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Enhancement of resistance to high osmotic pressure and inhibition of
by-product production of cellulose saccharic acid fermentation strains

Abstract

The production of sugar and acid from lignocellulose has broad application prospects,
but there are still a series of problems when using lignocellulosic biomass for high
concentration sugar and acid fermentation by Gluconobacter oxydans. Firstly, during high
solid content lignocellulosic acid fermentation, the transfer of oxygen is hindered, resulting in
a decrease in acid yield and an increase in energy consumption costs; Secondly, the
accumulation of sodium gluconate products will cause certain osmotic pressure stress to the
strain, thus inhibiting the growth and fermentation performance of the strain; Finally, G.
oxydans convert glucose into gluconic acid, glucose dehydrogenase (GDH) further converts it
into a byproduct, ketogluconic acid, thereby reducing the yield of gluconic acid. This thesis
focuses on the study of the sugar acid fermentation process using G. oxydans DSM 2003 as a
fermentation strain to address these issues.

The first part of this article mainly aims to improve oxygen transfer during sugar acid
fermentation by changing the biological refining sequence. The usual sequence of biological
refining is detoxification before saccharification. After replacement, the sequence of
biological refining is detoxification after saccharification. Changing the detoxification process
to a saccharification solution has the advantage of continuously saccharifying while
detoxifying, thereby reducing the viscosity of the saccharification solution. The measurement
of the oxygen transfer rate k a during fermentation indicates that the dissolved oxygen level
will be improved after changing the biological refining sequence. The high rotational speed
and ventilation rate previously set for obtaining high dissolved oxygen are no longer
applicable. By conducting sugar acid fermentation experiments under different rotational
speed and ventilation rate conditions, fermentation parameters have been reduced and energy
consumption has been saved.

The second part of this paper is mainly to improve the osmotic pressure stress caused by
high concentration of sodium gluconate through adaptive laboratory evolution. Firstly, the
effects of hydrogen peroxide and sodium gluconate, the products of the sugar acid
fermentation process, on the strain were investigated. The results showed that hydrogen
peroxide had little effect on cellulase, while sodium gluconate had strong inhibition on
cellulase and strains. Then the strain was tested for adaptability in the environment of high
concentration of sodium gluconate to reduce the osmotic pressure stress caused by high
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concentration of sodium gluconate. Finally, validate the domesticated strains. The real-time
fluorescence quantitative PCR experiment results showed that the activity of sodium ion
transporters in the adaptive evolved fermentation strains was significantly improved, and the
fermentation effect of the domesticated strains was also better than that of the original strains
under the conditions of lignocellulose and synthetic medium. The experiment showed that the
adaptive evolution improved the tolerance of the fermentation strain to osmotic pressure stress
caused by high sodium, and improved the fermentation performance.

The third part of this article mainly suppresses the generation of ketogluconic acid
through low pH conditions. Firstly, it was experimentally verified that under low pH
conditions, ketogluconic acid is almost not generated, but at the same time, the consumption
of xylose is also inhibited. Afterwards, in order to further understand the generation of
ketogluconic acid during fermentation broth resting, short-term (3 days) and long-term (30
days) resting experiments were conducted on the fermentation broth under different pH
conditions. The results showed that under the conditions of pH 2.5 or centrifugation of the
fermentation broth, there was almost no production of keto gluconic acid when the
fermentation broth was left standing for a short period of time. When left standing for a long
time, only by centrifuging the fermentation broth can the production of ketogluconic acid be
inhibited.

In summary, this article solves some of the problems encountered in the fermentation
process of cellulose sugar and acid through three different methods. Firstly, by changing the
biological refining sequence, the obstruction of oxygen transfer was reduced and the
dissolved oxygen was increased. The optimal parameters were determined through
exploratory experiments on the minimum speed and ventilation rate, which reduced energy
consumption during fermentation. Subsequently, through adaptive laboratory evolution, the
activity of sodium ion transporters in the fermentation strains was increased, the fermentation
time was shortened, and the fermentation effect was improved. Finally, the production of
ketogluconic acid was inhibited by conducting sugar acid fermentation experiments under low
pH conditions. The optimal conditions for inhibiting ketogluconic acid were determined
through short-term (3 days) and long-term (30 days) static experiments on the fermentation
broth.

Keywords: Lignocellulose; Sugar acid; Gluconobacter oxydans DSM 2003; Osmotic stress;

Adaptive evolution
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FEAL AR IREL (M 208 BUREIEAL A SR GRAD B, MR R
A, B R BEAEAR R 46 F N HEAT: RGeS0 AL R ), 2 44 25 A0
S 2 U 25 1) R IS 7 AR I A TR R TR0 1) ) B 0 L A0 3 o P Sz Ay 01, iy e 2 L
TR AR A2 I AT LA ph R — 2 R TR S E e e & A et R b R AT 07, R MR, 274
TR R PR R, I /KA 2 R B-T1 SR, JEAE AR 77 mT R IR 1 ik AR g okt
RS & . BT T30 3 A W ARG ) & Bh AR P AR, lnfESR . AR E i
o, WG BIRE S A o e R b 8 A, B FH SR AR AT 2K SR A 2 R
FIBEMRERIEN B, DI SRt = B0, Smarsk, diF AR R LT 4 KB Thie . itk
2R 4 R AR = DA Sl I AR A AR B B AR SR MG A A 2K T AT RO S ), AR
BRI L FH VG R R R BR K A 3 B AR FH R R B0 R A 0 e (P RL R R K AR 4 4 25 N
PAAYER, % LML AU TSI 90% MBS (R0, (H 75 ZER I B RUAS SR RN R 1R TS
TGRS . BHAT, BTG AN A AT BRI KBS Al AP R B 2 R B A, K R
ORI 2B WG| JIRIES 7). BE/KFRAR R N5t It BN AN iz . BEEE
A TREEAR, XEEEEER. 2RI EMEAR], SHREF4 TR
PN AHEL, B A E . 2R E BRI o WA R B A1 4 2 N~ 41 4
B R R . ST —IEFR T 100% M A4t R LN EIRE, A2
T BRAS 75 B (R (B 77 » 3 At (3 — S FE 5 Ak 2 K AR B AR 3 W 5] o i s P T,
Ak, BEVEZAFLLEGR A (50°C, pHE 5) A tiib KR E Hgmstt, e Siliks
P JE5 ot ) R
1.2.4 Ji#

