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Table 1 ~ Applications of lactic acid bacteria
Application Product LAB References
Dairy Hard Cheese Lactococcus lactis [1]
Leuconostoc spp.
Yoghurt Streptococcus thermophilus [1]
Lactobacillus delbrueckii
Flavour Acetaldehyde Lactococcus lactis [1]
ingredients  Diacetyl Lactococcus lactis 2]
Amino acid L-Alanine Lactococcus lactis [3]
y—flminobulyric Lactococcus brevis [4]
acid
Bio-activate Folic acid Lactococcus lactis [5]
substance  Linolenic acid Lactobacillus plantarum [6]
Preservative Nisin Lactococcus lactis [1]
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Table 2 Summary of genome sequencing of lactic acid bacteria
Strain Size/Mb  Genes Pseudo genes Proteins RNAs (G +C) mol% Origin/use References
Lactobacillus
acidophilus NCFM 1.99 1938 None 1864 74 34.7 probiotic [9]
brevis ATCC 367 2.29 2314 50 2185 82 46.2 beer [10]
casei ATCC334 2.76 2906 82 2748 76 46.7 sourdough [10]
casei BL23 2.94 3090 None 3015 75 46 probiotic [11]
casei Zhang 2.86 2906 27 2804 75 46 koumiss [12]
delbrueckii subsp. burgaricus ATCC 11842 1.78 2184 270 1529 122 49.7 sourdough [10]
delbrueckii subsp. burgaricus ATCC BAA365 1.77 2033 192 1715 127 32.9 sourdough, cheese [10]
fermentum 1FO 3956 2.00 1912 None 1843 69 51 plant [13]
gasseri ATCC 33323 1.95 1898 43 1755 98 35 human, probiotic [14]
helveticus DPC4571 1.98 1838 155 1610 73 37 cheese [15]
Johnsonit NCC533 1.99 1918 None 1821 97 34.6 probiotic [16]
plantarum JDM1 3.20 3029 3 2948 78 44 probiotic [17]
plantarum WCFS1 3.31 3135 39 3007 86 44.5 human [18]
reutert JCM 1112 1.94 1901 None 1820 81 38 human, probiotic [13]
reuteri DSM20016 1.91 2027 39 1900 88 38 human
sakei 23K 1.90 1963 30 1879 84 41.2 meat starter [19]
salivarius subsp. salivarius UCC118 1.83 1864 73 1717 99 32.9 human, probiotic [20]
Lactococcus
lactis subsp. cremoris MG1363 2.53 2597 81 2434 81 35.8 cheese [21]
lactis subsp. cremori SK11 2.33 2610 153 2384 82 36 cheese [10]
lactis ssp. lactis 11,1403 2.37 2425 1 2321 79 35.4 cheese [8]
Bifidobacterium
adolescentis ATCC 15703 1.99 1702 None 1632 70 59 probiotic -
animalis subsp. lactis ADO11 1. 84 1603 17 1527 59 60 probiotic [22]
animalis subsp. lactis DSM 10140 1.85 1629 None 1566 63 60 probiotic [23]
animalis subsp. lactis BI04 1.85 1631 None 1567 64 60 probiotic [23]
longum DJO10A 2.27 2061 None 1989 73 60. 1 probiotic [24]
longum subsp. longum NCC2705 2.26 1798 None 1727 70 60. 1 human, probiotic [25]
longum subsp. infantis ATCC 15697 2.70 2588 80 2416 80 59 human [26]
Streptococcus
thermophilus LMG18311 1.8 1973 180 1888 85 39.1 sourdough [27]
thermophilus LMD-9 1. 86 2002 206 1709 87 39.1 sourdough [10]
thermophilus CNRZ1066 1.8 2000 182 1915 85 39.1 sourdough [27]
Leuconostoc
mesenteroides subsp. cremoris ATCC 19254 1.56 1903 None 1847 56 37 - -
mesenteroides subsp. mesenteroides ATCC 8293 1.94 2073 19 1970 85 37 kimchi [10]
Oenococcus
oeni PSUH 1.78 1864 122 1691 51 37 wine [10]
Pediococcus
pentosaceus ATCC 25745 1.75 1847 20 1755 72 37 fermented food [10]
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Fig. 1  Scheme of strains improvement based on systems biology tools B4
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Table 3 Improvement of the metabolic capability by metabolic engineering

