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Abstract

Yogurt is a product of the acidic fermentation of milk, which affects the survival of lactic acid bacteria (LAB). The aim

of this present study was to examine the survival and acid stress response of Lactobacillus rhamnosus GG to low pH

environment. The survival of LAB in commercial yogurt was measured during long-term storage. The enumeration of viable
cells of LAB was determined at 15-day intervals over 52-weeks at 5°C. L. acidophilus, L. casei, and Bifidobacterium spp.
showed low viability. However, L. rhamnosus GG exhibited excellent survival throughout the refrigerated storage period.
At the end of 52-weeks, L. rhamnosus GG survived 7.0 logl0 CFU/mL. FoF; ATPase activity in L. rhamnosus GG at pH
4.5 was also evaluated. The ATPase activities of the membranes were higher when exposed at pH 4.5 for 24 h. The survival
of L. rhamnosus GG was attributable to the induction in FoF; ATPase activity. In addition, the mRNA expression levels
of acid stress-inducible genes at low pH were investigated by qRT-PCR. clpC and clpE genes were up-regulated after 1
h, and apA and dnaK genes were up-regulated after 24 h of incubation at pH 4.5. These genes could enhance the survival
of L. rhamnosus GG in the acidic condition. Thus, the modulation of the enzymes or genes to assist the viability of LAB

in the low pH environment is thought to be important.
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ProbioticsZ 7Fg @] o] &== vAER Lactobacillus %,
Bifidobacterium 4 12132 YW YA EF 21 Saccharomyces
boulardii(Kligler and Cohrssen, 2008)E2 & &= oM, o|&
A ESS WA Z2ES st A 17375
2FOZ Q1A E ] gt

Probiotics® AHE-H&= PlA=E5°] B3V lodH 9%
el A AT 5 dofof st WA wskE T 5 9l
ojok &t} FH77} thE ProbioticsE 1 &3k TE RAoR
A Ak WAoo =1 AR AZHAJo] 9573 Ao 2 Ay
A )= Lactobacillus rahmnosus GG(LGG)+= 1985 Gorbach
9k Goldin well oJaf AdQ19] oA A& =
o 259 o FAES A MACA 7HE A7t Bol #
probiotics®]t}. 70038 0] A= =l A LGGHe felst
AFAEES B3 om, 1990d AR=ol A A5 AF3h
H o]F2 &Y probioticsZH A MAIHSZ 7 B2 A E
o o] &% FU3 FFo|tkSalminen et al., 2002; 2004).

LGGE QIAA L= = o8 #FE T o8 7HA o
Aol folgt B M2 Fag, Wit g3 EEA,
5 Aol gk gaEAL] BrlF)el 7 gdaitta
dHF T = LGGE FollA IgA BH5E S7HITE
A, &zl A o] B 9Es st e Ao A
% upH o] ﬂ‘ﬂ"ﬂ"ﬂ ;q"i”] o7 AL e 5 4 A
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1. HE FH o LGG 47

als

AEZ A9 vtEA YT F 3e 37HA BHE9
SAEE FH|FtH(Table 1). M Z2 ¥ 2=(5C)dl A%
&t 49} pH W3S

o, 525 F<t 159 AR A A
4

A& ‘44 LGG A5 4l ¥lA]= vancomycins 37}t
BL(glucose-blood-liver) mediumS AFH&3}4] pour plating H
o8 =iy, FUdE A 37T, 48A17F FRt B e o
= Z2Y FE AFSALh AFL 4TAA AFsH, 15
A Ao e/g ol A A4S JAAh #79
BHZES 93] ZE FF2 MRS WA 9] 33 Ah v %3 3
< cell pelletl] skim milk 10%, glucose 3%,
yeast extract 0.3%2] H]A|E A|x3dle] 33 & -80T
WEalol] BastHA ARE-sHSTh

2. Bifidobacteria ¥ S. thermophilus &5 &H

Bifidobacteria ‘gﬂ'/\ =42 NPNL-BL mediums A3}
o pour plating o2 =231, F7)/FH A 37T, 484]
7k &<l c}ﬂ‘:}" 24
A5 Z742 M7 mediume AH-81o] pour plating &
P32, A717dEll A 43°C, 2441 7F FF vl e v
= AlFstanh A8 A8 T LGG Fraket el A