AL B R 2= A R IR W 1.3 Fim. Ho 4R R A FR LM Sy
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LI U, it F TR MR A K DL R R TP RS AROR ISR, I HLAB 25 mi 34T
YRR HIETE, (AR R RO, I R AR AR IR SRR
PR AR T S PR AR B AR, R RO AN, R SRR R 2 S BRI,
PR B 7 IR BEAB TEIRIE R A, 45 AN AR ok 1 ERBR . By A — A
BORGF I B VAR BERE BN B WL R VAR 0 sy B R B i ag =y
2o ASATTE BB IR AN 75 16 T BN I 2SRRI Bl 71 # UL IR AL 5 dh
FERALE R, R B AT YR AR e R RIREER O, s A A
TR A RIS PEOR W A0 o FEVERRCR A IR AR LER AR e AL A AR B
BEZT, XA AT ARy — P SA IR B R AL A B B AT S 5o i PERR I —
BEMR AR, EMEHA S B3 SR A A B I R A SR AR 1 R R ) B . ANE R
BRI A AR — € I OREE, ISR AR 3RAE BB A R K I I plAs 25
7]

T RER UL, BV S R EANE 71, A RIS I 4R . BEE . F2
R AR S 1 o LU ARG o 7 2 I (O F 9 Hh e 1 IS B A & i 0 1 2 B 0,
YRS ol B i TIUAL B I ) LA THORE A0 i g P 2 T PRt 25 Fid B A P (40 5 3 o S it
AR LT e i w07 SR BRI, I B R 2% mlmT Mg, 3 itk — 2D RS
[FIINF, Y00 B W R A I (B e 1 T 1 R (O B], R VR T A5 B A, B IR A B i e
PR AR B o R IR BRI R B o — DR HE NS H, DO
FRAT: T X B SIS F) A A2 Pl SR 4 P P PR R 5 ) R AU SR, ™ BRI T4 S
HERIION, DRI, KT RERR R RO UG, WA B R — P AR A R TR B R A —
Pt 75 3o A SO AR A OB IR A e 22 R B A8 25 1 5 2t k4 ) 4 o

Agricultural waste Woody biomass Bioenegy crops
Corn stover Poplar Switchgrass
Wheat straw Aspen Miscanthus
GH{GXGXG
| Cellulose ' —, <J = wCeIlobiosc
@ _— (ﬂ/@@@ @*(}Iucosc
p-coumaryl alcohol « @ Lignin P 3 (GYEE)
Coniferyl alcohol « @ @ ﬁ’,—
Glucose
Sinapyl alcohol < @ @ Plant cell wall % ’ - l\jlannose
: @ microfibril Hemicellulose @@@@ > Galactoss
‘ IL X Rhamnose
SCF Pretreatment (N Xylose
o HXPYX IR \ﬁ >
LTSD &"/\“/O\ 4 N Arabinose
CELF
5 . C6 derived inhibitors C5 derived inhibitors
"—//‘“,..._\— 5-(hydroxymethyl)furfural Furfural
/ v ™=< - Levulinic acid Formic acid
w7 -~ Formic acid

B 1.3 ARAER B4 s

Fig. 1.3 Inhibitors generated from lignocellulose pretreatment'®*!
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1.2.5 HERK I

LT RWERR R B LB N B LR B (SHF). [F ML IL A B (SSCF) K ifiy
PEALFI L KT (PSCRF) o 4330 BEAL K TR 02 4 TRAL 38 5 AR 41 4 25l 52 4K S
TE13 BRI R R 3 N R e B AR HEAT R B 1) 75 I, 325 WA % e O A0 34 A6 T AL A
BEHR ] DALE % H Bod & A T, $Emiih 5 R R . AWA —2 ki, 18
PR A 21 S B v R T RE I, A1 4 2 S 1k 2 R R st i 1 S2 B g2 e, AT Tyt — 20
PR P R RSP R B T 2 AR K W Ak 5 R T 2D IR AR 25 5 R R % 7 1
CLOSI ] 4 Wi A 3 o T T DA A o 4 [ I e VR R, B4 1 v ok S B PO 3 P o (HL )
HEAIL R A — B SRR, WREA S R R — B, SO ES . HrE
O o OO R ) A5 WAk 2 IRE AT 0 A AL R IR I 245 A Bt 251 (45-50C A1 pH 5) T,
BEREVE IR R, MR AEI I RS 2B — S nT I b . 72T LA/ S,
U R IR R I 25 4. pH @ T, A EE K. DX, KR4
PRIV RS AT RO, BRADSRAEEE TAE . XREMU B S R BRE B . R KK,

AP R R AR BT S A AT R 9 7 TR, S A BB Rk S iy R AR
INfai o ARAELFAE BN R R T AR P, HH T H 1) 77 40 7 260 B R PN I 1) 21 4 2 T 1)
P, B R BRI RS A E R B T R, — BRI 2 2B Rl R ™, o T
BREIR R R0 BB AL R B BN TT R, ARSC R BERTU T A1 4 R BE IR A B 72 Hh ] 5] 20 B Ak
HRBERIR R  fEPERR KBRS A, SCOL RSP R I R B 5V 2 PHAS, 0 45 BE R Y
Mg 2410 1) 2T 4 g e PR DO, (B g e ) i, AR 25 B L B o T A U S T
DASEARMR L, o IR it i A s P T S B o 26 R R BT 4 4 S g ) o) o ot
SEAEAENERR R B R R AR B, AR B SR AR 2 00 £ 4 2R T B T R ) 45 40 7 AR A A
FH 5 1 %80 260 R R BN AR SR 16 PV 028 s A 2 o 21 4 2R T B B PR vt M o A ) o R
X W IR Rt R A s P I 4R e S 5 R 26 W R B P 2 i A T ER T L B2

13 ARRAERTRERIBEFHEERE

1.3.1 VAR

R4 (dissolved oxygen, DO) & f8IE I T /KR T8F, S8 ESEEA XK.
IR 2 U SR R TR R FH T 50 MV T /K R RS 70 1 R, A S0 AT AT 52 BIMIG I A Sk
JERPR A . Lindeque 25 NMOLAy 7 B4 by 1 A A8/ B i 4T B2 Ml ) £ AR, (E 4R
PR S TR D s T, WIS T 2R R A T 8 A A 2 B A B R I R . 45 R AR,
N R AR S E RN 3 5, SRR S 2 £, XS5 10 AR B RCR
— 5. BAREIREEERERR R R — AR E BRI SE, SR 20 R T BB 2
PRy A A P SR 0 T 5 R R A M A RO, P A T AR S O,
DAA I 2 4 25 R SR AU I R et A, BP0 780 260 W TR AT T ) 400 R A A [ 9 5 8 o BV
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SRR AR 090, SR SR S B PR A1, S 2 B R T M 1 P I £ 3 12 2 52 B3,
LR FIA M SR AR, BASHEAEfE R A4 g,