Organism Product Genetic modification Substrate Yield and/or productivity References
L. lactis Xylitol Expressed P. stipotis XR Xylose + glucose 2.5 mol/ (mol glucose) ;2.7 ¢ /(L h [36]
L. lactis Mannitol Expressed Mtll PDH and mannitold phosphatase  Glucose 0. 50 mol /(mol glucose) [37]
L. plantarum  L-ibulose Expressed araA, ribulokinase-deficient L-arabinose 0.70 mol /mol 14.8 ¢/ (L b [38]
L. plantarum  Sorbitol Overexpressed StI6PDH, LDH-deficient Glucose 0.65 mol/ (mol glucose) [39]
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Table 4 Improving the stress resistance of lactic acid bacteria by metabolic engineering

Organism Genetic modification

Performances

References

Oxygen stress

The survival increased 2. 94old when treated in 150 mmol/L H, O, for

L. lactis Expressed GSH from E. coli 15 min [40]

Acid stress

L. lactis Heterologous expression of E. coli dnaK The' max'imum ODqy increased 1. 44-fold in the presence of 0. 5% [44]
lactic acid (pH 5.47)

Osmotic stress

L salibarius Heterologous expression of Beil. gasci]gniﬁcantly higher growth rate was detected when grown at 7% [42]

L. lactis Heterologous expression of E. coli dnaK ~ The maximum OD, increased 1.28fold in the presence of 3% NaCl [44]

Solvent stress

L. lactis Heterologous expression of E. coli dnaK  The growth increased 1. 134old in the presence of 5% ethanol [44]

Temperature stress

L. salibarius Heterologous expression of BetlL The percent survival during freeze-drying increased 2-fold [42]

3 JEH

T it Bl A A R 3 DT A AR A ) R e
T A TS AR R e AR PR T RE . AR AR A
ALz o0 AR KRB 1 AR G000 W i 2R AR k) 245
S5 R RN A BRIy RE V1 BE D05 HAE S B N HT BT AT —
O Jr IR o By B[] I, — 28 R SRR DR A R B8 U
AN WG L JF 680 1k A ) 4 e A PR D) RE RE AT 2 )
PR 98 5 IX 6 S £ 45 R ZE AR T (Systems metabolic
engineering) & 824 %% (Synthetic biology) %% .

Z 25 3LHR

[1] Zhu Y, Zhang Y, Li Y. Understanding the industrial
application potential of lactic acid bacteria through
genomics. Applied Microbiology and Biotechnology,
2009, 83: 597-610.

[2] Hugenholtz J, Kleerebezem M, Starrenburg M, Delcour
J, De Vos W, Hols P. Lactococcus lactis as a cell factory
for  highevel Applied  and
Environmental Microbiology, 2000, 66: 4112-4114.

[3] Hols P, Kleerebezem M, Schanck A, Ferain T,

diacetyl  production.

Hugenholtz J, Delcour J, de Vos W. Conversion of

Lactococcus  lactis  from  homolactic to homoalanine

fermentation through metabolic engineering.  Nature
Biotechnology, 1999, 17: 588-592.

[4] Kim JY, Lee MY, Ji GE, Lee YS, Hwang KT.
Production of vy-aminobutyric acid in black raspberry
juice during fermentation by Lactobacillus  brevis
GABA100. [International Journal of Food Microbiology,
2009, 130: 1246.

[5] Hugenholtz J, Sybesma W, Nierop Groot M, Wisselink
W, Ladero V, Burgess K, van Sinderen D, Piard J,
Eggink G, Smid E. Metabolic engineering of lactic acid

bacteria for the production of nutraceuticals. Antonie Van



S AR LR B R B RE I R GE AT S AR P L R A 4R (2012) 52(1) 27

(6]

(7]

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

Leeuwenhoek, 2002, 82: 217-235.