==
= =
5 WaE Y

5 A8, S. thermophilus

3. &M SFHollMe] AERA BE

AF Wl A w28 LGG #= pH 7.091 MRS Hj=]¢]
37°CellA wfFstAeh L2l Agoll A 0.6 7H& 7HE w7}
=] v ¥&} 9 tHmid-log phase, ~3x10% CFU/mL). Wi%¥d-S
5,000 gollA 10%-7F YAREE] sl E-2(Microl7TR, Hanil
Scientific Co., Gangneung, Korea). PelletS pH 4.5%9] MRS
uj 2]l wj ket 37°ColA 1 h, 12 h, 24 h 18|32 48 h &
oF w kst &, cell pellet 5,000 goll A 1087 FAlE2] 3
of FH]8F . o] pellet glycerol®] ZE%H stock A EIZ
—70Col A3ttt

4. pH 4.50lM Lactobacillus spp.2] M5 FH
THIS FS Agoll Al 0.691 =2E w714 pH 4.5 MRS

Table 1. Tested commercial yogurt and yogurt beverage in this study

Type Brand Manufacture  Serving size Characteristic
company (mL)
Contain L. rhamnosus GG, L. acidophilus, L. fermentum, L. plantarum,
Y A M 1
ogurt 30 L. bulgaricus, S. thermophiles, Bifidobacteria
Yogurt B S 150 Contain L. acidophilus, S. thermophiles, B. longum

Yogurt beverage C Y 65

Contain L. casei
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Hj Ao A wl Fste] FHlEkTh L MES at 0 h, 4 h, 8 h,
12h, 24 h, 48 h 7H402 T3, dAHoZ sHa =
MRS agar #j#]o]l =253 ch vl Y plateS 48 h 5t 37T
oM wikaty, F2Y 5 AFEAh

5. FiFo-ATPase activity &3

1) ME m2ff A Tg4

Cell membraneol] 3|3}
9 activitys 578381H7] 918kl 2t 2kt 37T w7l
Al MRS brothE ©]-&3to] 24A17F 52t A vl Fatdrh
£ 10,000 goll A 2042 7F A4l el sto] #AE 343t
A3, 0.85% NaClZ 33] A3t em, AXE #4 0.5 g
(wet wt.)E 0.4 mM sucrose?} 2 mM MgChLE ¢33+ Tris
HCI buffer (pH 7.5, 75 mM)oll #E5le] beadbeaters ©]-&
st MEZE st 1 thS, DNase9t RNaseE 2zt
10 uL/mL S =5 H7het 3, 45870 Aol A jhSA 7 o

o =

ATPase®] Lactobacillus =

Hkg-o] it A B S 15,000 goll A 2087 AR
st AR T HA &2 79 cell wall skeltons ¥ E]
2 ¥

3, A5 S Kol ThA] 20,000 goll A 208-7F DAl E
A= S ATPase &4 AL FaA8H0 Z AL &390t}

2) ATPase activity &3
Fiske-Subbarow W& o]&-3le] ATPase E44& 5734,
' €9 100 pLoll 10 mM MgClL ¢+ 5 mM ATP(sigma)S
}-5-3F Tris maleate buffer(pH 7.5, 50 mM) 900 L& 7}3s}k
, 37CelA 108 EF &40 A7 &, 3 mL /5
Lo 3.5N &t 895 7hste] &4 vhg-S TAAH T
¥ &0 3.5% ammonium molybdate £
7kt & 2.1% NaHSOsol 0.7% Developer(Kodak,
ST &9 1 mLE A Mok AeoA 208
% spectrophotometerg ©]-8-3}¢] 660 nmol| Al &3
Slal, ATPaseo] 2|3l ATPZHE #2]¥ inorganic
< kST

<t 1 umole®] inorganic phosphate S -f-21A]

wnit © 2 315301, specific activitys AH3IT

R N

8
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a3

standard curveZ5-H

Specific activity = enzyme unit / protein (mg)
6. RNA &4

1) Primer design
Primer= qRT-PCR £4& $13 L. rhamnosus GGl 7|

Table 2. Oligonucleotides primers used for qRT-PCR analysis of stress gene expression