SR BRI 22 )3 it L2 4 N DASR i A, (D0 T i [ & IR K R U, T4
AT A LA S804 ] 260 W PR AT B AT e 7K1 W R 1 S B ) R 7 o vy [ 4 2 X W R U I I
A RENR A T TR — U7 T A2 B [ S B AR T, RO B2 13 2 R BUR U
BB, KERBCREN FHEM, BT, mESELSHETRARRSS
BUE IR AR, ROGE B A I AR, S i R O
WG . Ak, T RS, BRI Tt R v R B AR, HE T
R B E, BARBENLE ST AE 2%5 42wk F R, s 7
REMTTIRIR

NTTFREGEPFIRTTR, 2 INEPITR T HK. AL U R 2 B
E A P B AR T DR i 3 < 1 PO e v A DR B/ s A e U g v
T PRAS (10 24 0 28 B AR A O D RO B B 4T R (VHD) [ 7 Pk Mk
RS 2 TR R A I R i AR B Al A I SR AT A o e 0 S R I 4
HIX LEHE it #R A — [ S5 PRYE QAR & 18 PR 22 B ORI T &, B B B ) R X A 4 it
K2 RAEACEMA S BT AT . N T e s B S & TR R ROR, EaHEa
R P it SN A2 T 9
132 BiEkME

X RER IR, MR EGIZE IR ) S s IR AR 51 R ) . AERE IR R T
T HE RN R, B rBERg N, SBOEREN SRS EE T
B o FERE IR R IR T S AR, BA — e B BT 52 2 140 R T T AR A T b e T 1) 7k 25K
VB SRR 2 LA AR, SRR A AN T AKOT i 2 R 2 o 1
RIS I 1y R B RVE 02 TR Wl 2 3 B AR I AR SO BRI G, ERLE T R el R 1208
S JHAR AL X6T TR AR 1) 5 T A A0 L)

H 1 WS 3 R a5 . PSR it Rk . KIERE . A
T A M2 oy L E R TR . & A — e A\ N E
BT Mt B R )2 R, Saini 24 A 240 i o i BEAE & LS R 3R 3 op st
T NP, fem T R FLRERIRI I RE T, A4S B CRER T B HOR AR R R E 4
17.5%. Yan % N\ 20 5 ok 20 i (o PR dE Ak, 3950 1 LM 52 1k, MR IRE T AR
. Yan 25 NP2ORASE Ik LR A BR B K@ SRR, SR T R R E, RS
TR LIRS B . Dhaliwal %5 N\ D275 5w & Je B bR A 5 A 2 S0 A R 9 3 ot
ITIE NV, S 7R BRI L FUE G R, &N T Ol 8. CREA T E
AN AE Y B 1K L) -5 B 3 S PR A — AN & B RS RO S I B A T B
BEAL AR O ONTT R T HR0RE A SRR DRE b A= 7= 3 i bk (o P e R 28l
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v [ £ B W R i e I R v e A K R e B IR ER A D), vk B ) e B RR R AR
AR RE A I B R S AP AR SRR TR . TERI R RS 4 R AR R i fE . Rk
R B IA 2 100g/L LAk, 1 £E 45 i 77 5 rh o A6 R IR By mT E I B 1R P B iy
N g R v AR P el B R AN BT ORI B I I A, AR SR R 3 I AR 1) g
T R PR PR 52
1.3.3 Bl )l Ak 1 2 IR 140 2 A

SECH o il R PR R ) P 1 2 2 SR A IR i s e R RS 2 ] 2 MR TR A S )
P N 3B e B R IR . IR S AT AR AR AN 20 2- B B
EPRER CFHAE A ORI 0 S v ) AR TR0 | 5 58 26 B 2 B2 s ) L(+)-
WA TR K 2,5- “F S AT IR (4EE 2R C (MR iA-2-B3E-L- R £ R
FIT A6 5 A =T T A T 0 R 1 T P T ARG TR D T IR B AR, R
R ART, BRI AR, T R R B AR, I o e TR A BT AR UL
BRI AT R,

ARSI I AT A FORE IR P A5 ) 1) el B B P TR SRR, T R P A s
B W T 1) 2B AN 2 5 B 4 B RN 1S R PR, o AR DK ye G2kt i PR E T B
BSOSy T iR m e A R, RS AR IR, YR NI R R .
P FH B o S 35Tt 2 S 5 140 ) S o 57 R £ 2
A 10 R B 2 B DOV 3o R Sy P o St T 260 0 R 1 A B2 AR R s ARS8 = 1
BIF FE 34 5 I et AR FEE AR %o il ik o 7 R R 1) 2 P B 5 AR, e 384 A B IR A £
B B ] DA 1] e i o e B R ) 2R R PR, XDV R B, AN\ <R £
e o T e A 2 A R B P R RS20 6 R P R0 BN AR Xt A S 2 4 2R A e R i 75
BEACIIIN 8], XA RE & S EEMHI A EE— DN, 238 L8R K S SR I S 2
HIJ5%, IR LA, XETTEMA R GERIRSE, TR Fha ., e R ) i
T PR L U TR R

