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Abstract Folate is a water-soluble vitamin B that is required for the synthesis of amino acids and nucleic acids. It plays
an important role in cell division and cell growth in several living organisms. The purpose of this study was to screen
strong folate-synthesizing bacteria and to optimize their culture conditions for folate production. Folate production was
quantified by microbiological assays by using folate-dependent strain Lactobacillus rhamnosus KCTC 3237. Folate
derivatives were identified by LC-MS/MS. Of the 65 strains of bifidobacteria and lactobacilli tested, L. plantarum Fol 708
demonstrated the greatest ability to produce folate. Its optimal pH for folate production was 5.5 in a pH-controlled, lab-
scale fermenter. Coculturing L. plantarum Fol 708 with L. brevis GABA 100 in a milk medium enhanced the level of
folate produced in comparison to culturing L. plantarum Fol 708 alone.
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A o] RHTHS). YR ATA] st folic acid AR s
o 9] vitamin BIH 55 1ds7] oA dvke Aol B
3L glem@), ol EAE gk sid Wjte R wAES ol
gato] AFE ke FEske Wete] AAE vk ATk).

2 dAFdre Z2blo]eEagAe] Zlb TAHES
deg st it A FFel FEE T 6537 Bifi-

dobacterium®} LactobacillusS ©)-8-31%3 plate screenings 33l 4

AR TEHE TR #FE At 8" gake] A4
B4 98 LC-MSMS (liquid chromatography coupled with

stlemn, A A ol 7t

tandem mass spectrometry)E ©]-&

g S8 3T olgslel QA A4S FIL 4 e 24
52 2Alegtd, B Ao A% AN IFED I
R AF A0 7% ARE HEIP) BET 5 9L Aol

TE %
g BF Y 4E =Y
Gar A Sl Bl sda) Aetieta 4EIFS HE

nAE AFAHNA BIF F 6552 Lactobacillus 2 Bifido-

bacterium AF8-31%121, microbiological assayoll= L. rhamnosus
KCTC 3237 (ATCC 7469)7} AH&H AT EE #F+ MRS
(deMan, Rogosa and Sharpe, BD, Franklin Lake, NJ, USA)°ll4|
ek & 25% glycerol (Samchun, Pyoungtaek, Korea)e] 23l
stock AElZ -80°ColA] H#EAtl L-cysteine hydrochloride
(Sigma-Aldrich, Buchs, Switzerland)7} 0.05% FFo2 H71E
MRS brothE 121°CollA 15%7F Hwtdk ¥, #75 F71x271004]
37°C, 18717F, 13] Al - ARkt
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AR A A T8 gRIs] 9l3l, L-ascorbic acid (50
mg/100 mL, Sigma, Buchs, Switzerland)”} %7}l folic acid casei
medium (FACM, BD-Falcon Bioscience, Lexington, TN, USA)
S o] &3t} o] Wl L-ascorbic acid’} 7Fe FACM agar HjA]
© 121°CoA 5@7F Eetsted, vE] 8mLe] MRS HiA| 18A]
7k e QLA FRATE 13,500xgollA 2% 3027+ 94
Eosle] FAE Ao o]F 1mLe EaAHAA0.9%, wh,
NaClell @egt & 10 uL HE3HAth. HES FACM agar ¥iA|
= U1z ANA 37°C, 48117 Wi 3 2659 Lactobacillus$;
39%9] Bifidobacterium %, F= B0l IRIE 79 AT
o] e 4FE 13} Adsdr)

Microbiological assay= 0|88 &t MM H#Fo| ME &Y

FACM A (FACM broth 9.4 g, L-ascorbic acid 50 mg)ollA] A
WE 195 F71226A4 37°C, 18417, 23] Al = At
83tk o] W L-ascorbic acid7b 371 FACMEIA= 121°C °f
A 57 Heste] o] &3ttt Bl & FEl AIEE 13,500xg
oA 28 3027F AR F, A5AH AxE stk 9
A 222 B8 AR AZE 1mLe 2w¥ JA =89
(0.08M KH,PO, (Amresco, Solon, OH, USA), 0.02M K,HPO,
(Amresco), 0.1% L-ascorbic acid, #¥& pH 6.120.05)9 =<1 ¥,
$CAN 259 AE SRI7IZ 28 302(12 AL, 12 )T Al

