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Abstract:  Succinic acid production was inhibited by high osmotic pressure caused by the accumulation of sodium ions in
the process of two-stage fermentation by Escherichia coli using Na,COj; as the pH regulator. To enhance the resistance of
this strain to osmotic stress, the possibility to isolate high NaCl-tolerant mutant strain of Escherichia coli for succinic acid
production by metabolic evolution was investigated. The metabolic evolution system was used as a mutant-generating
system, allowing the cells to be continuously cultured at the maximum specific growth rate. The mutant strain can grow at
maximum rate in the condition of high osmotic by gradually improving the concentration of NaCl in a continuous culture.
Then the high osmotic-tolerant mutant strain of E. coli XB4 was selected with NaCl as the osmo-regulator. When using
Na,COj; as the pH regulator, E. coli XB4 was used in a 7.0 L fermenter during two-stage fermentation. After 60 h anaerobic
fermentation, the mutant strain XB4 produced 69.5 g/L succinic acid with a productivity of 1.18 g/(L-h), which were
increased by 18.6% and 20% compared with that of the parent strain.
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Fig. 1 Effect of osmotic stress on cell growth (A) and succinic acid production by E. coli AFP111 (B). (A) The growth
curve of E. coli AFP111 was measured under aerobic condition in LB media supplemented with different concentrations
of NaCl. (B) Dual-phase fermentations of E. coli AFP111 after 48 h anaerobic fermentation supplemented with different

concentrations of NaCl.
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Fig. 2 The operational process of adaptive evolution.
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Table 1  Succinic acid production in AFP111 compared with XB4?

Strains Biomass (ODg)° Succinic acid (g/L) Acetic acid (g/L) S;Tzllgic(;)c)ld
AFPI111 10.4+0.2 15.2+0.12 3.78+0.02 86

XB1 14.8+0.4 18.8+0.11 0.80+0.01 97

XB2 15.0£0.5 20.6+0.15 2.40+0.02 87

XB3 16.7+0.8 23.0+0.12 1.72+0.01 85

XB4 15.5+£0.8 23.7£0.17 1.85+0.01 92

XB5 13.8+0.7 19.54+0.09 3.07+0.05 89

XB6 12.0+0.5 22.3+0.11 2.90+0.03 95

a: dual-phase fermentations of E. coli AFP111 after 48 h anaerobic fermentation supplemented with 0.4 mol/L NaCl. b: the
ODgoy was measured at the end of cultivation in anaerobic bottle c: succinic acid yield is defined as the percentage of the

concentrations of succinic acid in consumed glucose. Each value is the mean of three parallel replicates+stadard deviation ( X *s).
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Fig. 3 Effect of different concentration of NaCl on
succinic acid production in AFP111 compared with XB4.
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organic acids in the dual-phase fermentation by XB4.
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Fig. 5 Time course of cell growth and production of
organic acids in the dual-phase fermentation by E.coli
AFPI11.

%2 KEFE AFPL11 53Rk XB4 B R & BE PR IR BR 45 SR AT bt
Table 2 Succinic acid production in AFP111 compared with XB4 during dual-phase fermentation.

Strain Succinic acid (g/L) Acetic acid (g/L)

Succinic acid productivity (g/(L-h))

Succinic acid yield (%)

AFPI11 58.6+0.13 1.3+0.04 0.98 98
XB4 69.5+0.11 1.6+0.07 1.18 97
3 1 R AR R B BOA B, IR ASERIRAR 60 h

AR SR A A E MO, g
i 2R T R TR AR T B 57 TR SR NaCl
T BE VARV S AR BRAR HEA TR 07, AR5 DR AR ML
KR, AR —RAEB T Z 0.8 mol/L
NaCl [ 578 #k XB4, 7ELL NaOH Fil Na,CO5 K

FEERIIMR 69.5 /L, BEIMRA S H R T
1.81 g/(L-h), 5t &K B #kE AFPL1L1 425 T
18.6% Fl1 20% .