1.4 BXFEMAABEESRX

AR SCVATRFEAT SRR, SR TR AR 5 R A 7 e W R SRR IR » T I
RPERR KB IRE P — 2R, G T REEAET, S TR EER bR . AR BAT AN
HEFE =TT

(1) B Sext BV RHINY BEAT 228, R 1 e M AE i 2 1) 7 sUEEAT R RO B
FEREA U REAT I B I RE MR Z S D75 o Jd B 10 [ P £ 248 3% Tl A2 AT A48 A
RIFRRRE NI, B E KRR ka, RWINERR KB AUK-FEE] T 5, B
TN T A9 3 v v T B A e e S R D AN ERE ], BRI AR RS 5 25 1F TR AT
T EE MR R
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(2) AT HRAF A EAT BT 56 A =R g AR P e B A TS E A,
ATTAE W 2 i T st R P 3 4 e S A ) S+ e e 4 7 2 0 T AT 1 PRI U 12 B R T
o A ST A T HE B AT TR AN 2B . BV 42 R 2 b S AL B i S S A PR I
FIREAAR R, A ERT A G BT AAR /DN, IXUER] TR KRR, AR
WEFHA R R B BRI EE RN R, WAL, ERRARSE SRR KRN S
PEEREN, 1X ] ReE Il A4 1M R R 22— PRk, RATERL SR BRI T
AN R W R 3R SR B 4 R I T W BR AR £ 4 2 I8 % BT R A R DR B4 2802
Forb, BT ) v T A PR AR A o R T IR A N S NS T AR R A
FRATHE VR AN B 1 S5 A B T3 75 35 b o A0 7 20 R R T T 3R AT 3 R 1k 3k A e 3
RIEr= 8. AT T —PRAEIY 52 = vk P 6 A BE BRI A e B A B ik o Jl I SC i 58 6 e
 PCR 5156, RILEFEWAMRT Na'/H Wi mkia B s 2R m, REERUEZ R
T H R AR, X5 BH A T B ol Ik 3 S VA 1 5 1 O RS R e R 2 1, AR
T AR FE W R (1 TP 2 56 o

(3) B TR VI A PERR A B pH TR U, HIs R R pH TSGR
FRKEMA, I HAEMK pH 4 4F N AT BRI A AN 2 BRI pH AT AEAZ 8 40 i
] 260 W TR 2B BRI R T 1 o DR FRATIAE AR pH 2854 3R AT Y08 o B 0 TR R 1% o [
N T WA R B A T T A A R R I AR BRI O, BRAT TR R B 45 TR TR R R AE AN [
pH (2.5-6.5) FIAFRPRAS (B FhdE RAMBAR D 24 TR (3 ) A KM (30 D
FRE, WS I 2 R R A AR O
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F2E KEREFHTHERABRRZERSBESENIRR
21 BIE

PAL B A 2 A R B AR = A AR 5, A LR AR P
BRIESE o FRHIPIRT T BRI A A DL BEVE REA AR KRIFE, I B 2o smi 21 27 4 5 g
(RS, BRI R, SRR b s p S AR R E R, iR
s BORANGY, JREEIRIEE R 2 2, PR BER T sk BRI RIS, 458
AR OR T BRI R 35— i B VA R,

VSRR S LI BV QDA P 2 (WD) R 2 0 R P 1R b U B T o
[ e TR %), st TR A RS 5 L P P n 1R RS % % PR R LA — 2 1
M 3214, AT LAOR R B AR AT P ) R T PR S o L 24 1058 A R A v I AT ) R e 7 AR AN
RIS ; A0 3@ n Nt & B Ca(OH), Ak 2k KRt 1 75 vk 45 1R i 2
BRI, AR RN e 2R KB PR K, SEINAL B R K B A s A il L R Ak S A= e
R I i

PAAEAEH R AR (0 25 10 0 04T I 3 I AN TRI i EL Gk R A At 75 45 R
RIS a], AT S SO FE B 00, X R SRR B FRbR AL T e . B,
AR BEAT BOBE IR R BRI RE R AL 2 S B , O 1 SRR R ARSI R, RN
i LR e A e SR, AR BRI 4

N T R AR BT R R, IS T S AR R IR B TV . S S Y
AR 2 S B35 o LA FHIPI R 26 1 N AT AL IF AN 2 oM S 4 R 45 R
A1 () 77X Pl A o R P B ) LT ) LA 22 81 B i e L I AN S 25 5 1]
K, ROKHRNE 1 I TS, N DMV AR R e e 1 Akat, HBS B & minT 5, et
THEREAE, 1R VR KB ATEbR . REERE, YIRS, R R A4
REEAEAWIRAEIER], R EEARE AR RIS, X kea NE, FRHIE S LY
W5 JE A P o WOE VIR RO B S B O AN G M, AR B
IR SRR, #E T RARI KBS, W4 T RERE.

22 MES5HE

221 JEM K S

TKFEF AT R S F4EER 34.36%, 4K 26.12%. K&
15.91%. K7 8.05%. H4# & LA TR N HE

214k 2 Celic Ctec 2.0 W 5 4E(S . HR4E NREL P LAP-006M 45 1) ik 437 1k
AN 256.0 FPU/mML, 45 Ghosel™ 115 ) 4T 4 — Wil % ¥ 4653 CBU/mL, #R4E
Bradford™ 177y, W45 25 15 W FE 4y 81.5 mg protein/ml. 525 A Birfst B 4 £ 2700 1
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AW, HIAIRE. ORPE. BERR AU, LOKER IR B AR R B S5 e N AL 2 i 3 e F 1
2tk R A PR A R (i)
2.2.2 WKL MEE TR
A R T B R AT TR W A B A ) A DR B G o e S TS AR B I R ) TR AR A
K # % Paecilomyces variotii FN89 £jik T~ H [l it 4= 4 B #h Or et H -0 (CGMCC), 13 W 4
59 17665, HIACSEEG % A8 B A I Bkl Hh e 15K .
FACE ERERRAT I AT BB R R
(D Fh-FH:773E: 80.0 g Sorbitol, 20 g Yeast extract, 0.5 g MgSO4 7H,0, 1.5 g KH,POy4,
1.5 9 (NH4),S04, JOA 1L HIEETKF.
(2) KEEE K774 80.0 g Glucose, 0.5 g MgSO, 7H,0, 1.5 g KH,PO, 15 g
(NH4),SO4, AN 1L MIEEFKH,
Paecilomyces variotii FN89 1# F (1 3% 77 FL 4 1
(1)SM A Rl k577 3% 20.0 g Glucose, 1 g Yeast extract, 1 g MgSO,4 7H,0, 2 g KH,PO4,
1 g(NH4)2S0O,4, JIAF] 1L LB TR
(2) PDA [Ef&R;9%3E: 2009 &5 S HREGK. 10 g Glucose. 10 g Agar, Il
ANF 1L EEFKE,
FAE B RERRAT W B SR TR T
SR A AT R ER AT R4 A7 -0 CUKAR HHEL Y, fEFRhFESFRIL IS 24 h,
ZJEY R 24 h SN R T R BESLES . MR BN 10%, IR . B
FRFERKISIAE 115°C K H 20 min.
Paecilomyces variotii FN89 3% 7% 5540 F -
P. variotii FN89 f#f77f PDA “F-AR . I, 7E PDA “FAR -3 10ml LK, H
= fRAFEEIEL Paecilomyces variotii FN89 11 5 {8\ 100ml SM & jliB; 77 3EH, 37°C .
300 rpm 1537 24 h.
223 TiabH
T RAEFT I TIAL FRAE 5 A R 22 20 L AL 38 I R 28 Hh gk AT . 1200 g TR 4%
(whw) TRERVEHAEIE 2 0 1 B E L L RN R B . 2 JEBAZER G TR, il
ANZERMENIRAELS] 100 CHL, ERNFNRAEAR 175 CHRIER AR, #
HI7E 5 min Z N DLARAIETACEE SR E AR et . MR E T2 175 CHE4ERE 5 min, k%
[ AR 247 50 rpm. TARERZS SRS, AR 77, BB . TRALER S I FOKFS
FEI &K ERAILE 50%, (RGP ER I FE %A K4 . &L TALEE 5 1 R OKASFT
EHAYEZR 35.19%. FLF4ER 0.89%, L4 FH S ERIEEIE .
2.2.4  SHEAEIBIEZR kea llE
WA EhAFENE . /5 1.0 vwm, 30°C FIEE B NBRAGBE. ZEBARS
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AR X VAR N %, SIEE T RS 5%LL R, Wi EUum A, TR
FIENAS . EERSEE LA, 510 s idsd—RIERNIZ, HEEEIEMER.
ZJE RO A A i 2, SR AR AR IS I R ka.