AENe 7+t 85°CellA 307 EA BT o] & A T
Mg 13,500xgollA] 2% 3027 YA st AedE FAs
3, A it hEgdo] o] AEE FojFE F, 13,500xg0l A
28 307 AR ot S Tl FASKA AE Tk
& &8 42 FFdH i FENe 242 02 um ZE (Pall Life
Sciences, Ann Arbor, MI, USA)Z A3k 5, G2+l glutamic
acids A A F= &4 gamma-glutamyl hydrolase (Pro-spec,
Ness-ziona, Israel)E % 7}sled 37°C, 200rpm (JEIO TECH,
Seoul, Korea)ollA] 18A17F &<t A 2|8 TH6).

Microbiological assay®ll ©]-&%= |4t &4 45 L rham-
nosus KCTC 3237:= 02um ZEIZ FEHFE folic acid (%= 0.2
ng/mL)7t F 71k FACM ®jA oA 23] Al & o]-&-3titt.
Microbiological assay d B4 9(0.9% NaCl, wv)ZE L.
rhamnosus KCTC 32375 33| A& 3}5Th

Microbiological assay+= ¥ 96-well microtiter plate (well
3] 300 uL, Corning, NY, USA)llA 33] WkE Agsiict. z+
well> 100 uLe] FACM #i=]9}, 100 uLe] folic acid FFEZ &
= ANEEA, 10uLe] L. rhamnosus KCTC 323722 FAETH
6). AE T ZFEZ L rhamnosus KCTC 32378 &3t
F, @71 2HolA 37°C, 18A17F ¥ilgF T, 600 nme] THol| A
microplate reader (Spectra MAX 190, Molecular Devices, Sunnyvale,
CA, USA)E o]&3te] F2EE SAHATHD).

L. plantarum Fol 7080M MMEl dite] HM 2o

Ak #5291 L. plantarum Fol 708914 AAAE Hrke A &
23517] $18] LC-MS/MS (AB sciex instrument 3200 Q TRAP,
MA, USA)E °l&3te] 33| REESA st B/ 24l ol&
g FFEES AW A A S 7P Eel EEE dudl
(65)-5,6,7,8-tetrahydrofolic acid (Schircks laboratories, Jona, Swit-
zerland)2} (65)-5CH,-5,6,7,8-tetrahydrofolic acid (Schircks labora-
tories)©| ™, C-column® Z(2.0x100 mm, 3 um, Phenomenex,

Macclesfield, UK) ©]57e] =+ 1.0mL/minZ 34, 47 &
T 25°CE ARl 23, AE 10 uLs FH3ITk®).
A BEEEHLS 100% M EH2(0.1% L-ascorbic acid, 0.1% citric
acid)?ll %121, acetonitrilex} 5-757(0.1% ammonium acetate)S
7z} 1:109] B]E&E 4lolF &R FATK®). MAAEE
3]24-8-H(75mM KH,PO,, 52mM ascorbic acid, 0.1% 2-mercap-
toethanol, pH 6.0)2.2 3]43dle] A& rkE). ol 54e WS
SF5(595, viv (A))yEA 2 HEkEo] SmMe| diethylhexylamine
o] H7hg &d(pH 8.1 (B)°] °lEHNL, FALEE 0-5%
(22%A, T8%B), 5-20%-(20%A, 80%B) 20-255-(100%B)ZS A}-8-3
ATH®).