Gene Sequence of PCR primers (5' to 3') Accession No. Reference

clpC E‘;Z:: :: ggﬁrﬁfigf%iiccc(;%iz} c YP_003172245.1 PMID 19820099
clpE ;ervevfsr: ; gggﬁégzi’éﬁf:gccﬁfg? YP 003171569.1 PMID 19820099
clpL ;ZTV‘Z;T: ; gf??&%i?c(fachGTCTTchéT YP 003171569.1 PMID 19820099
atpD ;Oezj‘sr: :: Siggg’gggiéiiééggfﬁg YP_003170930.1 PMID 19820099
dnak ;‘;rvvz:: ; g::ggﬁfgcc}c%‘}zﬁ?:&? YP 003171350.1 PMID 19820099
dnaJ i‘érvvevfsr: :: gggﬁgg%ﬁ%%ﬁ%ﬁg&%ﬁc} YP_003171349.1 PMID 19820099
arpE I;‘;zfsr: :: gggfgﬁgfﬁggﬁ:&%ﬁ’éﬁc YP 0031713511 PMID 19820099
groEL ;ervevlr: :: :fggTGGAGTTTGCTGngGCC(;CTCGTGTTC YP_003171985.1 PMID 19820099
groES ;Oez:: ; Iéf%i%’fgggggggggg YP 003171986.1 PMID 19820099
capdh Forward : CTTGGCACCAATGGCTTACT ¥P 003170670.1 PMID 19820099

Reverse : CCGTCAACAACAGAAACACG
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Hk-S F Primer3plus software(http://www. bioinformatics.nl/
cgibbin/primer3plus/primer3plus.cgi) S AFHE-3to] A A & o}
] primer= Z<> amplicon size(200~300 bp)E EFH3tL
A1, 45~55% Ato] W] GC &S 7HAAL, 60014
64 C7HA19] T, 342 ST TFH 2H3ES 1% agrose
geloll A &13}3, Fo]e] primer o] FA F4 7FsAd2 Wl
A7l 138 PCR-amplified products®] melt 341 25
3ol ti(Table 2).

2) Total RNA £2/9} cDNA 24

L. rhamnosus GG Total RNAE MRS brothell 4] OD600
0.6°1 =28 w7} wjeksla, pH 7.0 7] controlo] ™,
pH 4.5 ZZ A 1AI1ZY, 12A17F, 24 A1 7F, 48 A1 7F vl &k A
Z-& RNeasy Mini Kit(Qiagen, Valencia, CA)E A}&-3}4]
cell25-E] &332, genomic DNAE #| A 3}7] $13] RNase-
free-DNase [ (Qiagen, Valencia, CA)E A3t} IHALE
3l= Sk total RNA 1,000 ng®] qRT-PCR kit(Intron, Seong-
nam, Korea)2] RT premix oligo(dt)E ¥H& mixturedl] 37}t
SFATh JHALE A WhE 27 45T A 60, 95Tl A

SEez dAletsl

3) AlA[ZH RNA HZ F4{(Real-time qPCR)

Value method= THE MEZE2HE Fdx 2dE vlas)
7] $18l AF&-3lth(Livak and Schmittgen, 2001; Meng et al.,
2007). Glyceraldehyde-3-phosphate dehydrogenase(GAPDH)
= PCR &9 internal controlZ A3t} gRT-PCR
1L ¢cDNA 59, 7} primer, SYBR Green Al-&3lo] 423}
T, A= denaturation< 95 Coll A SEZF A&3t & 95T
ol 4] 10%(denaturation), 54 Col| 4] 153 (annealing), 72 ‘C ol A]
15%(extension)E 1 cycle®, CFX96TX(Bio-Rad, California,
USA)E AH8-3F 35 cycles WHE 319t} ZF PCR cyclen}
o} melting curvest™ H| 504 S35 F3t7] 9@ EUH
2 Yok =F 289 AFE primers’t CT &S 7|F2=2
Hl FA k7)ol Aedst Ao g vEth

Relative expression=2" <" with 4/CT= CTgene — CTactin.

