real-time polymerase chain reaction, qRT-PCR)43
Hr: RS00500-F/RS00500-R . RS06895-F/RS06895-R .
RS10595-F/RS10595-R, RS10635-F/RS10635-R .
RS01930-F/RS01930-R, RS16330-F/RS16330-R .
RS07275-F/RS07275-R. RS16325-F/RS16325-R
F1 16S-F/16S-R.

2 BRS04

21 EFHERBZHTEERRESH

TE ODgoo M [RS8 FH2HUE A D-5 FIAEA
Q-2 Y RNA, #H7 gL o HEA D-5 W1E
513 WiABFRILAP B SR 5 h 1Y B. coagulans DSMI,
HAFLRREMAES), FEA Q-2 NTE 513 AR 3+
HHEEFE 4 h 1Y B. coagulans DSM1AldhL1AldhL2
(FiBR T 2 A L-FLIRB AR, ANHA&FLR
AR, L, FEAS D-5 gL N AR AR
m &l 1A A%, D-5 Q-2 36 817 &R £k
FYFE, Hod 450 4~ EJE, 367 TR M
Kl 1B AT, B AL AR (rich factor){UR 42 R
&, B ACI AR T 22 S 5L R E 5 A i R 2
AR BE R H 0 AR, SR TR B R
FER s AR AR R A A A 1 ) g 4% R
2 MREARLIN R X KEGG B4 R BoR,
& 4F] ABC transporters ik 50 >, GO & &H/&
e E 4, AL HEE (A I H) il g B 25 14
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1 D-57%0 Q-2 7£48[E] ODgpo XHE T LLIRER OB R ERTRIZEFRA) BEEKRIZ KEGG BEER(B).
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Figure 1 Comparative transcription analysis of D-5 and Q-2
differential expression (A). Gene expression KEGG enrichment re

1 & B. coagulans DSM1AIldhL1AldhL2

under the same ODygy conditions. Gene
sults (B). Differential gene GO enrichment

results (C). D-5-1 was B. coagulans DSM1, Q-2-1 was B. coagulans DSM1AIdhL1AlIdhL2.
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TEWRLE TR, GO #5443 i I AE W) 2 1) 12
(biological process, BP) . 4l }fd & i/ (cellular

component, CC)F143+ HfE(molecular function,

MF )X B R 7= ) R AT 1 bR Ak, BXEE [
PRI TR R R, TR 1C nTan, B
B AR N FE B H , ISR HN GO term (H GO
Ifg), GO EAELREIR, 2 MEARTEAY) i
R T EAT S Y Dl e A 5 A e as A OGS
, fI#5 ABC ¥4z F(ABC transporter), ATP
24 % 1 (ATP-binding protein), ABC #%4iz k%
ZEMF(ABC transporter permease), JHiTHR-fG% iz
R K% & H (bile acid: sodium symporter family
protein) . 8- Jii % 1z {4 (sodium: solute symporter) ,
APC Z B i%E M (APC family permease). PTS
Wi 5 i {7 & (PTS sugar transporter subunit)
IIC. MFS ¥%iz 5 H(MFS transporter), PTS H#
iz KV FE(PTS sugar transporter subunit) I1A |
PTS H & Bl /2R B/ 1L B0 5% 0z 1K 0 2k (PTS
mannose/fructose/sorbose transporter subunit) I1B .
D-N 2 R /D- 22 & R /- T & R 12 % i} (D-alanine/
D-serine/D-glycine permease) ., £5% iz {4 (ammonium
transporter) . 1§ S 1% i (trehalose permease)
1IC, T 78 20 B e A5 )y T A 3~ D e ThI G i 5%
PEEEA
22 BMMSXBREEXHNEENH
Z3CERJEWE, MFS K% (major facilitator
superfamily) il ABC #%iz & [ K G % iz oo i
HRAT LT R MR iz hfe, SR 32 HA HH G
PE, 256 ARG SRl e s R, VI EE LT
8 AN SRR B m R AT SR (R 2):
RS16330. RS06895., RS16325., RS10595,
RS00500, RS07275. RS10635 #I RS01930.
B. coagulans DSM1 7£ 513 BB K2, 435
WOREE 6. 12, 24 h BRI RNA AT

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

qPCR 438, DL 6 h WXFHE, 434 12 h #0124 h
Ph b 8 MR RN g, TRl 2 S5 R AT
1, RS06895, RS10595, RS00500, RS10635
X4 AR PR E VR B, o, M
X F & B 6 h, R06895 JE K & % 12 h AXT ik
i FH 47 1%, K 24h FiH 277 f%; RS10595

x2 BUYRRBRERKELIANEEZERR
Table 2 Important genes with up-regulated transcription
levels after acid accumulation