L. plantarum Fol 7082} L. brevis GABA 1002| <-RHHX|
i S S S it Mo

¥ MRS (0.05% L-cysteine hydrochloride) HIA]ollA] w2 1
2+ FE L plantarum Fol 7082 L. brevis GABA 1002 B
A2 94209% NaCl, wiv) ImLel zHzb & & 1%
glutamic acid (Junsei Chemical, Tokyo, Japan)S % 7}F3+ 10 mL2]
iAol HFsldek. FRuiAle 95°CelA 3087 Hatshe
ol g3tAuth FF2 HELS L plantarum Fol 7083 L. brevis
GABA 1002] &= w2, 35 WS A$- L plantarum Fol
7083} L. brevis GABA 100°] ¥ ®l&S zH7F 1:1, 10:1, 1:10
(V)R 3Tt AlEE 12817t AjFH 8L, A8 AHFH $ pH
W3l 390, 94t &2 microbiological assayS ©]-8-3F
o] EA3H3

pH =& w5 =M L. plantarum Fol 7082ZFE M
oM M 2

MRS (0.05% L-cysteine hydrochloride) ¥i=]oll v]2] 12} viFe
L. plantarum Fol 7082 HE 800 mLe] MRS HiX]o 1% (v/v)
HEsIATh wike 54 vl ] (Multi-fermentation system, CNS.
Co, Seoul Korea)s ©]-8-3ld g7] 27, 37°CollA] 70X7H71A] wl)
FAL, Wi 2718H pH 24 77t 45, 55, 652 1A}
Ak AFE AFHE 470, 12, 24, 48, 70A170) o] Fo R, HY
& iR e} Foll EAsHE F4HE ZH2E microbiological assay S
o]-g-3sted A3ttt

ot g T EMY

A AR Tl e Ak AEE 8, 271 plate
screening®l| A 65dFE ©l-&3Ith 2 A3 F 1152 Lactoba-
cillus spollA Gat Aol 7HeES ERISHATH(Table 1).

= o &t Hzk B

A 11559 LactobacillusE FACMPRA X vl gret < A
8 F4HS microbiological assayE 5-3F] A @3tk £4 A
I 11735 5, G AsE] =2 F 39S At A
g% 373+ L plantarum Fol 708, L. reuteri ATCC 53608, L.
brevis 651019, & 4t A3 717+ oF 25, 3 ¥ 2 ug/100 mLo]
ATHTable 2). A= #5¢] G4 S AW, 7P =2 A
A4S ROl L plantarum Fol 7082] 7% 543t vjx] & wjf =
A 712 L plantarum®] AA5EHoE 47 4.5 ug/100 mL
Hrp oF 5H] 2 ASS HAFATHI). olEd it AT
e FA ulY oA FY FFE ol 8HIL Y= Strepro-

jint
w~
>
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Table 1. Bacterial strains used in this study Table 1. Continued

Strain Growth degree Strain Growth degree
Bifidobacterium adolescentis ART 57 w L. brevis 239 +
B. longum ART 32 L. brevis 353 +
B. bifidum ART 104 L. brevis 651 ++
B. infantis ART 1 L. brevis IFO 12005 +
B. longum KCTC 15707 L. bulgaricus 3188
Bifidobacterium sp. RD 1 L. casei KFRI 196 ++or+
Bifidobacterium sp. RD 9 L. casei 911 +
Bifidobacterium sp. RD 23 L. delbrueckii KCTC 1047 +
Bifidobacterium sp. RD 32 L. reuteri ATCC 53608 ERREE
Bifidobacterium sp. RD 40 L. rhamnosus GG ++
Bifidobacterium sp. RD 42 L. plantarum Fol 708 +

Bifidobacterium sp. RD 43
Bifidobacterium sp. RD 47
Bifidobacterium sp. RD 48
Bifidobacterium sp. RD 56
Bifidobacterium sp. RD 69
Bifidobacterium sp. RD 71
Bifidobacterium sp. RD 79
Bifidobacterium sp. RD 81
Bifidobacterium sp. RD 5