dC/dt=k _a(C*-C) (2-1)
Horp CHRMBANEEIE (mol/L), C &S 5E FE E0R FE (mol/L) .
225 KHEEHIIE

MNAEW) J B2 A B 5 mL 7K =0 {5 Brookfield il e 7K i =4 i 2 WoRG B2
DV2T ¥4/ it (Stoughton, Middleboro ), 30-37<C #1158 s 1 {RBTVIZR . (ETR A EF S IR
RIS FENA, R EETH I e 7 AR AU . BRI B2 E T, RS
FhE N LAt A5 P2 R FE
2.2.6  FEELPEIR /b

BRER FH HPX-87P 2 i A AT s ROUAR I € - To P B 4l/K /B RN AH, Jiid A 0.6
mL/min. BERREAH HPX-87H M il idi /Tl & . 0.005 mol WREREAVLANAH, WmiEN
0.4 mL/min, A3 KA 210 nm.,

23 HZR5VHR

2.3.1 AR ST T OREER K B L SR

FESCIR % 2 /T AOBIE TR, 8 B2 T RO FAR B ARl b AT [ 25 i g, (E [ 25
Pt s AN TR, i FLCA v B 52 2 il 56 25 O N [R) 3 BORE B0 AE, 4 R 20 R B R TR b
AT ER . EEENE, R B S R AT AR IR A B i R R R R P B s, TR
S BIFLNR, AR A IR BRI A B — AR BRI SR, DN U A A IR AT R 0
WES IO AR Al 2 JE RN AT R IR S5 S A AR A SOBE, ™ FEAR T S e O,
A T 3B BT B AR, R RN 5 2 e I e S0l o, AT BRI 4

N R 28 ol 2 B R 1R L, ASHIE 7 ATORREAT R, 7 3L B I 4% N
BT WS RERE IR A B AT ATk o VRS I R A LU [ A B A R UL TR 9, KK i 1 I
[AIAS, T ACHREREBOE 1 2EAt, FBGS I a8 i nl i, J8E%e 1 HE AL, 185
TR B TR . [N, VRS ML BRI A e (W) H 0 0 1 WAL BRI ), O P Y eh P 7 )
BEAG, IR A e I R TRV KT AR 2R
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Time (h)
21 30% (viv) E&EERFBARSRELSESRR pH ZILER

Fig. 2.1 pH changes during the liquid detoxification process of 30% solid content corn straw

TR AL ER S (1 EOKAEFTLE 5 L AEALEE P AT UK AR, TUKAR 12 h J5 K15 2 10 b
WHER ZE 3 L s P AT e &% . 3 L I S MEAE AT i 2 A3 2 A 75 i B
JELE 37°C . 3 750 rpm MBS 1.0 vwm. RS 3 L BESHEAN 10% (viv)
pv JB B T IBOHAT WS B A o R B PPV 3 L G R AH B T AN TE B A g ] 2
BERUAT — R AL sl B 5 2 S AT I . AN SRS i R [ S A, e ATT#R
SRR 3 FhEEMHIY: LR KEEE SRS . B ZBRIE A — MRS, H
W AR P £ 98 pH B M. TAE 3 L WEh 34T MES IS 7T LS pH ik
MEEF pH 178, aiB 2.1 fon, 7ERLERERE S pH Jeg8tg BTt, MR 2 BT oL,
It B T 0 o B 1 I S % PR RS, R A SR AL, R pH LS
FEMEE 14 h 2 J5 pH JFUaHuE ETF, BiiEZ 18 h WA R sl , 25 IFUh T k. %>
ATAIEEE, AT RLACATE pH IR TGE B IR TERLBR 2%, 18 h B LFRFEA MR 5 &,
ZJ5 pH FFUE T . pH FFU6R T B2 R 9 28 B AR AR B T e IR, X 7E S0 50 = HE i 5T
AT, AR SCMEERT

®21 30% (viv) BE&EBEFRFEIRESHELREF KSR B

Table 2.1  Composition changes of 30% (v/v) solid content corn straw during liquid detoxification process

7 ANE LI T F2 B
Oh 10156528  39.2742.98 6.68+1.89 0.52:0.04 1.1140.09
18 h 106.23#4.35  40.6144.40 0.860.32 0.00+0.00 0.00+0.00