LGG frihtol 3 SAE AFS 527 5 ¥s
RS o, I A A7 27] pH 3.690 449 HIE B
HFig. 1).

A& A+F A= Fig 24004 He vked 2o} A
@ ZA4 A3 Lactobacillus spp.= F 10’~10° CFU/mL, S.
thermophilus=10° CFU/mLE 55 &<t fA13tth ¥%
Al A, B AE A 27 Bifidobacterium spp. = 10°~107
CFU/mLeItE. B& AEe A% 717k 1330S W, Bifido-
bacterium spp.= Lactobacillus} S. thermophilus 2} B 2 8-S
o, WS4 stk A% Wr)ol= Bifidobacterium
spp.© BT AVEEATE L caseiv 2079 A7 717§t
92 AEAE DA WHE Lactobacillus rhamnosus GG
= ARG 717w A FNA 7P =2 AEE UERTh
A7 525 Fol% 107 CFUmMLE fAstH, w9 =& A
TS Hole ZoE iU

R

[o] 5 10 15 20 25 30 35 40 45 52
WEEKS

Fig. 1. Change of the pH in yogurt over 52-weeks storage at
5C. A(®), B(H), C(A).

10

—— S. thermophilus L. rhamnosus GG~ —#— Bifidobacterium

LOG10 CFU/ML
N w S w

-

3 8 13 18 24 29 34 40 46 52

WEEKS

Fig. 2. Changes in viable count of lactic acid bacteria in yogurt
(A) over 52-weeks storage at 5C. S. thermophilus
(®), L. rhamnosus GG (W), Bifidobacterium (M.
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—
o

——S. thermophilus L. acidophilus ~ —&—B. longum

LOG10 CFU/ML
O L, N W B 0 O 9N 0 ©

3 8 13 18 24 29 34 40 46 52
WEEKS

Fig. 3. Changes in viable count of lactic acid bacteria in yogurt
(B) over 52-weeks storage at 5°C. S. thermophilus
(®), L. rhamnosus GG (M), B. longum (A).

u L. casei

Log,, CFU/ml
w

‘Weeks

Fig. 4. Changes in viable cells counts of L. casei (ll) in yogurt
(C) over 52-weeks storage at 5C.

Wgf2] #= pH+= lactobacilli, S. thermophilus <}t Bifido-
bacterium spp.©] 73737 BEA Y-S PIA + Ark(Laroia
and Martin, 1991; Hekmat and McMahon, 1992). 2+oll
ofgt ALkE FARS 53] FAMEE (post-acidification) g%
ol lactobacilli$} Bifidobacterium spp.2]l AEA o] B Jgk
< U= A0 F B IE A tKIshibashi and Shimamura, 1993;
Shah et al., 1995).

2. pH 4.50| M Lactobacillus spp.2| &=

Probiotic Lactobacillus spp.2] pH 4.5 Z71 A A=Y
0A1ZE, 4A1ZE, 8AIZE, 12A17F, 24417, 48A17FS] 744 ©
A#rE SR, 1 A3E Fig 59 vehd viet
t}. L. rhamnosus GG7} 74 &2 =SS e, 3]
12A]17F o124 Ak Ao =2 H A0S W, tE Lactobacillus

strains AT =2 AEES HAt) o] A= L. rhamnosus

kU rlo

[¢]

a) b)
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Fig. 5. The viability of Lactobacillus spp. at pH 4.5. a) L.
rhamnosus GG, b) L. plantarum, c) L. acidophilus, d)

L. casei.

GG7} in vitro 2H3 ZAA 7M1 =& Y4k

A eln g,

o

e
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3. MM ZZolM Lactobacillus spp.2| ATPase &M

Lactobacillus strain®] A Z% ATPase 42 Fig. 6°l 1}
Bl wpe} o, g fAdFEol Y8l L rhamnosus GG
o] ATPase /o] 7H =4 Uetst