Bifidobacterium sp. RD 22
Bifidobacterium sp. RD 24
Bifidobacterium sp. RD 35
Bifidobacterium sp. RD 41
Bifidobacterium sp. RD 51
Bifidobacterium sp. RD 53
Bifidobacterium sp. RD 59
Bifidobacterium sp. RD 66
Bifidobacterium sp. RD 6

Bifidobacterium sp. RD 7

Bifidobacterium sp. RD 10
Bifidobacterium sp. RD 30
Bifidobacterium sp. RD 36
Bifidobacterium sp. RD 37
Bifidobacterium sp. RD 38
Bifidobacterium sp. RD 39
Bifidobacterium sp. RD 46
Bifidobacterium sp. RD 49
Bifidobacterium sp. RD 54
Bifidobacterium sp. RD 61
Bifidobacterium sp. RD 72

Leuconstoc mesenteroides ART 5
Leuconstoc paramesenteroides ART 7

Weissella confusa ART 8
L. plantarum ART 2
L. acidophilus ART 3
. casei 704

. casei KCTC 3110
. cremoris ART 9

. helveticus LHB-2
brevis ART 100

. brevis 221

. brevis 805

. brevis 806

SRS SR S S S P

£ £ $ 55 2 <€

Grows very well: ++++, Grows well: +++, Grows: ++, Grows rarely:
+, Grows very poorly: w

Table 2. Microbiological assay of intra- and extra-cellular folate
synthesized from the selected strains in folic acid casei medium

Strains planfc.zrum A%“Cr ézgegég L légelvis
Fol 708
Intra-folate (pg/100 mL) 20 2 1
Extra-folate (pg/100 mL) 5 1 1
Intra-folate/dry cell mass (ug/g) 340 29 6

coccus thermophilus (20 ug/100 mL)9} -FrAFSE S===0]th(1,2). Ak
H F7o GAF S FA RS vl AR o] H]
W) £ A3, #A WRelx AgE datel st g e
oA AE =R =A eI TH(Table 2). 53] L. plantarum
Fol 7089] 7%, A WF-2] @4t F=7 v AsdEnt oF 4
vl o A JERsTh g4 A FF0 JAF AR dx F
o] FHAAIE Table 2001419} Zo] w5 7F AfAo] YRR
th A& AAE 3 =, y-glutamyl hydrolaseZ #2314 &
F A A AFHE AT Aol vlws) BY, 245
oA ste] FEIF =4 vEhd Ag g}l &+ o
(data not shown), ©]#]&t ztoli= 4ke] polyglutamate el
A= AS 9ulshy(2), Hyuns}t Tamura(9)2] AT-ollA
AR S 1T 4 AATE EEE microbiological assay
ol Jat o4 #59 L rhammosus KCTC 3237= 4
4 Z mono-glutamate == di-glutamate FENS] FAHS
2 o]gsp] w29, AlE HAAE FAAANA 1847
9} W-E-AlA FAHE mono-glutamate FE| 2 A ZHAIT]
ATt ol E At AlEe A WP 7S AFEdA
H W2 tri-enzymed (9)2He AEd 240 TR F Wk
oA ztolE Holw, olfdt AlFe] HAT FHH2 JAre & <t
e Al EHES Zo17] el ATH6.9).
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L. plantarum Fol 7082 it FHM £

At #5221 L plantarum Fol 7080 Ad3= ditel A4 &
g 8 FFELE GAre] 2 A FE tetrahydrofolic
acid®} 5-CH,-tetrahydrofolic acids #4¢t &, Al5olA F4<
Hrkel EAIE BARIBIAATH(10). FEEE T AT LC-MSMS &
oA B5F positive ion modeZ EA3IHAL, £ A BFEEE

¢l tetrahydrofolic acidi= precursor ion%t®] 446.1 m/z®]3L, prod-
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Fig. 1. Concentration of folate in cultures of L. plantarum Fol708
and L. brevis GABA 100 (a), and time-dependent pH change of
culture media in different culture conditions using milk media
containing 1% glutamic acid (b).