REFERENCES

[1] Willke T, Cukalovic KD. Industrial bioconversion

cjb@im.ac.cn



1344 ISSN 1000-3061 CN 11-1998/Q Chin J Biotech November 25,2012 Vol.28 No.I1

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

as an alternative to
conventional chemistry. Appl Microbiol
Biotechnol, 2002, 66(2): 131-142.

Cukalovic A, Stevens CV. Feasibility of production

of renewable resources

methods for succinic acid derivatives: a marriage of
renewable resources and chemical technology.
Biofuels Bioprod Biorefin, 2008, 2(6): 505—529.
Song H, Lee SY. Production of succinic acid by
bacterial fermentation. Enzyme Microb Technol,
2006, 39(3): 352-361.

Strobel HJ, Russell JB. Role of sodium in the
growth of a ruminal selenomonad. Appl Environ
Microbiol, 1991, 57(6): 1663—1668.

Datta R. Process for the production of succinic acid
by anaerobic fermentation: US, 5143833.
1992-09-01.

Hilpert W, Schink B, Dimroth P. Life by a new
decarboxylation-dependent energy conservation
mechanism with Na™ as coupling ion. EMBO J,
1984, 3(8): 1665—1680.

Record MT Jr, Courtenay ES, Cayley DS, et al.
Responses of E. coli to osmotic stress: large
changes in amounts of cytoplasmic solutes and
water. Trends Biochem Sci, 1998, 23(4): 143-148.
Padan E, Venturi M, Gerchman Y, et al. Na'/H"
antiporters. Biochim Biophys Acta, 2001, 1505(1):
144-157.
Gunasekera

TS, Csonka

transcriptional

LN, Paliy O.
Genome-Wide responses  of
Escherichia coli K-12 to continuous osmotic and
heat stresses. J 2008, 190(10):
3712-3720.

Mika JT, Bogaart GVD, Veenhoff L, et al.

Molecular sieving properties of the cytoplasm of

Bacteriol,

Escherichia coli and consequences of osmotic
stress. Mol Microbiol, 2010, 77(1): 200—207.
Padan E, Krulwich TA. Sodium Stress.
Washington, DC: ASM Press, 2000: 117-130.
Kunte HJ, Crane RA, Culham DE, et al. Protein
proQ influences osmotic activation of compatible
solute transporter proP in Escherichia coli K-12. ]
Bacteriol, 1999, 181(5): 1537—-1543.

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

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

Lee PC, Lee WG, Lee SY, et al. Effect of medium
components on the growth of Anaerobiospirillum
succiniciproducens and succinic acid production.
Process Biochem, 1999, 35(1/2): 49-55.

Fang XJ, Li J, Zheng XY, et al. Enhancement of
succinic acid production by osmotic-tolerant
mutant strain of Actinobacillus succinogenes.
World J Microbiol Biotechnol, 2011, 27(12):
3009-3013.

Xu M, Zheng P, Ni Y, et al. Breeding of
Na'-tolerant ~ mutants of
succinogenes. Ind Microbiol, 2008, 38(5): 7-11.
TR, AR, MM, . BEEAMBCLAT I S
WREANES THRMET . T Y, 2008, 38(5):
7-11.

Lee JW, Kim TY, Jang YS, et al. Systems
metabolic engineering for chemicals and materials.
Trends Biotechnol, 2011, 29(8): 370—378.

Portnoy VA, Bezdan D, Zengler K. Adaptive
laboratory evolution—harnessing the power of

Actinobacillus

biology for metabolic engineering. Curr Opin
Biotechnol, 2011, 22(4): 590-594.

Conrad TM, Lewis NE, Palsson B. Microbial
laboratory evolution in the era of genome-scale
science. Mol Syst Biol, 2011, 7(509): 1-11.
Charusanti P, Fong NL, Nagarajan H, et al.
Exploiting adaptive laboratory evolution of
Streptomyces clavuligerus for antibiotic discovery
and overproduction. PloS ONE, 2012, 7(3):
e33727.

