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Abstract

The ability of probiotics to adhere to the intestinal epithelium likely plays an important role in their colonization of the
gastrointestinal tract. Here, we performed high-throughput screening (HTS) for suitable characteristics of potential probi-
otic bacteria using attachment and colonization ability through a C. elegans surrogate in vivo model. A total of 100 strains
of lactic acid bacteria (LAB) isolated from infant feces were subjected to the colonization assay using C. elegans intestine.
Based on colonization ability, we showed that nine isolates have a high attachment ability during whole experimental peri-
ods (up to 168 h), compared to Lactobacillus rhamnosus strain GG as a control. Also, through the use of an in vitro cell
attachment model, nine isolates revealed highly binding activity to the mucus layer. Next, the selected 9 isolates were
assayed for their survival ability when exposed to acidic and bile conditions as well as cholesterol reduction and the utiliza-
tion of prebiotic substrates. As a result, the isolated nine strains were determined to be highly resistant to acid and bile con-
ditions. In addition, they have significant activity for the reduction of cholesterol and utilization of several prebiotic
substrates as a carbon source. Finally, the selected nine strains were identified by either L. rhamnosus or L. plantarum (4
strains for L. rhamnosus and 5 strains for L. plantarum, respectively). Taken together, we propose that the direct coloniza-
tion of probiotics using C. elegans may be applicable to the rapid screening of valuable probiotic strains in vivo.
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Fabl oigk oS- B3Ok $ck(Saarela et al,, 2000).
TS frakto] A WollA &5shr] 93 7 2 0=A,
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rhamnosus GG, L. acidophilus A4, L. acidophilus ATCC
4356, L. acidophilus ATCC 43121, L. acidophilus E4191,
831 L. delbrueckii subsp. lactis ATCC 4797 = A
Eoighaol A Ria?] dE ARSIt friktT<= De
Man, Rogosa, Sharpe broth (MRS broth, Difco, USA)l
3L 37°ColA 18113E, 23] Althudste] vl kA= 50%
glycerol?} Egtste] -80°Coll A HykshH AR&-slt.
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= Bergey's Manual of Systematic Bacteriology % Ber-
gey's Manual of Determinative Bacteriology®l] W&} 13+
AW catalase test, gas B = AR HF 1005
2htS B3It BE = cryoprotects® 50% glycerol
< A7 & -80°CollA] BAstAar, A el MRS
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C. elegans Hl| ¥
B Agof| ARE3SE C eleganse AE A BAS2I
CF512 fer-15(b26)II fem-1(hc17)IV mutant stockS AHE-51$
th(Kim and Mylonakis, 2012). 58] 553+ E. coli OP50-
B35l AZA1A (= 500 mge] =5 7USHA bacterial
lawne S£H]8H0] Z2 = Nematode Growth Media(NGM)
plated]] C. elegansE S8 & 15°CollA] oF 4U7T vkt
ot} JRAle] YT} =& plateS M9 buffers o]-&3f] &
I AF TS Eo} 3,500 pmell A 137F A4liE] & s
A-S- A A3} Sodium hypochlorite®} 5N NaOH Z&+Y
< 7Vste oF 3E3F EEOFH 4 AFS s,
M9 buffers ©]-8-8t] 31 A|H353). o] HAS F3l &
23k &2 25°Col|A] overnight <} rotationd}o —,—5}/\]9‘4
L1 stageZFA] AR ¥, sull 53 E. coli OPS0S H5F
3k NGM plateol] %7, 2¥ 3 L4 stageZ} H=s FZ3}
(age synchronized worm)*]Z1tH(Powell and Ausubel, 2008).

C. elegans in vivo E st 3 "It

e T2 in vivo 4933} T8-S Bk flstd A
e TR fer-15(b26)I1 fem-1(hcl 7)1V C. elegans
E 24 #FF 1098 ARkt At 959 wiky
< 13,000 rpm o2 127 LAE E]?Zf} F Asde AAs}E
3 TAE M9 bufferel] 53] A2 o2 sHlE2 =35}
NGM agar plated] EF3}a1 741}\]2'_ HIA (T EF 500 mgo]
H=2 FU3H bacterial lawng FH|3Hol| 5231H L4
stage®] A%< oF 100m}e] A=A 7| 25°Co| A wljok
3} 1, 5, 7€ &, Kanamycin¥} Streptomycin®] 7}
BHI agar plated]] F2] f4HF5 23S A5S 100k
A 27131 Gentamycin 3239 (25 mg/ml)S 5ul®] Hojr=dd
5% WAElA C. elegans T SRS Al AlA
BTh M9 buffero] $7 33] A&}l bufferS HTh3t 7]
73k Q”Q— 1% triton X-1002 H7}sle] 389 M9
bufferol] 14:3)451] 6 N HCIS AHE-Sle] pH 5.02 273
Sk MRS agar plated]] 35H5-92 HA3}aL 37°Col|A] 244]
2 E<H R T ATE SAHAT
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A F2s AL mucin protein} 96 well plates ©]
235} =35t TH Azcarate-Peril er al., 2009). 96 well plate
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dH,0) 100 mI& %_'—?—8}1 4°Co| A sE 52t REEAIA
mucing well 3ol FZAIATH o2 plate?] 7 wellS
0.85% NaCIZ 23] /‘1]%40}99\\:} ol 7)) MRS brothell4] 37°C,
18217 &<t 23] Aldjuket 2] dE 13,000 rppmO.Z
287 ARSI 33 FAIE 0.85% NaCl=2 23] A
2 9 dgste] A&484S AAEIAAL, ©1E 100 ml(ca

