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Immobilization of Lactobacillus bulgaricus with gellan gum
and its application in continuous fermentation of D-lactic acid
from corn straw
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Abstract: Biorefinery of chemicals from straw is an effective approach to alleviate the
environmental pollution caused by straw burning. In this paper, we prepared gellan gum
immobilized Lactobacillus bulgaricus T15 gel beads (LA-GAGR-T15 gel beads), characterized
their properties, and established a continuous cell recycle fermentation process for D-lactate
(D-LA) production using the LA-GAGR-T15 gel beads. The fracture stress of LA-GAGR-T15
gel beads was (91.68+0.11) kPa, which was 125.12% higher than that of the calcium alginate
immobilized T15 gel beads (calcium alginate-T15 gel beads). This indicated that the strength of
LA-GAGR-T15 gel beads was stronger, and the strain was less likely to leak out. The average
D-LA production was (72.90+2.79) g/L after fermentation for ten recycles (720 h) using
LA-GAGR-T15 gel beads as the starting strain and glucose as the substrate, which was 33.85%
higher than that of calcium alginate-T15 gel beads and 37.70% higher than that of free T15.
Subsequently, glucose was replaced by enzymatically hydrolyzed corn straw and fermented for ten
recycles (240 h) using LA-GAGR-T15 gel beads. The yield of D-LA reached (1.74+0.79) g/(L-h),
which was much higher than that of using free bacteria. The wear rate of gel beads was less than
5% after ten recycles, which indicated that LA-GAGR is a good carrier for cell immobilization
and can be widely used in industrial fermentation. This study provides basic data for the
industrial production of D-LA using cell-recycled fermentation, and provides a new way for the
biorefinery of D-LA from corn straw.

Keywords: calcium alginate; gellan gum; Lactobacillus delbrueckii; immobilized; cyclic
fermentation; corn straw
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AT S R BT AR D-FLIR . R
PRI 520 . H A2 e AT 2 /2R, D
AEERIEIFE g Bip U A U0y 5
W AN RS . RAMERPE, 4

SRR R SRR AN . BB . RREVELE . diAE
B S P X A R, A 0 T A ) R T
LR B A e W i, bR O, B
e FHHUAMR B =7 | X D AR B MR 52 P 0 ) B4 4
M AR R T 2R A AT . Wi
IR #M (sodium alginate)fE A8 ) 12 FVEZLIR 76 2
PR RERS | BEME B 2 1R m FLIR TR A VR VR AT %%
FER LU, (B R B TRAUCR — Mt . 45%
Jfi (gellan gum, LA-GAGR)/Z— g 2 {3 4= #y B
BT s hE, BRI, T8
BD SN T R IS B B I B TRACR, TR
Btk . RS F YR R AR E T fE,
AT DATE B JBT B G | 5 G T 3l v F TR P R I
DL E PR 5 B B B 2 fLER TR
TEZ L CaCly BALE I A BE R SRR GE & AR
FLIR B B P [ 2 b 0 A HE R R 24

T 40 M 1] 5 b T BOR R AT 1Y 4 MO B &
Pz 3o A 2 kI S T D4R R LR 1 A 7 i
(F 1).2020 4F Rasosavljevi¢c Z ] F T <k a”
FARS R FLTH# ATCC 7469 #17 & & b
PR AT, 3 FH 3R 0 Tt T R T A Sy (81 52 fb 3%

*1 E=FETENXREYRE LA p-FLEEARAR
Table 1 Production of LA or D-LA by immobilized microbial fermentation in the past three years
Strain Substrate Carrier material Titer Yield Productivity ~ Year
(g/L) (g/g) (g/(L-h))
Lactobacillus rhamnosus Glucose PVA/Ca-alginate = — 0.976 0.780 20201
ATCC 7469
Rhizopus oryzae PTCC 5263 Soluble potato  Loofah sponge 4.00 0.400 0.370 202014
starch
Enterococcus faecalis-58 and Ice cheese Sodium alginate 31.00+0.08 0.850 0.327 20227
Enterococcus hirae-68
Lactobacillus rhamnosus Carob waste  Sodium alginate  40.00 0.769 1.220 2019128
ATCC 53103
Lacticaseibacillus casei Glucose Chitosan-modified = 8.20+1.20 0.410 0.114 2021
polypropylene
Lactobacillus bulgaricus T15 Glucose LA-GAGR 72.90+£2.79 0.630+0.940  1.420+0.140  This study
Lactobacillus bulgaricus T15 Corn straw LA-GAGR 41.85+1.26 0.670+1.450  1.740+0.790  This study