Unrean P, Srienc F. Metabolic networks evolve
towards states of maximum entropy production.
Metab Eng, 2011, 13(6): 666-673.
Ye GZ, Li J, Xi YL, et al
NH, -tolerant ~ mutants  of

succinogenes for succinic acid production by

Isolation of

Actinobacillus

continuous selection. J Microbiol Biotechnol, 2010,
20(8): 1219-1225.

Cakar ZP, Turanli-Yildiz B, Alkim C, et al.
Evolutionary  engineering of  Saccharomyces
cerevisiae for improved industrially important

properties. FEMS Yeast Res, 2012, 12(2):



KES FHHANEETSEEENER~RARABITE 1345

(23]

(24]

[25]

[26]

(27]

(28]

[29]

171-182.
Jiang L, Li S, Hu Y, et al. Adaptive evolution for
fast growth on glucose and the effects on the
regulation of glucose transport system in
Clostridium tyrobutyricum. Biotechnol Bioeng,
2012, 109(3): 708-718.

Jantama K, Haupt MJ, Svoronos SA,

Combining metabolic engineering and metabolic

et al.

evolution to develop nonrecombinant strains of
Escherichia coli C that produce succinate and
malate. Biotechnol Bioeng, 2008, 99(5): 1140—-1153.
Chen K, Iverson AG, Garza EA, et al. Metabolic
evolution of non-transgenic Escherichia coli SZ420
for enhanced homoethanol fermentation from
xylose. Biotechnol Lett, 2010, 32(1): 87-96.
Cadiére A, Ortiz-Julien A, C Camarasa, et al.
Evolutionary engineered Saccharomyces cerevisiae
wine yeast strains with increased in vivo flux
through the pentose phosphate pathway. Metab
Eng, 2011, 13(3): 263—271.

Cai Z, Zhang B, Li Y. Engineering Saccharomyces
cerevisiae  for  efficient anaerobic  xylose
fermentation:  reflections  and
Biotechnol J, 2012, 7(1): 34—46.
Zhang X, Jantama K, Moore JC, et al. Metabolic

evolution of energy-conserving pathways for

perspectives.

succinate production in Escherichia coli. Proc Natl
Acad Sci USA, 2009, 106(48): 20180—20185.
Hong KK, Vongsangnak W, Vemuri GN, et al.

(30]

[31]

[32]

[33]

Unravelling evolutionary strategies of yeast for
improving galactose utilization through integrated
systems level analysis. Proc Natl Acad Sci USA,
2011, 108(29): 12179—-12184.

Xu B, Jiang M, Ma JF, et al. Reuse of recombinant
Escherichia coli to produce succinic acid by
bioconversion. Chin J Biotech, 2010, 26(11):
1526—-1531.

Rk, 2R, DILEE, SF. JEEFHEH R
WAL A BT /. R4 TR 2E4R, 2010,
26(11): 1526—1531.

Jiang M, Liu SW, Ma JF, et al. Effect of growth
phase feeding strategies on succinate production by
metabolically engineered Escherichia coli. Appl
Environ Microbiol, 2010, 76(4): 1298—1300.

Ye GZ, Jiang M, Chen KQ, et al. Breeding of
ammonium-tolerant mutants of Actinobacillus
succinogenes for succinic acid production and
effect of ammonium. Chin J Biotech, 2010, 26(2):
183—188.

WS, R, PRETIR, S TR BRI R AL
LTI E B A e B AR R AR s e . 2k
Y TRE2A4), 2010, 26(2): 183188,
Balderas-Hernandez VE, Hernandez-Montalvo V,
Bolivar F, et al. Adaptive evolution of Escherichia
coli inactivated in the phosphotransferase system
operon improves co-utilization of xylose and
glucose under anaerobic conditions. Appl Biochem
Biotechnol, 2011, 163(4): 485—496.

cjb@im.ac.cn