1.0x107 CFU/ml 75202 FU3HA HE)yW E31ar 37°C
oA 2413t F<t H}—"Vi‘:} IHS-3HA] &2 wAlE AlA
st7] 9fsf FeAs AAT F, 0.85% NaClE 2z} wellks
53] AAE3FATE. ZF wellell 0.1% triton X-100S #5335}
pipetting® & mucinol] F-2E #AE 3)4=3F T 0.85% NaCl
o A% 3]A3}e] MRS agar plateol] 3HHE0 2 platingd}al
37°CoA 24N7F vl - S ST & 38}
SEGIIe} FASA L. rhamnosus GGZ positive control
2 ARgS

LHARY & LHERSYM &
ngxm =i LHI:I—Z:/H %
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o ]%_@] 9:]—%% H]—EH_QE /\]
AlSFATHON er al. 2000). WA AL 6 N HCEE AR
&l pH 2.52 ZA3F MRS brotholl 250 unit/mg pepsin
(Sigma-Aldrich, USAYS 7}t BlZE 0.45 pum filterZ A
ate] ARE3FITE MRS brotholl 4] 37°C, 18417 v ks
A&t} positive control] L. acidophilus A4S 3% (ca 1.0
x10° CFU/ml 02 FUaA AF)ste] 37°ColA] 34
7t B9t v 3 0.85% NaCloﬂ J<£=3] 295} MRS agar
plateol] 3WHE-0 2 HZH3F T 37°Col| A 48A17F FoF vl
gt & doE SASIHH 3 WEEE AFS e 7
£ 0.5% Bile(oxgall, Sigma-Aldrich, USA)°] 7}¥ MRS
brothol] 453} 37°Col| A 24A|7F T2k vllst & 0.85%
NaCloll 471 32935} MRS agar plateoﬂ 3HEE o 2 M%)
The 37°CollA] 48A17F &<t mi et & @&kl gk Wy
A SAsIATE WA 2 EEAed tisk s o
S} o] ALlsATt.

_I

AEE (%)=
W& #4(CFU/mL)/ %7] T@4~(CFU/mL)] x 100

FHAHE Mais™ %’g

2822 53} 5HS Rudel?} Morris(Rudel and Mo-
rris, 1973)2] HPH| U?}E]- =439 0.2 g thioglycolic
acid®} 0.3 g oxgalle] ¥ MRS-THIO brothel]l 100 mg

cholesterol(Sigma-Aldrich, USA)S 7|3+ 3 Alte 939
g 752 HF(ca 1.0x10° CFU/ml 508 #U3}H

HFystaL 37°CAlA 20417 v sttt v 3 HAlEE
(13,000 rpm, 6 min)3}al 3]5=3F A5Hl| ethanol® 50%
KOHZ #7138t & 10%3F 60°ColA] heatingdt T3 Hexane
< H7Vk vortex® ZdtA £l FE]E hexaneFS
3late] AATk st FHLAIFATE 7)) 0.055 g9 o-
phthalaldehyde (Sigma-Aldrich, USA)E 100 ml Acetic acid
of 8317l &A=} 2 ml FgHFLHS: 7hsted 1023 WHA]
2 T 550 ol FHEE FAshel T B 2
L standard®] FE=2} Bl TH(Razin ef al., 1980).
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7|1&0 e HHE o]83t] AT v Feds
paper diskol] 7}sle] A8 As|S-S FEE= paper disk
assayS A8l dtEAdS SAsIATE At 9590 £
AHFFE MRS brothel] BZ(ca 1.0x10° CFU/ml $F2. 2
WA HL)skaL 37°CollA] 18A1%F E<t v kst & 4
2] (13,000 rpm, 2 min)atq #AE AAS AL, 353 A5
o] 10N NaOHE F7Iete] pHE SAHOZE 243 the
filter(0.45 mm pore size)oll FIA|A ZEHE|E] 2418 A=
It RATS=21 L. delbrueckii subsp. lactis ATCC 4797
= tde= zuEizieAle] HAE 6mm 279 it
paper disk(Advantec, Japan)E 223l 0|5 37°Col|A] 244
Zb wjeFste] ATl ok ASA s Ss BTt
Positive control= L. acidophilus ATCC 4356 (Han et al.,
2002y5 ARSI