uct ionfke] 299.1 m/zo = FRIFTH®). & AF AME-H 5-
CHj,-tetrahydrofolic acid= precursor ion #t©] 460 m/z°]3L, prod-
uct ion%te] 3132 m/zeZ FRIFHAJTK®). ABolM ETEZE
3t tetrahydrofolic acid®} 5-CH,-tetrahydrofolic acid®] product
ion%t} precursor iongte]l EF 1= TH(data not shown). ©]#
st A4S 8 AAE G4te] FE F tetrahydrofolic acide} 5-
CHj-tetrahydrofolic acid®] 3}3H4] motifs 218 4= AT
L. plantarum Fol 7082} L. brevis GABA 1009] &
Ll 35 IS Soif MME o M2 2N

Ak Aol ERIE #F F, 7P =2 A4S H L
Pplantarum Fol 7082] ¥ & F43 pH #AZE sk A%
25 oAIBlAL, olF B9 G A FUHE HHOE L brevis
GABA 1003} &5 i3It} Glutamic acid’l 1% H71E 97
v A L. plantarum Fol 7082} L. brevis GABA 1005
9E ks, 3% WSS A L plantarum Fol 7083 L.
brevis GABA 100914 & v]&°] 2+ 1:1, 10:1, 1:10(v/v)°IL
o Wi FAARAM AEE FHE o pHHSIE Zo] S
ot =3 A3 95 e A4S, L plantarum Fol 7082 <F
41g/100 mLe] GA+ g Eoﬁ—zrﬁi_n—, L. brevis GABA 1009]
BrolE Aaks Al AASHA GUTHFig 1). pH ®stE L

H =
plantarum Fol 708% 73-%- 659014 42% 7FASIH O L. brevis

HHX|

¢

747}

GABA 1009] A%l 6.5914 62=F L. plantarum Fol 708%.t}
FaFo] 22 o7 ZAHFUT)

T MEFY Ae, 111 JF SN P =2 ¢ 8ug/100
mLe A WAL y_o:l%ai 3, 10:13F 1:108] Bl&olM =

plantarum Fol 708 T& Wi DAY o w2 A4S qu—r/v\
HFig. la). pH tﬂ§]r°ﬂ’\1+ L1 3E ]E’] A%, 65914 412
2 Zasglon, vuA JF BlgolXE pH WshEo] 111Xt
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Fig. 2. Time course profiles of dry weight of the cells grown in
different pH controlled media (a) concentrations of intracellular
folate (b) and extracellular folate (c).

thermophilus®] B4+ $958E A7 Ling Young(5)°] 73-9-¢}
o] #39] 4471l Ht AL #AL] FUtel wet F71st
Z|RE, o] ol = G4 AHETTE FAEE FAHS AHlske] R
gtk drdse AR G F AT

pH =& U5
ek 24
Ak Aol M =2 L plantarum Fol 7083 L. brevis
GABA 1008] 3% WYS & ‘H e FAk B8 =4 F, pH
golsty] Yall L. plantarum Fol 7089] vl 717+ &
A3k el A, e gk A
At w4 A3 Ao JAt
5.5004 <F 8pg/100mLOZ =4
550141 oF 20 pg/mLOE
S pH 4.5°014 24A]7}e] °F 513
1:}(Flg 2a). o A A A
< FA HFY A 244 ]Zl’(Flg 2b), WF FENe] 7 484
ZHFig. 20002 ZQEAL, A% FF AS 24270X 7P

ZHOIM L. plantarum Fol 7082 &F MM

o

=5

!