“~” indicates no explanation.
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Conceptual diagram of cell-recycled fermentation system using immobilized cells.
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1.3 A
1.3.1 BERBRES-T15 FNEELB-T15 B TR &

S5 SCHR[301M 1k, FEEIE M. HERR AR
BLO0.75 g MR EN S 1.8 g Z5W KT 80 °C iR
F 100 mL JCHE/K, 115 °C K 15 min, &4
Z2EMR, R/

¥ T15 BB (ODe0o=0.8—1.2)F1 45 V% Jit
LA 1:10 (R B L)W LL BIR A , F JG 1 v 4
TSR TR A, VAR B 30 cm [ R
B AR CaCL W T, T BER R, [E1k
30 min, JGB BT KU & BE R R 3R I
CaCly, 4°C VKFW 474 H o

TR -T15 BEREER B A R W] I o
1.3.2 iFRERES-T15 BHASER. 45/48R-T15 AR
HKCEREE T15)¥1E 2

fdt I TA-XT 21 994 5 B AR A 7 Rt 7 g e
ARk T, e By P/36R . K
1K compression, HARMIASECR T o H %
1 mm/s, JE4E0N 72 80% H R EEIE ., T
BLAB SR BE o3 By £ BSOS 0 AE | W 240
F A FC A i o py 70 DUt ol 2 v 96 g 6 A 7 e
e kA, FREA X O)FQ)#ETH
W, a4k Hencky B /1 (o 71)%1 Hencky

AR (g A5

H= Et)'H(t) (1)
(H,- 4,)
eH = —ln[ﬂ] 2)
H

0

Ky Fo, tBZIMR S, N5 He, t B
R A & B2, mm; Ao, U] LR R R T AR,
mm?®; Ho, RFEAIRILA R, mm,

U 5 7 3 T DRI 28 10 A 43 ) S D 4 10 g R
S5 b 26 5 v ST RT I P 7 R AR
1.3.3 L. bulgaricus T15 B)iE 1L

HL-80 °C vKAH A AT T15 100 pL 42 Fh
% 100 mL MRS W iA$EFRIE . 37 °C 7% 3

&: 010-64807509

F£ & ODgoo N 0.8-1.0,
1.3.4 L. bulgaricus T15 % B p-FLER

Wi s T1S5. WEPEmRES-T1S BERCER . 45%
JRE-T15 BEREERAY I L) 6% B b 32 - 422 b 900 B
HIER Bl 80 o/L My ks EEH, 41 °C k&
M2 72 h, 08, SERERS &R RAE 5 o
1.3.5 BMRHEEIEENELXER p-ALERSE
FYZBEE

HERR U HE 72 h AW 1 mL, fiIlA 1%
H,SO, B#iJ5, HPLC 3£l D-LA 7,

Waters 1525 5 R0 AR 35N E D-LA 1Y
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F2 BRI, HLRBRRKYMES N
Table 2  Analysis of physical properties of calcium alginate and LA-GAGR gel beads

Material Diameter (mm) Cross-sectional area (mm?) Hencky stress (kPa) Hencky strain
Calcium alginate-gel beads  2.50+0.28 4.91+0.24 40.73+0.29 0.66+0.33
LA-GAGR-gel beads 2.50+0.75 4.91+1.76 91.68+0.11 0.67+£0.43
[ Free T15 acid production
B Acid production of LA-GAGR-T135 gel beads B
80 Calcium alginate-T15 gel bead conversion 120
[ Acid production of calcium alginate-T15 gel beads
®  Free T15 conversion
4 LA-GAGR-TIS5 gel bead conversion 4100