Prebiotics AF253

Prebiotic 7|2 ©] 8522 7|&] FHE WHPS I5 |
Hale] AA1EATHA ef al., 2007). Prebiotic 712 2% po-
sitive controlZ AFE-F GlucoseE X335}a] Xylitol, D-
Tagatose, Inulin, Lactitol, Lactulose, Frutooligosaccharide
(FOS), Galactooligosaccharide(GOS) & % 852 AME-3FY
o} EEleollA Ak 952 96-well plateS o]}
prebiotic minimum media(per liter of H,0; 5.0 g of pep-
tone, 2.5 g of sodium acetate, 0.5 ml of 1 M magnesium sul-
fate 7H,O, 0.5 ml of 1 M manganese sulfate 4H,0, 5.0 ml
of Tween 80, 1.0 g of diammonium citrate, 1.0 g of dipo-
tassium phosphate, and 20.0 g of each prebiotic substrates)
o} 71do] H71E]RA] 92 wljx|o)] HFEO 2 5 (ca 1.0x10°
CFU/ml 7F2.2 ddatA HE)d the 37°CollA kst
o 24X7F 7FA 02 600 nmoll A FFES A8k

FitEFe 84

Adke 95f9] AT API 50 CHL carbohydrate test
kit (Biomerieux, France)S ©|-23F T LHaA-S ZAlSHY
ATB identification program (Biomerieux, France)ol] ¥J=3F
ARES vlgto g7 43 & 16S rDNA sequencing(Kim ez
al., 20002 53l NCBI database (http://blast.ncbi.nlm.nih.
gov/Blast.cgi)oll Al AN FA & HE53S AASII

EHEN
o =
EE AgE miEs dAslen dddyhs spss

software (SPSS; Statistical Package for the Social Sciences

Inc., Chicago, IL, USAYS o]-&3lo] Z+ x]g]7ke] Ajo)=
p<0.05 TN A t-testS AAISFATE
Zd3 % nF

in vivo & #&s £%

£ AFoX= froREolA 22l 1005 ikt
AHAOR in vivo 55 C. elegansell 5t el %
He e gRleal HEF R Ao gk
o] FAHFFE AWttt Fig. 1014 K ule} o], %
7] attachment A]7]¢1 1Y%= ¢ 5 CFU/ml/wormZ =5
AR Fashke sloz oy A8z -4
7 AR = sAAo e NEZTO R AVRE L. rhamnosus
strain GGRT} 959 #Fo| BT fofFo= & $3%0]
o Aor IEJTHp<0.05). £3], 337FE 5.075+
0.073 CFU/ml/worm2.2 7F4 =4 $A4EHJT 44057+
4.23440.080 CFU/ml/worm©.2 71 24| 9--=E Ao
FEE S SHEAE 79R s 607} 4.787+0.082
CFU/ml/worm= A ASE 0™, 4471 3.920+0.151 CFU/
ml/worm=Z 7Pg AA SAHHAUG. olafg A= e
FARETT) C elegans®] “3ANto] obd €] ZditolA]
T AU AR A Aol BRtsle] dskE
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Fig. 1. Colonization of LAB strains in the fer-15;fem-1 nema-
tode intestine. After exposing to LAB cells for appreci-
ate periods, nematodes were washed five times with M9
medium and worms were placed in new sterile tubes
containing M9 medium with 1% Triton X-100 and were
mechanically disrupted by using a pestle. Colonization
was determined by plating on modified MRS (pH 5.0)
agar. Data are expressed as the meantstandard devia-
tion (SD) of three experiments.
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23 AHE in vivo 7 R8s S Z2Hlo]
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std o7i w|NEY] Rffold] oA Eed S
S 2 mucin binding assayS ©]8-51] mucinol] o3+ 2
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sus GGO| F-3HE AdrE 7o =2 Y F3ss vl
I} Fig. 20 YeRd uke} 2], L. rhamnosus GG} -
ojF o7 HAF9] xfole BFEE U O (p<0.05) ALd 9
T E5% 5.4 log CFU/mML ooz Ajaos 953
2352 eI} o] A= 7122] Lactobacillus spp.
she Oh st ikt T7E =2 Al B3RS BA
TAFe} XS} (Matsumura et al., 1999), in vivo
Ao} HwsldS o e 7t SAIRE
F2eS Yehlle Aoz #Ed v 7 1Y
F50] 0= Zanfo] QYAE Adsty] ol gH Y]
of EAstd vehd = e s sE Y 54
T g BHE 7 Aoz FAokEn welA o]
TANRE THIINE W C eleganss 0|83 11&
& in vivo B5-33bsd B7h= 7129 in viro A3} T
HEA 22 o]ar 21&SHA A fAF BdA 7293
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Fig. 2. Attachment of the LAB strains to the mucin surface in
96 well plates. The results are calculated as a logarithm
units of the L. rhamnosus GG as positive control strain.
Data are expressed as the meantstandard deviation
(SD) of three experiments.