=7 ——Txoﬂoqotq o 4 A7 olF, oAl 9 vl A4S
o] it FES} Ax S BT Ua }“* g Bk 44
pHl MRS HiR|oA st L. plantarum Fol 7089 Hu] H4t
A3 AIZEHE FACMHIAGIA wli&Fet & 4 A B4 3
AollA LRt AIZRD 18AIZRELE BT GAke] A B

7] 9181 FACMEIAIoIA 1ot <R 8 mLoIRT, pHE 13
Agejol A Wl ke 800mLolgith HTh At A Azke] A}
olsk 3, BHE Qe FEeIAE FA Hrke w5
oM o e sk 2YHAG. ol @ WFEF I <

T 04—



3 wieF 5 oA AEEATE vEhE, Akl wEt STkske Al
2 Fake] Frtete, wiF e el 4t =t
713 Aoz Agdn) pHE G4t A9 AL 4y wy,
A W] Few 55004 7P EA e, W deelel F
5914 ALl fARE R EA YERS
Qak AL pH 4.59F 5.50004 24-28 ug/lOO mLe] A o
2 AZHIUL, 65904 o]BETE W2 14-18 ug/100 mLoZ #H=

S5tk ST A 4 A4 Aol A 7, mE 2o
Gue] BEsh Pashe 4% R4tk olHe AL TF

Hjeke] gAak A A3 @ AR A S, thermophilus
o At AAFEEE A7 Ling Young(5)e] 73-5-ellx et o],
Qe Ak #FdAEE Ao APAZE ol Foll= AR

2bE Aty FErt fAgiths ArATet fARRS gkl
P Atk £ Aredxe g4 A4 5ol 58 Akt
. plantarum Fol 708, L. reuteri ATCC 53608, L. brevis 651<
ksl ar, b Aol 7S =& L plantarum Fol 708
olgsle] HA gak Y =AE 2] 8N, L brevis GABA 100

T& Y-S 313, L plantarum Fol 7089 ¥l =7 5 pH
S WS 2715 E I JA A s HEkE SAsh
olg]dt A L. plantarum Fol 7082 % H4F A4, FACM
iz A Hl S A, Y JTE olEEHE S thermophllus—J
20 p.g/lOO mL ()F §AFSE ok 25 pug/100mLe] A4S HeIFg]
3, F AN FF wgs A, F wiR oA ug
St S, thermophilus®] B4t A1 1.5-14 ug/100 mL (1) A
g FEQ oF 8ug/100mLe] A4S ReFQnh A% 2714E

SAE pHel msuﬂx] o M = 249 % ogn *@HE

% & o o

:i_

1‘)1

"éJJr AR ZX*Eli‘iE‘r olgg Aas %'B‘H L. plan-
tarum Fol 708—% °l%f& FAF A, W] 2ds T

A A STV Thesite AL g1 E ATlA] &
uhe 22 A S HoIF L plantarum Fol 7082 F-A|%

FW ol s AT 22 AA T& =
g AEe] e 9 28 &8T5 g Aot}

o (] 5
) =

2] Bifidobacterium¥} LactobacillusZ%-
H e 11752 LactobacillusE 12+ A3 3H3
t}. I % microbiological assayE 3 923t AAdEEel 7 -
et Aoz MaE L plantarum Fol 7082 ©]8-3to], i<
oA L. brevis GABA 1003}¢] &Y 2 i pHS LA 5H
FAS &, 742ke] pHERZNA &4 R 9 wjef J5de ¢
2 AT gAES ST 3 Y2 1% glutamic acid
7t H7FE SRl 55 22 1% (vv) HESH] dEaA A
o™, L plantarum Fol 7082+ L. brevis GABA 1008] HEH|&
o] L:1olA 7 =2 HAF A (QF 8 pug/100 mLyS HF3ith
I pHE A A1 & dA3s) g4t S 3¢ A
T, A pH 45904 71 A SAHJL, F FAE A2
pH 559014 7H8 A SAHJTE 2 AolA st L plan-
tarum Fol 708 ©]&3lA HAb &&Fo] =2 tofsh ¥a A%
9] el Zgo] & Aot}

009543)4 FTHSME

—_
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13.
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15.

17.
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#Ale| 2
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