UIHTSCHTIR, pH BT R DR ROAAE R R L8R, i 5 18 h I 3K 21 v s I R W] 24
MR A REA bR . N ISR — WL, KB R G M 2% s R AT TR, S5 R nER
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2.1 I EE AR AR RO AL 45 R Je IR I S o Y SR 73 771 7 6.68 g/ 0.52 g/L 2 1.11 g/L,
3 PSR B A TR R KT, DR 206 B AR (19 e B R B R P 2 — 8 IR A T 5
M. I VES I EE 18 h J5 AT v] DUE B S A N ik FEAUR CFRIGT N AR 1 gL,
FLATE R IHI 18 58 4 R o DAL E, B EE 18 h B pH ik 31 fi v B (0 ) 8] A B A i B 4% 05
FEMEFE L RN, FRATTH 2 R I 0 b SOR WIS A 0, 3 2 RN R A B2 1 i A
LT YR B AE AW MR LT 4E 3R S 2P YR ok A S 2 I AT R o T [ 25 T #E I
T i85 28 s VA AR AN, R BRI EE VRO AN TR DU ) ) 7 &K, X A& A 1 B
(R 2 ELAEITFE T AN 5 2 — g B[R], T AEAS DU 5 PT A AT ) 47 5 it B e B
LB TR T AEAE T T ARV FE nT R TERE , AT R BN S e 7= 3 i — S 2 o DRI LA
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Fig. 2.2 Sugar acid fermentation of G. oxydans DSM 2003 under liquid detoxification condition
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—&-1.0vvm (Conventional)
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Fig. 2.3 Value of viscosity and oxygen transfer rate kLa in sugar acid fermentation process under
different biological refining sequences
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(a) Consumption of total sugar
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(b) Generation of total sugar acids

180 -=Control  -5-250 300 -5-400 -B-500

Sugar acids (g/L)

Time (h)
B 24 [RFERCESERMST R RERE =B
() HEFESAREEAE (D) &R 5 AR L. KB 30C. 0.1vwm, 250-500
rpm Jz pH5.5 214 N R 24 h
Fig. 2.4 Sugar and acid fermentation at low rotating speed and low ventilation(a) Consumption of

total sugar (b) Generation of total sugar acids
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KPR ST LA 2R 2, TRIe 2R RTHFEE 2 ERR AR i, X2 H 0.1 vwm
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SRR IR A TR () 25 SR 38 7 TE S IR R TR, X R B FRATTI A EUK T © 4 1T LU 2 7
K, EEFIREFEM AR, B 0.1 vwm. 400 rpm ATEVRAS I EE 5 1F T B & I 1)
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LKEREREE . 1.50/L i i ¥ S il ik — =4

EARAE KM E: A WAt E 1 (BIOMATE 3S, Thermo, Waltham, MA,
USADTEIROEE N 600 nm AL AS I 24t i A= 4K, FH R 4l 7K R 18 B L 40 54 ODgoo {E7E 0.3-1.0
LRI, 1mL Hai/KIES AX .
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323 HEMARNE

i E AR A S B AR gt oy R . i EA AR B A 3,3',5,5 -0 AL
& (TMB). TMB 21t A YEEH £ B RF R PR A gL 55, 2 My RSl if 21 25 0
A ) REFNRE 2 7. TMB e AL S4B, iRl 2156 1 E LA
7KV, TMB 2 A A Rk W8 5, A PR s 2 BB,  IACTT AR 0 70 2 3 R ke

ik S A SR
3.2.4  FEZRNBERR T

PRI 2.2.4

325 BRI EERSLI 3t E & PCR SE46
RIS : 4 G. oxydans 357774 50ml SR 557 v I B A 2 W IR A 1) 45 s 97
e, 12 h JE S TR AR B O R AT
WG E B PCR: B Jel R A7 1 B 44 FH I B it B3 Sk AIR , 2 5 F TIANGEN DP419

M RNA FREGAF & HEEC RNA. 5% )5 H ReverTra Ace qPCR-RT 7 &% RNA A
cDNA. UL cDNA AT RT-gPCR Sk .
x31 PEFREEAREEHERSBEHEIER qRT-PCR LK 5%

Table 3.1 Sodium ion transport protein and glucose dehydrogenase related genes gRT-PCR experimental

primers
Enzyme Gene code Forward primer sequence (5'-3") Reverse primer sequence (5'-3")

Na+/H+ Antiporter GOX0010 GTCACCTCGCATCACCAGAT CCGCAATCAGCAGCAATGT

Na+/H+ Antiporter GOX1377 GGTGGCGGGTATGAGTCTT CGATCAGGTTCCAGAACACTAC

Na+/H+ Antiporter GOX2268 CTGATGGCGGTCACGATCT ACCACGAGCGATTCCTTCAT

Na+/H+ Antiporter GOX2369 CGTGCTGGGAATAGTGGTAATC TGCCTGTTCGCTCCAATCA

Na+/H+ Antiporter GOX2370 CGAACAGGCAGGATCAGAAC CCAGCAAGTGTCGGGTGTA
Na’-dependent transporter  GOX0682 AGACATTGTGCCAGATGGAGAA CACGCTCGCCATTGAAGTC

glucose dehydrogenase GOX0265  CCAATGAACGACGCAGGATT  AACACCAAGCCGCAGACT
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[ Rl 2 — o T S8 i 26T A AT BT e 20 0 A T 26 9 TR P A 260 0 o S
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[ i Al

NT IAEBRATIIEE, FATF i A SR ARSI T 48 A 2 8 BRAT B8 A 7 W R ik
A E N G, RAVERRP TR KEENEE 0 hy 12 h J& 24 h B4 ksl 7
—WENE S E, SR WE 3.1, SIS Rk, X = AN R B i AL AR
FEE A B BAIG 32X 3 BH S8 7 26 W R T 70 14 1 0 26 W 2 1 o 26 R R T i R b i A AL
AR s b . AN EAE KBS R AR T, R RS B AT /KRB B 10 1 20 i
DR A R P e 58 A A BEAR R S b A i I R B i N T D HERR I A LA

SO, FRATAERE R A P I I N — S A ok 25 B i A S DL 58 A HERR FL 2
0Oh 12h 24h

Control

0.2 gL MnO, | r

H,0, Maker Il Il
(mg/L ) 0 0.5 2 5 10 25
Bl 31 MREBEONh. 12h & 24 h BEMAEAIMAZEHER T EAESE
Fig. 3.1 H,O, content with and without MnO, during sugar acid fermentation at 0, 12, and 24 hours

N T T I RIS I B, T 2 7 i B B AR S . FRATT
£ 50 ml & R 7R R 1) 7k & N AT HE IR K B 4 N T 10 mg. 100 mg /% 500 mg )
TR, O RIS AT I 3.2 B H . M 10 mg EAALERRT, BERR I AR R A
ODgoo A X EAH LL B AV A 2200 . T 24 — AR I &= 19 0 2 100 mg £ %8 500 mg
i), HOBERR ™ & [ ODeoo #HIL 1 WA T B, X R UL I B R RS ) T Bk
R . AR (e N RILFNE R TAT M ARHE QBIT 4484-2013) H Xtk & i A B 25 F i
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Fig. 3.2 The effect of different concentrations of MnO, on the activity and fermentation performance of

strains
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AR XA AT AR e T EUINA AR 5 ROR AN 35 1 A
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FRAT L BB, PR I 23R it S e SR S T R PR T P M 35047 S B 4
B B AH G IR E I 2 R A, P A L 4R B A E A, Sl
AREACTE R I fi B L R AT e R BT PE RN Oy 1t — PR Rl S A S R
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7] R 1) R PR R A R R, SR B RS T AR R A SO £ R
s, AHBARFZIRE EEAT 7 AR XS B
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@ Control 20.2g/L MnO2
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Fig. 3.3 Effect of adding MnO, on high solid content shake flask and fermentation tank sugar acid

fermentation
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Fig. 3.4 Effect of different ways of adding hydrogen peroxide on saccharification