Kishino S, Ogawa J, Ando A, Yokozeki K, Shimizu S.
Microbial production of conjugated y-inolenic acid from
v-inolenic acid by Lactobacillus plantarum AKU 1009a.
Journal of Applied Microbiology, 2010, 108: 20122018.
Mayo B, Van Sinderen D, Ventura M. Genome analysis
of food grade lactic acid-producing bacteria: from basics
to applications. Current Genomics, 2008, 9: 169-183.
Bolotin A, Wincker P, Mauger S, Jaillon O, Malarme
K, Weissenbach J, Ehrlich S, Sorokin A. The complete
genome sequence of the lactic acid bacterium Lactococcus
lactis ssp. lactis 1L1403. Genome Research, 2001, 11:
7314953.

Altermann E, Russell W, AzcaratePeril M, Barrangou
R, Buck B, McAuliffe O, Souther N, Dobson A, Duong
T, Callanan M. Complete genome sequence of the
probiotic lactic acid bacterium Lactobacillus acidophilus
NCFM. Proceedings of the National Academy of Sciences,
2005, 102: 3906-3912.

Makarova K, Slesarev A, Wolf Y, Sorokin A, Mirkin B,
Koonin E, Pavlov A, Pavlova N, Karamychev V,
Polouchine N. Comparative genomics of the lactic acid
Proceedings of the
Sciences, 2006, 103: 1561145616.

Maze A, Boel G, Zuniga M, Bourand A, Loux V, Yebra

bacteria.

National Academy of

M, Monedero V, Correia K, Jacques N, Beaufils S.
Complete genome sequence of the probiotic Lactobacillus
caset strain BL23. Journal of Bacteriology, 2010, 192:
2647-2648.

Zhang W, Yu D, Sun Z, Wu R, Chen X, Chen W,
Meng H, Hu S, Zhang H. Complete genome sequence of
Lactobacillus casei Zhang, a new probiotic strain isolated
from traditional home-made koumiss in Inner Mongolia of
China. Journal of Bacteriology, 2010, 192: 5268-5269.
Morita H, Toh H, Fukuda S, Horikawa H, Oshima K,
Suzuki T, Murakami M, Kato Y,
Takizawa T.

Hisamatsu S,

Comparative  genome  analysis  of
Lactobacillus reuteri and Lactobacillus fermentum reveal a
genomic island for reuterin and cobalamin production.
DNA Research, 2008, 15: 151461.

Makarova K, Koonin E. Evolutionary genomics of lactic

acid bacteria. Journal of Bacteriology, 2007, 189:

1199-1208.
Callanan M, Kaleta P, O<Callaghan J, O-Sullivan O,
Jordan K, McAuliffe O, Sangrador-Vegas A, Slattery L,
Fitzgerald G, Beresford T. Genome

sequence of

[16]

(7]

[18]

[19]

20]

21]

[22]

(23]

Lactobacillus helveticus, an organism distinguished by

insertion sequence element

190: 727-

selective gene loss and
expansion. Journal of Bacteriology, 2008,
735.

Pridmore R, Berger B, Desiere F, Vilanova D, Barretto
C, Pittet A, Zwahlen M, Rouvet M, Altermann E,
Barrangou R. The genome sequence of the probiotic
intestinal bacterium Lactobacillus johnsonii NCC 533.
Proceedings of the National Academy of Sciences, 2004,
101: 2512-2517.

Zhang Z, Liu C, Zhu Y, Zhong Y, Zhu Y, Zheng H,
Zhao G, Wang S, Guo X. Complete genome sequence of
Lactobacillus plantarum JDM1. Journal of Bacteriology,
2009, 191: 5020-5021.
Kleerebezem M, Boekhorst J,
Molenaar D, Kuipers O, Leer R, Tarchini R, Peters S,

Van Kranenburg R,

Sandbrink H, Fiers M. Complete genome sequence of
Lactobacillus plantarum WCFS1. of the
National Academy of Sciences, 2003, 100: 1990-4995.

Chaillou S, Champomier-Verges M, Cornet M, Crutz-le
Coq A, Dudez A, Martin V, Beaufils S, Darbon-

Proceedings

Rongere E, Bossy R, Loux V. The complete genome

sequence of the meat-borne lactic acid bacterium
Lactobacillus sakei 23K. Nature Biotechnology, 2005,
23: 1527-533.

Claesson M, Li Y, Leahy S, Canchaya C, Van Pijkeren
J, Cerde o-Tarraga A, Parkhill J, Flynn S, O%ullivan
G, Collins J. Multireplicon genome architecture of
Lactobacillus of the National
Academy of Sciences, 2006, 103: 6718-6723.