2Hd 270 A ATPase 848 5793 Ao Fig. 7914
B upel ok I A3, pH 7.0004 Btk ¥ S A4S
YERATE Z7] ATPase®] &4d-2 pH 7.0°141 0.61 nmol/min/
mgOlR T, 24X17F 43 Z AN =F F ATPase E4°] 2.09
nmol/min/mgZ A& A F7HTh

FoF) ATPasex= 13 dvtellA g &7

°

o2 HE H
e 98-S ote AoE F A Jom AXE < pH
23S 98 98229 proton HEYS FES= A=
d#H A Utk 2 7FA mechanismE©] MXE 9Fe] pH 34
S 2438 434 12 15 Proton-translocating ATPase
+ LABollA 71 %2 3 tl(Hutkins and Nannen, 1993). &
HkZ 0] stress WF2-oll EFE ATPase] AN w2 pH
o A 2] 7Fgt -5 Hh-g wj&oll, FoF; ATPase proton pump
A g7l A o] mAlEe] A=A G ke PRIt Cotter

|
and Hill, 2003). ©] &4& L. casei®t L. plantarum = E4)
3, pH 5.0~5.5 oA 3 A8 Hol= oz &
#HA Aok 9E =99 proton FHA S Al E <ol pH F-A]

83 Uy, L casei®t L. plantarum® = T34
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L
plantarum

L
Sfermentum

L. brevis
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L
acidophilus
L. casei
S.
thermoph

L
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0.0 0.5 1.0 15 20 25 3.0

ATPase activity
(Pi umol/min/mg protein)

Fig. 6. FiFy ATPase activity of Lactobacillus strains.

25

JIIII

Control 48

= g
in o

ATPase activity
;
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o
in

0.0

Exposure time at pH 4.5

Fig. 7. Fi\Fy ATPase activity at pH 4.5 in L. rhamnosus GG.

pH 4.0014 714 ¥ A0 Z B 7 E ) tiBender and Marquis,
1987; Hong et al.,, 1999). T3} adenosine-triphosphate(ATP)
= AlIZZ 9] protong FoF; ATPaseol] 2] WEAIZ 5 UA

83, SlUA9 3 Foll A F B 2o Hohde & 9l

EE TS = 4 Ju 93K Stuart ef al., 1999; Arena
et al., 1999).

il

A& Ao A, L. rhamnosus GG ATPase A< T

clpC cIpE

a

clpL

Lactobacillus spp. 2o} B =] YEFSRAL, pH 4.50] =55
3 TS B, Alazete] AZE FoF,

A
= 50O
23 925

ATPase’} 2HA Z7A] tigk WA

L

ol=
Z
=
20 2 L. rhamnosus GG+ ~Hd

el Z7EE RO Hel,

[<)

=
U'H,
&

I
kI
T
{o
o]
s
g
2
i)
o
o
it}
Jo
>
=y
rlo

Rno=

W L. rhamnosus GG FH A &
&2 relative expression software toolZ #4135} T} pH 4.5
oA X clpCIE/L, atpA/D, dnaK--dnaJ-grpE, and groES-groEL 2]
2 FEA 5L qQRT-PCRES o] &31e] =39 th(Fig.
8, 9). pH 4.59 4 cIpC/E/L, atpA/D, dnaK--dnaJ-grpE, and
groES-groELS] 327 =4 Hd=EE AE el
clpCe} cIpE gene<= pH 4.591 4] 1A]7}F incubation® 1< )
Z}7} 2.25 fold, 2.75 fold= controlZ} H] W3} 2~38] HAE
=22 dEZEFE e R, pH 4.5014 =&A|7Fo] 5
FEFE cpC clpE A 282 Z47F 0.01~0.16 fold <}
0.53~0.9 fold ZrA= Ath.