)

TS T FARTE g oE o]59] Tkt ZRulo]
QE2 B AESIL. ko] ATARA E5S W
3317] HslMe WA &g Yol AEs] F 7R
Tesljol s, QIAl W fd7 e 3 HolA17t
NA EHlEE FFLtel gk pHFY S Zh5eolof it
(Oh et al, 2000). WEtA A 9F2] fAkTT5 Uit
% pHE 252 ZAHSIAL pepsing F7I3F Q1F Y =4
AN WAHES HAESIHOH, L. acidophilus A4S positive
control®. 2 ARE-SIITE 1 A¥}, sl 9% i BF
AZAN =EE7] A w4l vlwEEe w AES
97% ooz ST hFES o] AEsh= Fe
2 #EE v Yabdo] =2 Ao Z IRIFITHFig. 3A).
o] F 33 FF7t AES 104%E 7P =& US|
Rom, 46, 90, 44, 982 5% wF= 3AIZe] At &
o = APESIA] 231 100% ©)/d AEES Hof Ak sk
73 YAaS Yeplle Aoz #EE T dlFie] vy
Eo] pH 0.78-1.59] A f]Hel|A APESIARE Akt
A FFT SAEY SEE-0Z 1Sl pHYT 3.0 oo
2 AeEY, 2250 915 Bgshe Al oF 24431
2l A (Paik, 2004y 1T AlPe] AEEL U
=S Aog Hodn

o2 915 s B vAES AT AolA
S By o] ] BH|HE gEakl] g vt &
F2l M-S TR ATAY AEe A '@HEe
FET OF 03%= BIEATHEKKIlE and Petdjd, 2000).
A= o)HT} =L 0.5% oxgallS 3+ MRS broth
o #& FE3t 37°ColA 18A7F v et AdrE =
Aatdeh. AR gERA0 =557 Ao e} v
WIAE W AEE 9%E YERH 61 T A|Qg 8F
o] 5= AT FEAIA = AEo] BEEATHFig.
3B). SH|EAIE 33 T Aol A 7.63x10°
CFUMIZ Yehfo] HEE 104% o2 FAsIH o,
0.5% oxgall®] JIEHFS At W< A 7.558x%
107 CFU/MIC 2 AEE 103% oS Yehl Aaal 973
T 7P =& W H WEEES UERITE H2 frolE
WA B8t Lactobacillus 75 0.3% oxgalle] Z71E
HjZJol] SAIZE BRF HlSF T oF 57%9] AEEQ] A vl
3RS Wl(Lee et al, 2008), & AFoAe] BdF 95
F2 Yo 715S AYHEA SAld FFel tigh A3
T YeRfo] o2 A FES 7o dol AES)
Fo= o5 F e 71s/30] Bl =5 A0E AlEH

E

£ ox

Bacteriocin €M &4

frabte AuUdEe] Hgskel AR fFdsEe BT
o] oF #h B S FAs] sl AHETI= S,
FANTE A= YHoEE g ey 2o 3t
’d peptides A/dste] el AR Fol4d XA
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Fig. 3. The susceptibility of selected 9 LAB strains after exposure to acid conditions with synthetic gastric juice (pH 2.5) (A) and
bile conditions with 0.5% oxgall (B). Data are expressed as the meantstandard deviation (SD) of three experiments.

Fa) TS THEo] AXE dshs Zog dEA 9l
THReid and Burton, 2002). ¥ AoME= vteg] 2419
indicator T2 AFEH L. delbrueckii subsp. lactis ATCC
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Fig. 4. The Cholesterol reduction by selected 9 LAB strains in
an MRS-THIO broth supplemented with 0.2% sodium
taurocholate and 100 mg/ml of cholesterol micelles. L.
acidophilus ATCC 43121 and E4191were used as posi-
tive or negative control strains, respectively. Data are
expressed as the meantstandard deviation (SD) of three
experiments.
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Fig. 5. Growth of selected 9 LAB strains for 24 h (A) and 48 h (B) in prebiotic minimum media containing different carbohydrates
carbon sources including xylitol, lactitol, inulin, tagatose, lactulose, fructooligosaccharide (FOS), and galactooligosaccharide
(GOS). The results are measured at 600 nm using a microtitrator ELISA reader to glucose as positive control. Data are
expressed as the meantstandard deviation (SD) of three experiments.
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