Wegmann U, O‘Connell-Motherway M, Zomer A, Buist

salivarius.  Proceedings

G, Shearman C, Canchaya C, Ventura M, Goesmann
A, Gasson M, Kuipers O. Complete genome sequence of
the prototype lactic acid bacterium Lactococcus lactis
subsp. MGI1363.
2007, 189: 3256-3270.

Kim J, Jeong H, Yu D, Choi S, Hur C, Park M, Yoon
S, Kim D, Ji G, Park H. Genome sequence of the

cremoris Journal of Bacteriology,

probiotic bacterium  Bifidobacterium animalis subsp.
lactis ADO11. Journal of Bacteriology, 2009, 191: 678-
679.

Barrangou R,
Richards M, Horvath P, Coute-Monvoisin A, Leyer G,

Rendulic S, Steele J.

Briczinski E, Traeger L, Loquasto J,
Comparison of the complete
genome sequences of Bifidobacterium animalis subsp.
lactis DSM 10140 and Bl-04. Journal of Bacteriology,
2009, 191: 41444151.



28 Chongde Wu et al. /Acta Microbiologica Sinica (2012) 52 (1)
[24] Lee J, OSullivan D. Sequence analysis of two cryptic CG, Margolles A, Zagorec M. Low-pH adaptation and
plasmids from Bifidobacterium longum DJO10A and the acid tolerance response of Bifidobacterium longum
construction of a shuttle cloning vector. Applied and Biotype  longum. Applied and Environmental
Environmental Microbiology, 2006, 72: 527-535. Microbiology, 2007, 73: 6450-6459.
[25] Schell M, Karmirantzou M, Snel B, Vilanova D, Berger (331 XUSZHH, BRI, JH R AL KR AR 14 19 4 R 7R A gt % L
B, Pessi G, Zwahlen M, Desiere I, Bork P, Delley M. . A4 TR 24 (Chinese Journal of Biotechnology) ,
The genome sequence of Bifidobacterium longum reflects 2010, 9: 1176-1186.
its adaptation to the human gastrointestinal tract. B4l B0, BRI, . RGEEY R G B EY) BT
Proceedings of the National Academy of Sciences, 2002, TUAL OB A 7 1 PR 5 b I R R TR
99: 14422-14427. R (Chinese Journal of Biotechnology) , 2010, 26: 880-
26] Sela D, Chapman J, Adeuya A, Kim J, Chen F, 887.
Whitehead T, Lapidus A, Rokhsar D, Lebrilla C, [35] LeBlanc JG, Silvestroni A, Connes C, Juillard V, de
German J. The genome sequence of Bifidobacterium Giori GS, Piard JC, Sesma F. Reduction of non-
longum subsp. infantis reveals adaptations for milk digestible oligosaccharides in soymilk: application of
utilization within the infant microbiome. Proceedings of engineered lactic acid  bacteria  that produce -
the National Academy of Sciences, 2008, 105: 18964— galactosidase. Genetics and Molecular Research, 2004,
18969 3:432-440.
36] Nyyssola A, Pihlajaniemi A, Palva A, Von Weymarn N,
[27] Bolotin A, Quinquis B, Renault P, Sorokin A, Ehrlich [36] Nyyssola e ava o Teymam
. Leisola M. Production of xylitol from d=xylose by
S, Kulakauskas S, Lapidus A, Goltsman E, Mazur M,
. recombinant Lactococcus lactis. Journal of Biotechnology,
Pusch G. Complete sequence and comparative genome
) X ) ) 2005, 118: 55-66.
analysis  of the dairy  bacterium  Streptococcus
[37] Wisselink HW, Moers APHA, Mars AE, Hoefnagel
thermophilus. Nature Biotechnology, 2004, 22: 1554-
1558 MHN, De Vos WM, Hugenholtz J. Overproduction of
- heterologous mannitol 1-phosphatase: a key factor for
28] Broadbent JR, Larsen RL, Deibel V, Steele JL. .
engineering mannitol production by Lactococcus lactis.
Physiological and transcriptional response of Lactobacillus
i Applied and Environmental Microbiology, 2005, 71:
casei ATCC 334 to acid stress. Journal of Bacteriology,
2010, 192: 24452458 2074514
10, 192: .
[38] Helanto M, Kiviharju K, Leisola M, Nyyssola A.
(29] Barrangou R, Azcarate-Peril MA, Duong T, Conners Metabolic engineering of Lactobacillus plantarum for
SB, Kelly RM, Klaenhammer TR. Global analysis of production of L-ribulose. Applied and Environmental
carbohydrate utilization by Lactobacillus acidophilus using Microbiology, 2007, 73: 708321091
c¢DNA microarrays. Proceedings of the National Academy [39] Ladero V, Ramos A, Wiersma A, Goffin P, Schanck A,
of Sciences, 2006, 103: 3816-3821. Kleerebezem M, Hugenholtz J, Smid EJ, Hols P. High-
[30] Azcarate-Peril MA, McAuliffe O, Altermann E, Lick S, level production of the low-calorie sugar sorbitol by
Russell WM, Klaenhammer TR. Microarray analysis of a Lactobacillus plantarum through metabolic engineering.
two-component  regulatory  system involved in acid Applied and Environmental Microbiology, 2007, 73:
resistance and proteolytic activity in Lactobacillus 18641872
acidophilus. Applied and Environmental Microbiology, [40] Fu R, Bongers R, Van Swam I, Chen J, Molenaar D,
2005, 71: 5794-5804. Kleerebezem M, Hugenholtz J, Li Y. Introducing
(311 Wu R, Wang W, Yu D, Zhang W, Li Y, Sun Z, Wu J, glutathione biosynthetic capability into Lactococcus lactis
Meng H, Zhang H. Proteomic analysis of Lactobacillus subsp. cremoris NZ9000 improves the oxidative-stress
casei Zhang, a new probiotic bacterium isolated from resistance of the host. Metabolic Engineering, 2006, 8:
traditionally home-made Koumiss in Inner Mongolia of 662-671.
China. Molecular & Cellular Proteomics, 2009, 10: [41] Zhang J, Fu R, Hugenholtz J, Li Y, Chen J.
2321-2338. Glutathione protects Lactococcus lactis against acid stress.
(32] Sanchez B, Champomier-Verges MC, Collado MC, Applied and Environmental Microbiology, 2007, 73:

Anglade P, Baraige F, Sanz Y, de los Reyes-Gavilan

5268-5275.



S AR LR B R B RE I R GE AT S AR P L R A 4R (2012) 52(1) 29

[42] Sheehan V, Sleator R, Fitzgerald G, Hill C. phenotypes. Biotechnology and Bioengineering, 1996,
Heterologous expression of Betl,, a betaine uptake 52:109421.
system, enhances the stress tolerance of Lactobacillus [44] Abdullah-Al-Mahin, Sugimoto S, Higashi C, Matsumoto
salivarius  UCC118.  Applied and  Environmental S, Sonomoto K. Improvement of multiple-stress tolerance
Microbiology, 2006, 72: 21702177. and lactic acid production in Lactococcus lactis NZ9000

[43] Bailey JE, Shurlati A, Hatzimanikatis V, Lee K, under conditions of thermal stress by heterologous
Renner WA, Tsai PS. Inverse metabolic engineering: a expression of  Escherichia colidnaK.  Applied and
strategy for directed genetic engineering of useful Environmental Microbiology, 2010, 76: 4277-4285.

Systematic analysis and metabolic regulation of
physiological functions for lactic acid bacteria—A review

Chongde Wu'?, Juan Zhang'*" , Liming Liu'"*

' State Key Laboratory of Food Science and Technology, Jiangnan University, > Key Laboratory of Industrial Biotechnology,

Ministry of Education , Jiangnan University, Wuxi 214122, China

Abstract: As cell factories, lactic acid bacteria are widely used in food, agriculture, medicine and other industries, and
play a great role in industrial processes. However, lactic acid bacteria encounter various environmental stresses both in
industrial processes and in the gastrointestinal tract, which impair their physiological functions and food manufacture
efficiency. Recently, the development of metabolic engineering and system biology brings unprecedented opportunity for
the physiological modification of lactic acid bacteria. In this review, we addresses the progress of lactic acid bacterium
system biology, and based on this, the metabolic engineering strategies for manipulating and optimizing lactic acid bacteria
physiological function were summarized.
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