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HAREZIER - GiBEae( EE AR U R AR A E v -PGA 2 IR e AR IRy EE
TR o A E R R R A ST R o -PGA AR R Bacillus subtilis SO1 » LB R A
BRIk e > B AR B AR v -PGA R B » (EAE LB I FeESE r -
PGA = & B. subtilis SO1 AR &%kle 2 ME-T BB RES 6 X > v -PGA R AER

(20491 L) - koY ITEEBRZ YV 8 el B — e (BARle ) SHARGRERSIZIEEHT (GPC)

SINTEUR 5 T (Ma) 75 4.2 x 10° Da s 'H-NMR J BPC-NMR ZSEstnratiftiz > v -
PGA SiEMHE R (>97%) ; YT 4HR TR D-BE e /L- Bl L) K 97/3 » H.
EE B BLARIT 2 Mo REFEHERE © S59MESSR TR - 4FfIPY 2 B Rl M eRg S B LR D-2kReligey
#AE o 5550 > B. subtilis SO {5—RilTEE AT >~ Bl - 1F NaCl & i 5% IAE 4 R ELA
v-PGA - {H y-PGA 15} T R FEZERA AT MK - & NaCl B2y 0.05%71 5%0F » 45 6
KILBIGHEFTAEL y-PGA 2 T- 2571k 3.94x108 K7 0.39x10°Da » [&(& 74y 10 &% - Frer(#
TG R H AN » WFFE4E SR INEUR B. subtilis SO1 JRA] (i AR MEBLAKE 42 2 v-PGA » RtLIER
FIFH R EREREY) 2 /KRR R OR 2 7877 - AR T AR EE —HR A S ~ R 7R AN sk
felt HEAE v -PGA L) 2 FiokiE R - IETEHTEIK v -PGA AYEAE RS v -PGA
T4 EEERARAEY -
B AT v BB - SRR 2 W s A ES)
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ABSTRACT

y-Poly-glutamic acid (y-PGA) is a microbial polymer with promise for use in various fields,
including food, cosmetics, agriculture, medicine, and environmental protection. However, using
glutamic acid as a raw material to produce y-PGA is costly, thus limiting its applicability. One approach
to overcoming this limitation is to screen bacterial strains to identify a more efficient producer with
lower production costs. This study investigated a strain with a high salt tolerance ( Bacillus subtilis SO1 )
that produces y-PGA. Because this strain does not require glutamic acid, it has potential use to increase
the production of y-PGA. When B. subtilis SO1 was cultivated in ME-T medium, a maximum yield of
v-PGA (20.4g /L) was obtained on the sixth day of cultivation. The quality of the produced y-PGA
was comparable to that of an authentic sample obtained from conventional fermentation. An amino acid
analysis revealed that the substance consisted of only a single amino acid ( glutamic acid) . A gel
permeation chromatography analysis showed that its average molecular weight (Mn) was 4.2 x 10°
Da. 'TH-NMR and *C-NMR spectra revealed a high purity level (>97%) . A composition analysis of
the optical isomers reveled that the ratio of D-glutamic acid to L-glutamic acid was 97:3, and the ratio
was independent of the added Mn? * concentration. In addition, the results revealed that intracellular
glutamate racemase was the enzyme involved in the conversion of L- and D-glutamic acid. B. subtilis
S01 has extremely high salt tolerance and can continue to grow and produce y-PGA with a NaCl
concentration of as high as 5%, although the molecular weight of the y-PGA produced decreases as the
salt concentration increases. Because this strain can effectively use glucose and xylose to produce y-
PGA, it has potential to use the hydrolysate in agricultural waste as a carbon source. In this study, a
promising strain with high salt tolerance, glutamic acid independence, and high y-PGA productivity
was identified that can greatly reduce the production cost of y-PGA and increase its industrial
production and application.