H,0,-1: add H,0, every 4 hours during the 12h saccharification process; H,0,-2: add H,O, every 2 hours during the
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12h saccharification process; H,0,-3: add H,O, every 1 hour during 12h saccharification; H,0,-4: H,O, is added every 0.5
hour during 12 h saccharification. Blank means no H,0O,.

MRAELIR AT LS, 2EERE 4 hOIIN — Y S0 S Xk 21 448 21 g P i R P e K
B4k 12 h A% T 65.5020.71 g/L AT BekE, SRR (86.5040.71 g/L) AHLLHIEL 1 B
TR B RER 2h NN U S A SN, B 12 hof b A AR R R A R 9 75.00.41 glL
MERREA M. 2T 1 h & 05 h In A — ot A, JE 12 h BB LR i m]
KIEHE N 78.00:4.41 g/L f 81.5040.71 gL, sl fe il e FEE i A e 2 e ZE0Im N T gl ) 4
Jret R SR 123 TSI P A 2R I R I SR A SR A P N o SR SR T 4 S 1 T i o
oo L, RAESRIRETR, BATVONRMEAE K B A A i S S A, A A
AR SR [P0 AL R IR V) B2 TR 3 o LR A i v I RS DU A 2 W R P A e, A
S AT AR o I S P S A o 7 R A ol ] IR 11 P T A R B 1 R B DL
ToVR A2 AL 2 B 2 R ) B IR AT B A P B IR I R o, 3 S S AN A S T A I 14
FER R XWPRE 7 A2 Z AR S b A SE e A g TN — SRS il
RIS = 2200 1 SR S AE 2 AT AR 2 00 78 R A A 2 R MR R 7 B R T R — A
R, ALeTiEEN T IREREmmInA 7SS RE, ERANERBIFRARK
IR Tt AR, UESE 1A S A A B IR AT 1 A RS E i s e &, B
AR IR S AL, O LT 4B IR AR /N, SEACR 2 RO B IR R B
3.3.2 Il W R BRI IR A B i R (R RS i

T BB FEUESE 1 3 A 0 B R A B R S i AR /s, SRR T] DL . 21 43R
R KB RE T, A mIRE R E R SR K, X E A A £ R U
BERR BN E IR A I RE RO RE I o AEVF 2 R U HGRAE P IR A B A T, IR A5 BT 3
FUHIE s e A0 2 RV B BT B ) R v R 7™ i A 3R 0 T R G 2 R B g
PRI A3 R R R R ) o X T 2T 4 ZOBE R 1267, O T RS AR P& M /Y pH YE
T EIMABOR AT pH, X2 SFEOREREMEREME TIRR, S0 Rk YR
TG A AR o 25 8 SR e R v 2 2 BROK R 1) 7 ) B PR B R B R B, X
AT RE 2 PR M AT 4E R BRSBTS a7 . L, A E BTk
JE77 AR RO R RE I o D T R T e YA PR 4 W R B X 2T 4 R Bl S R S, 3RAT]
FERRR P IO T & AR & HEIR £h A B (181 3.5), HIIJE N 1 IR U &I BE IR B X TRk A
LRAE R MR A I, ELAM AT 32 B b e R AR 1 SR A 2 T S Y,
SR IE TR K RIAEL, $Em AR R .
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(a) Effect of gluconate on saccharification (b) Effect of sodium salt on saccharification
100 4 100
80 4 80
g g
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2 60 2 60
g g
o
1 3 40
3 % a
20 - 20
o1 0 : i ;
Sodium Sodium Sodium Sodium {e]
gluconate gluconate gluconate gluconate gluconate  acetate phosphate citrate chloride
(c) The effect of gluconate on sugar acid fermentation (d) The effect of sodium salt on sugar acid fermentation
100 - . 4 100 4 .
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=] S 9 3
>~ 60 ] & 60 ] £
12 o)
k=] 2 O o 20
& 40] & 40
s [
2 2 ! 2 0] 1
2 ]
0 0 0ol k 0
Blank Sodium Potassium Magnesium alcium Blank Sodium  Sodium  Sodium  Sodium  sodium
gluconate  gluconate  gluconate  gluconate gluconate acetate phosphate citrate  chloride

B 35 AFEBERER RN E KRR R B AR AR
(a) & MEER H I HEALEIRE M s (b)Y BERXIMEAL IIFENE s (o) il 47 W TR Eh X W TR A I E) 52 T
(d) FNERRTHER KRS . I FE IR SRR &4 100 g/L. BRI E (PRIEVE FIRE—
FO AN LRI 35.71g/L. FriEERAN 37.04g/L. BRIRAN 23.269/L K FLERHN 500/L .
Fig. 3.5 Effect of different gluconate and sodium salt on saccharification and saccharification
fermentation
(a) Effect of gluconate on saccharification; (b) Effect of sodium salt on saccharification ; (c) The effect of gluconate on

saccharin-acid fermentation; (d) The effect of sodium salt on saccharin-acid fermentation

PRI INR 7R R A RERR £E (&1 3.5 av o) MAlEh (&35 b, d) Xk L Kbk
PR R RIS (RS20 o BRI, A (] PR 60 260 W TR 6 A S [R] R4 35 5, G PR ZE A B N
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T PRI AN RE B de e, A AT PR PR AR M I R R K. BT HE IR B IR FE R R — B
AN FRTBH B A A R B 40t 5 R S 6 B 3 26 W TR v B 8 0 W R i A — 0 PR 1 A=
o RIS, AR AN ER AT AN R 30 ROR, RS [] AR S0 40 o 2 B2 ) 22 ol B AN,
T W TR VAT SR A 1) R A v P o X 9 B T 267 A TR N P ] T B PR AR B 1 S AN B TR T
PEER R B HIHIEH, HANSE FmI R S . @ Seae AT DAAS . TERERR R 1)
I R AR B 11 K 2 A R B 2 o) A A B B R AR P A A E A, e
I P
3.3.3  G. oxydans £ iy FE 7 47 BB R AN 2% A BRE PR E AL K B0 E SR