Gene name  Gene annotation log, (fold change)
RS16330 ABC transporter permease  5.94
RS06895 ABC transporter permease  5.69
RS16325 ABC transporter permease 5.64
RS10595 ABC transporter 2.88
ATP-binding protein
RS00500 MEFS transporter 3.99
RS07275 permease 1.70
RS10635 MEFS transporter 1.76
RS01930 MFS transporter 1.60
400 - m24h
300 i
200 Hi2h i
6

DA-AAC)
o
T
—

o} 9 Q 5 5 Q o
@\@1 & @\’(‘Q’B @QQQ @\Q ' @Q(\{\ @\\\%@\‘bq
2 HHMEHET(PH 6.0) 8 MEE(RS10595.
RS16325.RS16330. RS00500. RS10635. RS07275.
RS01930. RS06895)7E 4 1< 12 h #A 24 h AY%E R 7K
5 6h HLbE
Figure 2 The transcription levels of 8 genes
(RS10595, RS16325, RS16330, RS00500, RS10635,
RS07275, RS01930, R06895) at 12 h and 24 h of
growth compared with 6 h, at pH 6.0.
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FER K 12 h MXTRKAE BIE 0.2 £, KB
24 h AR AR FIH 3.2 £%; RS00500 J: K %
B 12 h A ki B 1A%, KB 24 h MIXF R
ki B 1.9 f%; RS10635 HKe[R & B 12 h A%
Tkt B 1.2 f%, KB 24 h X RE R A
1.5 1.
2.3 BRMMA REERFE T RIESH

¥ R06895, RS10595, RS00500, RS10635
4 MR HATIEERIR, 73 BITE pH 4.6 Fil pH 6.0
W2 T & 24 h, WK 3 7R, 7E pH 6.0 4%
5, B. coagulans DSM1-AlutP X f8 itk & i

I RS00500
RS06895
m RS10595 5 1

10} EERS10635
C1Empty carrier

46 6.0

pH
B /RS00500 W RS10635
3001 RS06895 C——Empty carrier
— B RS10595
=
E o
£ 200
5
=
o
o
2 100
S
E]
5

6.0
pH

El3 7 pH A 4.6%06.0FXHETERTRIENE
WEIERA R B EHETR B (B)RI ST

Figure 3 Effect of individually overexpressing
each of the 4 genes (RS06895, RS10595, RS00500,
RS10635) on growth (A) and residual glucose (B) at
pH 4.6 and 6.0, respectively.

&: 010-64807509

24 h,ODggo 1A F) 12, 8 %M 5% 4% 5>~ 0 mmol/L;
RS10595 3t (A it ik Z 5, WRA K Z R,
K537 2 24 h B ODgoo G H 0.4, KA I A
THFE, 24 h I #) & 5k R 50 250 mmol/L (513
BRI KA Je A AR S ), F5 I RS10595 A& K]
A BB R 52 i B [N+, 2 31k RS06895 Jt:
K, 5537 % 24 h B ODgoo 355 7.7, Hi%IHEIR A
oA 31 mmol/L; 1133k R00500 L[, KisF
% 24 h B} ODggo K5 12.0, HZEBEIRATEN
0 mmol/L; it3Eik RS10635 J:[H, #535% 24 h
i} ODgoo i5 5] 12, #ij % BiFE Ay 5 A 0 mmol/L;
1t ik RS06895, RSD0500 K [F Fil RS10635 K
B B AR AE K15 5 B. coagulans DSM1-AlutP
Xof BE B AR A A2 KA B K B R] . 7E pH 4.6 2% A4
T, 5 B. coagulans DSM1-AlutP % B E bk AR 1L
RS10595 H: A it Rk Z 5, WIKERKA M,
FiFR 2 24 h I} ODgoo 155 0.8, XF MG HRES %
% 24 h B} ODgo {V iR 0.3, 1245 8100 B iR 1tk
20 R 3 # ik RS10595 Kk [H] AE % 47 155 T bk A K
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1 IR BRI 57 5 B [ RS10595 R M 3% 1 ik 19 4=
Koo R TSR YE S5 14 T i A HE N RS10595 *if
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RS10595 7£ pH 4 4.6 B4 T &% 24 h, & 4
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HFL R AR A 9 mmol/L, i1t # ik RS10595
FERKWE 24 h, FLERAE AN 45 mmol/L, 2
Xf B AR FLER AR B Y 5 . XS R FE M IE
ST R AZ AN RS10595 13 ik e 15 = FLe
RWEVERE o
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Figure 4 The production of lactate with overexpression
of gene RS10595 at pH 4.6.
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J% % (malolactic fermentation, MLF), H™-ATP &
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PRI R TE R ) SRR R 251 1 A FR i #2274
L B A A48 10 % PR e 7 )l e v R 5 AR T
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Az RS TH RS T R ARTE R Y AR R AT 1Y
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ks ERMZERER, GO &HEPrFm L HE
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