Key Words: Biopolymer, 7 -Poly ( glutamic acid ) , high salt tolerance, glutamate-independent strain,

high productivity
— - = ZIRER [10]~ BinZ BEHIR] [SO15UAA [40,52] ~ BEK

7 -l (7 -Poly (glutamic acid) ;7 -PGA) &5y
—4E R BT HMERE GRS — RS
Y HAfel D R LBkREIRASH o -k i v RO AE R &
B 0 SRR —RENEZ KA T (2,8,49] - v-PGA
BEAKE vl & RAEY A R ER M B ARG SR 2 EY)
B AREE R FROAHE S 2 RS BN RE
Felte Ko HATTAE I B ~ A bt ~ B8 RIR (R TEF
HEFAMEHER - BACAE ] Rhugsey) - BNEEY 2 #
B8 [17,36] ~ Ffl 2 (- R &7 [25-26,46-47] ~ Gt

BRERZ BB (9, 511K EE B Bk T B U M E 2 O I
Bl [11, 27, 38-39] » 0] B 58 7 W /KB4 ) R SRS e
[14,33,41] -

SRR B B R SR BN Bacillus anthracis HYHE 5 o
[29] » 5941 Fujii a8 BAEN T ( HAN—EEAEEE )
KR & A KB R R EEEYE (19 - 81
Bovarnick ( 1942 ) B2 2&¥R Bacillus subtilis T] & i) S5k 1%
AR B R AT - BRTCAA S HIEERR - B8 Bacillus

anthracis ~Bacillus licheniformis ~Bacillus megaterium ~Bacillus
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subtilis + YIRECE A RSN v -PGA [9, 13, 20, 22, 24, 32,
37,42, 45,49, 54, 56] °

HEZR v -PGA BARDZ 2 JERTVE ) - (BHASRIERIHTE
TRASRIELE v -PGA WY LA B R - HATFFZ
FeEbEEEE o« -PGA HER » fIEFEEASERE - &4
FER N = LRI E R Wk R B L B R AR = A
K [30, 45, 60] - FTATNVATFERRET A E B AV FR LR
HERE A AL E 7 -PGA » JIREES [53] > HEEE [60 FIFL B fiE TR
Y [S81 %R Em [61HVEMINMECHET - &4T > Anju
FEN BB LIREE - HRERSRL - HREE - AR 22
FEKEEY) Ry FORIEE v -PGA HILLER - FMIEBRE Rtk
THEE A HRE A K BRR Ry U ZE v -PGA[1] » PL B o
-PGA HY T 3L A A B AR FERUAS T ZEHI R - BESEHE R
EPRERHESE -

CRFEAEFE v -PCGA ZH PR » AR E H B RRE 1Y 75
KB ER D BAE - —EF/ RIS ZH ( glutamate-
dependent strains ) » 55— JH R 2 R 7 78 1 84 Bl 2 B AR
(9,37, 45, 49] - LHlAEfE
FHER S B B U U R B 2 2B 72 o -PGA Z EHRIB A 7R
TNk Fels 2~ 7 ( glutamate-independent strains ) « —f&AH
{SEREE A FR RN %k Helk 2 BT ( glutamate-independent
strains) H BAE RSB EIVERZA SRS v -PGA &
BHERTITIIE [4, 60] - TG EA ST ETERY ¥ -
PGA AEEREMIERES - HED T — DR AR & s
BUEVHE - sZHE A B INBE g~ B H R A RS v
-PGA FEEZVET] [57] A CIEZ R 2 B ~ A HE
M E B - EURRIRFE RS v -PGA £Y)E
RIS > SRS R4S -

( glutamate-independent strains )

Z -~ MORETTA

(—) HbREREE ~ ST

ERET B AR A TR ERE ARSIV A &
v -PGA EEEZJ5E [57] > a0 T AW 5T GIEE =
AR 7 T RE L 5 P B R Y S i B 1T B R Y A 2 -
Sy o PEARSSRETES AN AR E KRR - Mk > et
Bk RN B AE 2 % B #% 4 - (NA > Difco Laboratories
Michigan » 3567 » E&ESE 15 /L~ EEHE 1.5 gL ~ 44
ZEHIY) 3 ¢/L ~ NaCl5 g/L » AT ENRORRERH (37C ~ pH
7.4) FEEME 24 /NI o BEIEEHER SHVEDE o IR E N