A A B IRFAE 2 — & B ATTRE RS IRGHE N AN R IR A BT 26 A o 3B X A P ix



55 28 T BEBIKRE Wibie
Pl S S S T VR 9T, O IS L S R 5 0 T 7 S W o I S S 2 AL
(ALE) B TIRN T R S B A SRR Eh 45, DL RSO s A B Ak . BLAh, 75
TV, ALE W E BN ARRI 52 E R BRI AR A T A TR

T 0365 7 P A — A L 5 T % 1 R 2 s VR P ) B 7 B T A SR ) 3
PR, BRI, S5 A R A S R R E S . AtSumi 25 A2 oyt 32 i ALE
FERE TR TR T R k. 238 45 YGRS, WL R E R
ST VR T B K BEAT T VAN, & gk B3 WK AT B 6 S5 T I A 52 g A T
100%. TGP ¥ B3 S S0 52 1 P 7 1 A TIF 1 F A0, R I e o ik P 1 2B 4
0 M B S R T A VA S I B RO B SR o 2 R PR RO 2 R 7
VESR R 8%(viv), JEFREIANMEEMI RS R A T EHE. EREEIO A HURR, R RS
SR A1 B 31 1 o T2 A A R0 A i 1 £ 2 KA 0 < S 9 A 1@ B kAL SR
oKl FE T 2 AT bk, 7E 3553 P AEZEE 40 mM IIBEIAIR, 1% kB AR S
s A R3S Sl b ) T B A P T R BE AR A 7, FERENETE S R
SRR P A P R B IO AR A . SR E R RRR B N A K AR AL bR A L
AR K st 13 . XL TIE R, ALE T DU SR H mond s vk e
W A T B2

—&—Sugar acids —~—Residual sugar ——0D600

160 ,

140

120 ]

B ]
] OGRS
100 7 ; g;.,:o i

OD600

Sugarand sugaracid (g/L>

Transfer Number

/& 3.6 G.oxydans DSM 2003 7E& A Bk R E MR & B2+ RS R L o
[: 20 ¢/ FZbEmN, 11: 80 o/ HZikEmaiy, 1. 120 o/L W ATMEmRSN, V. BT, &Ntk
AR E T — BN G R T PR R ) R R

Fig. 3.6 Domestication of G. oxydans DSM 2003 in synthetic medium containing high concentration

of sodium gluconate.
I: 20 g/L sodium gluconate; 11: 80 g/L sodium gluconate; 111: 120 g/L sodium gluconate; 1V: Due to the

epidemic, adaptive evolution has been suspended for a period of time, resulting in a decrease in production.
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Fig. 3.7 Transcription level analysis of sodium ion transporter related genes in G. oxydans
GOX0010, GOX1377, GOX2268, GOX2369, and GOX2370 are all Na'/H transporters; GOX0682 is a
Na*dependent transporter protein; GOX0265 is a PQQ-dependent glucose dehydrogenase
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Fig. 3.7 \alidation of Evolutionary Strain Fermentation in the Lignocellulose System
(@) Sugar and acid production (b) Sugar consumption (c) Strain growth. 30% solid content corn straw
is fermented for 24 hours in a 3L tank at 30 “C, pH 5.5, 0.1vvm, and 400rpm. Samples are taken and

analyzed every 6 hours, and the part is coated in solid culture medium. After 24 hours in a 30°C incubator,
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colony counting is performed.

(a) Generation of total sugar acids

300 -B-Parental strain  -©-Adapted strain

3 240

8 4

= l

T 180 A

g ]

o l

2 120 -

S ]

o 4

=

o GOj
oH—t——————

0 12 Time (h) 24 36
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Fig. 3.7 Validation of Evolutionary Strain Fermentation in High Concentration Glucose Synthesis
Medium
(a) Sugar and acid production (b) Sugar consumption (c) Strain growth. Fermentation at 30 C, pH 5.5, 0.1
vvm, and 400 rpm in a 3 L tank for 36 hours, and sampling analysis every 12 hours.
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Fig. 4.1 Sugar acid fermentation at low pH in G. oxydans
The solid content of corn straw is 30% (v/v), the fermentation temperature is 30 “C, the ventilation rate is

0.1 vvm, and the speed is 400 rpm. It is carried out in a 3 L tank, and the pH naturally decreases
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Fig. 4.2 Adaptive evolution of G. oxydans under low pH conditions
Evolution was carried out in a synthetic medium of a 20 ml total system. Culture conditions: 30 C,
200 rpm, pH naturally decreasing, cultured for 48 hs.After 48 h of cultivation, the pH is approximately 2.8.
Take samples for analysis at 36 h and 48 h.
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(a)Changes in gluconic acid content without centrifugation (b)Changes in gluconic acid content with centrifugation
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Fig. 4.3 Product transformation of fermentation broth after centrifugation under short-term standing at
different pH
(a) Changes in gluconic acid content in fermentation broth during short-term storage without centrifugation
under different pH conditions (b) Changes in gluconic acid content during short-term storage of

fermentation broth after centrifugation under different pH conditions
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(a)Changes in gluconic acid content without centrifugation
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(c)Changes in gluconic acid content with centrifugation

140 ]

= =
[} o )
o o o
AT

Gluconic acid (g/L)

[e2]
o
L1

N
o

-©-2.5

-©-3.5 -©-4.5 -©-5.5

-©-6.5

5 10 15 20 25 30
Time (d)

B 4.4 BOJERERAEAR pH &4 T KHIR B =R AL KE L
() AN pH 26 M AIIBCE T ANES o Ja R P A R & 2246 (o) AEANF pH 26 i
TEFIRKSHTR B S R B R S R & R R (o) ANIF] pH 264 T B ORI IS 5 R IR

BB A R

Fig. 4.4 Product transformation of fermentation broth after centrifugation under long-term standing

at different pH

(a) Changes in gluconic acid content in fermentation broth after long-term storage without centrifugation

under different pH conditions (b) Changes in gluconic acid content in fermentation broth after filtration and
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long-term storage under different pH conditions (c) Changes in gluconic acid content in fermentation broth

after centrifugation and long-term storage under different pH conditions
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