A S

. 60 - A =

) =

E . 1% £

g A A 2

& L 5

g >

2 40 "y 160 £

I 21 - g

= 1 1 <

% 3

% — 40 §

20 3

=

—-H20 ©

60 70 80 90 100

[nitial glucose concentration (g/L)

2 VIR EEEREXNFEE T15. EREREE-T1S SBEIK. £2A8K-T15 SRR REEENZN
Figure 2 Effects of different initial glucose concentrations on acid production and sugar consumption of
free strain T15, calcium alginate-T15 gel beads and LA-GAGR-T15 gel beads.
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(36.94+2.68) g/L, HAHER LK F] 21.6%.
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MRIEAL AT BT 50.36% 5 68.58%, i Haf
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R, BRI LAk, WEE M T A
i 2 SEOE AR, PR EFEARE 3), Z5 1
TR, BERE 6% i o 5 L & W fol Heh it
2 ABEREEMNFEE TIS. §EEK
§5-T15 BBRER . £528R-T15 ERIK R &
FENERI 2N

KA AE 37-39 °C LR, IR
D-FLER R R IEAROC, 7F 41-45 °C X[HP,

5
5
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AR, H PIE/NT 0.05 (B 4), W75 T15, # 107.16. 131.84 g/L, MM 39 °C N
BEIREG-T15 BERIR 545 IE-T15 BEMERTE L. bulgaricus T15 Feiii K IR B o 78 K IR
39 °C kW™ p-FLERE R, 708 87.16. FER 43 °C 5 45 °C B, JFesm ke ik it

[ Free T15 acid production
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Figure 3 Effects of different inoculation amounts on acid production and sugar consumption of free strain
T15, calcium alginate-T15 gel beads and LA-GAGR-T15 gel beads.

L1 Free T15 acid production
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Figure 4 Effects of different fermentation temperatures on acid production and sugar consumption of free
strain T15, calcium alginate-T15 gel beads and LA-GAGR-T15 gel beads.
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BINELE A BB RN E

5B TE T15 AL, WHERRES-T1S B
KRR HE-T1S BEMCIRARAE 4 A 1Y b & %
SME T AT R, AU R A T S I
T15 PR, LIEVER IR MG s es-T1S #E
JB Bk 4 PRI B 34 2 J T R P R, S5V I -T15
BERSERAAM A 0.62 g/g, D-LA FH=H N
(1.42+0.14) g/(L-h), PR D-FLER ™ 1
(72.90+2.79) g/L, H&iGHEIRES [ b T15 BE
PR BETRES-T15 BERCER) ™ 48 5 1 33.85%,
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0 1 et %

EUE RS T15 B E 7 37.70% (K 5). 45
RRET, DAZEYS I h [ A 3 [ 2 AL LT 13
T15 FERI %M & B p-FLIRACR e f, IF
SR T B2 ) FH KRS Al A A Sy e R ST R A T
Y LG PR3 22 4 T D-FLERAR ML T BBk 4i
2.6 VAERTEFEGHRIR A ABEERFIT104L
R R INE S A B P p-FLEE KN TE
FIH AT A Bl A W o R e L I, i
SEVRIE-T1S BECERIGIA K IE 10 LR . LAVF B T
T15 KEERNXTHIR, 25 RIAZES IE-T15 BERER
TEIA K BE S D-LA 7R N 419.51 g, PR
TN (66.59%+1.45%), H ALK r= 5
B T R B 29.60%67.51%, [RIAT7E 10 4t
U 5 B IR B 451 R Y R FFTE 5%LLT , R
HABBA JeZeif— 0 KRBT (8 6, 3 3).