24

FERIME NA _ERFEARGIE » WHREMEE AR THA 0.4 %L-
BRI A%IEEIEHY NA ERE S E a2 e -
£ 37°CEEE 24 /NFF & - WUERSEROIRES » 2% 100
ml 7 F-55k (Medium F; ME-F) 1 » 3% F-RE AL AR
Bz (65 /L) 85 (22 g/L) > HIH (170 /L) > NH4C1 (7.0
g/L) > MgSO4 + 7TH20 (0.5g/L) > FeCls » 6H20 (0.04 g/L) >
K2HPO4 (0.5 ¢/L) 1 CaCla + 7TH20 (0.15 g/L) [50] « BEIE T
RN y-PGA AFERM > WEHEE 100 ml /7 2-
XYT 5585 T (& 1.5 % Peptone BEZEH, ~ 1% Yeast Extract
FERIZEHY) > 0.5% NaCl) » G AE 37°C N EFEE 24 /N - 8
L1 6,000 g B0y 15 sy UCERANAY - AA&RF HAGIFAE 20ml 1Y
20% H AR - AAERAE-20°C T IRFE £ - Btk
E RISk S e PR B | S A T IR OR AT B b E
UL LA 16S tDNA [FHI 537 ke B VI HE A 3 2 A8 HE TR
TR -

(Z) BEfSREEERITA
1. B. subtilis SO1 j/> ME-F 7 i%3&

E Ao B EE AR (1ml) $2EE] 100 ml 7Y 2-
XYT g o e 37°C > 150rpm M5 15h » FHREAHE
R (0.4ml) EREE| LAl F-EEHL (ME-F) 1 [50] 0 4£
37°C ~ pH 6.5 ~ 150rpm HYA AR M - RHIE A F 2
HOH ~ L% I RS RS TT RS B b DR TR v -
PGA A&  BEMRA ER ) B ERILLU T Il
FESHTEREREL K v -PGA ZRE -

2. B. subtilis SO1 ¥ ME-8 ~ i&&

HAREE - HEA - AN s 2R SR EREEY 2K
R E S A E BN - RPRET B. subtilis SO1 REG(E IR
BEEEY) 2 KRR Ryt R LLAEEE v-PGA Z ATRENE - #F B.
subtilus SO1 B2 ME 8 4 RS &AL - ME 8 & %kilE (L-
glutamic acid ) 20 g/L & R FEIHEAERLE 20 g/L ~ NH4C1 7 g/L ~
MgSOs4 » 7H20 0.5 g/L ~ FeCl; « 6H20 0.04 g/L ~ KoHPO4 0.5
g/L ~ CaCls » 2H20 0.15 g/L 5 MnSO4 * H20 0.04 g/L[1] * {if
FI Z BB By AR HE (xylose ) ~ B &% (glucose ) ~ ZEEFHE

(maltose ) Jz-FLHE (galactose ) - AL EESE AL BN IR E
BRI TIDRSRE (37C pH6S - 150 pm) » 3
BHIIT D AR L T A5 T B R
7 -PGA ZJRJE -

(Z) 7-PGA Z&iifk:
SHEEIR KSR pH E 3 Ky 2.0 121 41C - 10,000
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e EER pHEFERE 6.5 - HifF EER
FeZEELL 1 s 4 LEBLR & &EEC (6,000 rpm ~ 4°C ~ 20 min ) »
A ECBYII - BERYEIR T 24 /NHETEE - BRS¢
-PGA - KHH v -PGA IEINLBET /K » IOAEMEE T (cut off
Mw = 12000~14000 ) A#E{ T » HUL BTN 2 IERHET /2
R RIS E 418 2 v -PGA © FESn ] FI M- g5
( phenol-sulfuric acid method ) [18] & E & A {EAE (T %Mk
v -PGA & fin Z BRI B B AR AT ~ BRI 2 AT
( Gel Permeation Chromatography » GPC ) fil H'-NMR K, C'3-
HE > BULRT -

rpm B> 30 min »

NMR S
() S3tfrieeer
1. R ENE

R A R EE Y 0.2~1.0 (ABS)
Z [ - Lot efEst (Hach DR-5000 - USA) A& 660
nm NHHEBOEE - REOLETR DR AR R EIRIR
JaIREAE - DOELEREE (optical density, OD ) FIRE a4
REW - WieAERBE LI GZREERR » g~ A
B O AR DR TR DR BRI B
Jr 105 CHtFe T ftRz 2N E > FrERBRE TS E RN AHZE
E (Dry cell weight, DCW ) »
2. BRIFREE T