N

o] Apola ANHOR clp FAe] AL ~EH
ol WRSHTIE WA 29 FAwelA CpCe ~Ed
el o0 £ AL PSS AR AT o
Ao A Itk CpEe @ Ziees) ey 715
< 313, ClpL2 7HRe Bt E‘rﬁ—',”‘ T 7gel it
3L G AT F 2 L oreuteri ATCC 557309] late-logarithmic

phaseol| A 4t 2}=2] qh-g-of] T g A= esterase B pepti-
doglycan3} M| 329} AJ3FAJof] FHod 8= phosphatidyl-glycero-

phosphataseS T3l FAA9 FE& HEoF3UTh ClpL
9 esterase AWl Gl¥hs T3 &5 F A T4 e
atpA atpD

2.50

a
a ©
N 1.00 1.00 a 2

0.50 s

48 Contral 1 12 24 48 Control 1

12

24 48 Control 1 12 24 48 Control 1 12 24 48

Fig. 8. Expression profile of the clp and atp genes at pH 4.5 for different time in L. rhamnosus GG. The cells exposed at pH
4.5 for different time. QRT-PCR was performed with 1 uL ¢cDNA template, each primer, SYBR Green and subjected initial
denaturation at 95°C for 5 min, followed by 35 cycles of amplification at 95C for 10 s, 54°C for 15 s, 72°C for 15 s.
Expression of GAPDH was used as an internal control for equal loading. The x axis represents the exposure time at pH

7.0 (control) or pH 4.5 (acid stress), and the y axis represents the normalized fold expression of genes.

*d Means with

same superscripts in a same row are not different (P>0.05).
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Z7] 92 2 AZE 7PsAd gE F2AS S thWall and Horwich, 1998). frAitaoll oAl stress 7oy A4
et al., 2007). B AFoNME= A AL WkSZ 7)o CLPC/E 7oA d Ao FHE FAEE Aol wlg FL3

AR W] Z745TE CLP A ARE v oz 7)ol el
Ho b 2E#H A st A AlE AEALE FX38H7] f38 7]
o3te Ao® FAHHAh

2b 27019 L. rhamnosus GGE Wl & 24A1 740l arpA
7} 2.2 fold2 3=t} Kullen3} Klaenhammer(1999)
= 92 pHOIA L. acidophilus7} pH-Z24 proton ¢ FiFy
ATPase®] mRNA level?] Z715 do7ittE AL diffe-
rential display-PCR X & o]&-3}o] 573} th(Ventura et
al., 2004). ATP O¥| &2 2 v go} A|ZZoA ejeto g
proton pumping¥ A#E o] o, o] o] f& e g
of A|XAAM pHE THOE FAXZ 5 AUtk T3 FiF,
Latal, Al o] ATP 4
al-t—tﬂ, ZLE lah Hhe 2 ofe]
o] ZA 7]34-_0_ )\]—/K-] /\E-Lq]}\oﬂ ];H
S3le] g glote] Aol =& FtHDuary et al., 2010).
L. rhamnosus GG A= atpd FAA W& o] 2 Z719
23 A7ko] Z71E Zo) FiF, ATPase®] &3} subunito] =
Frs YeERSITh o] Ax= 43 221914 FiF, ATPase
Z7HA AL, o] A o] AT Fot A S A ThE

FuusA =2 AEES A e AeE A

ATPase= proton pumps
7M1= Ao E dEA
M E W pHE ZH3gh

©

zam
> oZ:

e

Fig. 901]/\1 el vhel o] dnaKe 24A17F Wl oFS &
1.85 fold %753 t}. DnaK(Dank-DnaJ-GrpE)<} GroEL(GroEL-
GroES) AlZ=®l2 A2 X E polypeptides?] foldingS A
St YA AtHoury et al., 1999; Teter et al., 1999).
o] T L B FAQ T H o] Fafjo] Ao vt
dHA dom ATkt #AA A ES 71" 2 cycle®
FH HHE S ATPE AHS8he @ E 9] foldingS =&
12 9] refoldinge A=422 =& 4~ tHBukau

AL, o] ey

)

dnaK dnaJ

100 a

grpE

o B AT A, dnak A pH 4.59014 3 @ =
3, L. rhamnosus GGE= 4 274 v K& 7|5 AU+
Ao & et
qRT-PCR A2 &
o] Srlet e, o
GGe| AE=ES PPA7I=d
GG7} E}% ok B 4HAg
oAst= o= AyztETh

o, clpC, clpE, atpA, dnaK A
= 92 pH 37391 A L. rhamnosus
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