3 Wik
ARSI VE SR AE N L. bulgaricus T15
[ AR AL, il TS5 IE-T1S BECER, 45

7 8

5 LIBIENEADKBEERIEIT 10 SR ARG IR 50 4 B = B8 R M TE

Figure 5 Ten batches of continuous cell-recycled fermentation using glucose as substrate.
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Figure 6 Continuous cell-recycled fermentation using LA-GAGR-T15 gel beads and corn straw enzymatic
hydrolysate as substrate.

x3 HRER-TIS BRKABEREFBRRENABRERHAITHEBERNEELABREIESH
Table 3 Main parameters of continuous cell-recycled fermentation using LA-GAGR-T15 gel beads and corn
straw enzymatic hydrolysate as substrate

Materials  Batch  Substrate  Titer (g/L) Yield (g/g) D-LA productivity (g/(L-h)) Acetic acid productivity (g/(L-h))
Free strain 1 Corn straw 27.42+1.24  0.37 1.14 0.12

LA-GAGR 1 Corn straw  35.84+£2.37  0.58 1.49 0.09

LA-GAGR 2 Corn straw  42.78+0.54  0.61 1.78 0.15

LA-GAGR .

LA-GAGR 9 Corn straw  45.93£1.29  0.64 1.91 0.26

LA-GAGR 10 Corn straw  45.77+0.33  0.62 1.90 0.41

“...” indicates ellipsis.

A R BE I ER AR AE 2.50 mm 24, REEL
A28 4.91 mm?,  XiF 8 4 IAF 35 R 4 5t i
ERWT 2L S8 40.73 kPa, 145 V8 e Bk Jie Bk Wt
S4N 14 91.68 kPa, 45 i iR 5 Uk s BR 1R o5

125.12%, Ui B 25 ¥ IEAIL AR 5 B 22O T 10 B PR 5
BE IR, a0 £ 1A B I 5 R A
AR 3, UL AR & W R b A2 7 AR Y
SN IIFEA T /)N, 8 R IR B A D A A I A AR v Y
PARAL TN, BT HX R 0 -4 VR AL T it

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

PERRESEERC IR, AT H I E S AT E
T15 [ f gk da .

RES LAEES T15 SHgEiRes-T15 SRR A
SRR, KRB BE-T1S VR Bk 40 M A6 343 22
77 D-FLIR 73 il Je X RRZH Y 2.89 fi5F1 2.16 £i% .
55 Roukas 2 # BHAEDAH) F A 3 AR5 X LR
FF B [ 8 b R B = RS R — 3. 5 2018 4R SC
i S D IR LAY B8 & B R B A L,
PETRES 52508 I 8 e AL & B , D-FLIRR - g T
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50%—60%7Zc A7, 5 2019 4F 1 TR COU 6 5 BR A4S
186 52 T AR R SV LT B 7= P e o AR5 114
FEERAS AL T3 3 A0 A 4 b i I A
R AR IR T & T = LR A IFIE (R 1), iESE
KBRS 12 HbR, KRR - TR AIK, FTHE2
T TR A i AL TXET PR R paE B, 7E 10 it
W R B R, 858 IR-T1S BEIRER- R
B WAL TR ES-T1S BEeER, HIRKN T fHE
LG I AU BE . AR RS 1S L
e, ULIAZE IS AR M BAR T15 AR 1L
g

4 Hip

ARBFFCEE ST T W BRI . 4573 I [ e b 4
MG KB D-ALMRM AR T2 . 3R
BE-T1S BERCER ZBE 10 Hbuk, F7= R 5k
(76.53£2.24) g/L, BB W LB - RIES T
35.5%. L5 ME-T1S BEMCER AR T8 10 Lk, “F-y
FEIR R (102.4242.79) /L, %0V 3 R 4T %] 8
b T15 BEWCER O BRIREG-T1S BERCER) ™ 22 5
T 33.85%, WIFE TIS BiFEFRE T
37.70% . I FH B KR FF AR 0 K B T, 45
W IE-T15 BERCERAIGIN K BE 240 h, D-FLFRG™ &t
41 419.55 g, D-FLER™H HK(1.74£0.79) g/(L-h).
ARG A [ 5 Ak 20 LA 3 & ™ D-FLIRR Y Tall
AR T SRR A R RS A A M
D-FLIR IR ML T B ik 1%,
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