5 TELE DL RORAH @ AT (High Performance Liquid
Chromatograph » HPLC » Hitachi L6200A » Japan) 43#7 » %
1+ B Transgenomic ICSep ICE-ORH-801 ( 6.5 mmx300 mm )
LUR T {EMIEs (BISCHOFF) » 1£ 65°C NHETT/IHT » M2
5 0.0025 N Wi i /KA » it Ky 0.6 ml/min » £ 0 ABGHR
R 20 pl - RSB H0E E HIRRTE (R 1E A HPLC » SIS
Rim 2 i B GRS E] & ETE 2 R - BRI /R 2L HPLC 7y
#7 > EFE R SphereClone™ 5 um ODS(2)#AHEATEFE (250
X 4.6 mm; Phenomenex USA ) - W £ & & 02 M
H3PO4/Methanol ( EL51 5 95/5 » i #E 0.2 ml/min ) > {5311
T 220 nm) - BESREABGTE Ry 20 pl - SRR (E0E BRI
FE{%E A HPLC - $ BB AR i 2 A B4R B TG Bk
W 2 P
3. v-PGA 3 r&ZHIE

DB ES 2% @ T ( Gel Permeation Chromatography » GPC
) oA
G4000PWXL ) » DL RI{EHIZ§ (BISCHOFF ) > £ 50°C Ni#EfT
IIHT o FRERIR Ry K o IR 0.5 ml/min o FHRSEIEAE G

fERE & (TOSOH TSK-GEL G5000PWXL >

( phenomenex Dextran standard » 43 F-& © 7,200 ~ 16,230
35,600 ~ 74,300 ~ 2,754,000 ) HHEL ST TRV ELR
4. v-PGA ZER

B v -PGA REZEBHRRBCHZITE [50,
53,60] > XANERFEHUDE RSO LL B4 GPC At
I3 o iF v -PGA Z G IETHITEEL 4] o -PGA FRAE ST
I R EGAHEIRIMR -

5. FEEEME I HTER NMR SEsg oA

FERE TR B KB 0T Ky -PGA JA1E 6N
HCl - £ 110°C/Kfig 24 /NIp1% B ESRE 73T (Beckman
system 6300E analyzer ) 737l © NMR SERE DT (e
miA BB E T EEEES L o SIS IIR T

( VARIAN UNITY INOVA 600 America ) #{7453H7 » v -PGA
BB D20 -
6. TEkRTE 2 S EREAEY)

1 v -PGA FESEHA ElE /K > B AENTEEF (cut
off Mw=12000 ~ 14000 ) #E{THEHT » EUHIENTHEA 2 A& HE
172328 - HUEZIRAVERIATY 6 M HCL {8 110°C#E17/K
i 24 /NI > FERPK R B RS E4E (MFS-0.45 um) ##78 »
LA HPLC 4347 H D/L %kEle > Ll &Ly Chiral Daicel
CROWNPAK CR (+)» L UV {5328 (Hitachi) 7E5E 200
nm FAEEFTIIT o HEER Sy 50 mM HCIO4 /G (pH 2)
SR Ry 0.5 ml/min » B GEARSE R 20 ul
7. GEEESIHT

YETE Y M (4R BR R - R £ ( phenol-sulfuric acid method )

8] - LLAg &I HE R iE i 1A v -PGA BR iR B A & AR
rnCRELITE 0-100 ¢ g/ml )53 BIEL 2 ml AILA 1ml 5% (v/v)
FIB S > FEAIA Sml (36 N) HYREREE » FIETE 2% ELL
SIYEEERTER R 480 nm Kz 490 nm IS FLAREE « FNhREE
e s

() EERVRUE RN elsfl D-2 AR S E St
HE

Tt 1 S LI P Y G R SRR Y 77 A N T/ B
HIELL [6] - WLERAE LAl feft T A REV4HAE » A S0ml iy
0.85%NaCl YR IEMMIZX - RAERVARRL R R T A 1
mM EDTA #1 01 mM ¥ i H % & B &

( phenylmethanesulfonyl fluoride ) &9 5 ml fEAE4E &R (0.1
M Tris-HCI 4& &1 (pH 8.0 &
HMD > MEAE 4°CLUBE I R ISR - & TR

1% 2-mercaptoethanol 1 10%
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SRMETE M BElRIEE - L2 20 pmol /Y Tris-HC1 (pH 8.0) »
20 pmol fy L-EAREIEFIRBAY R FE)R &% (0.1ml) 1E 37°CN
B2 30 438 - JOA 8 ul 2 12 M HCI DASSIESZFE - dmiE
A 16ul # 6 M NaOH HAHBE AR « F 2 mM CuSO4 R
ERETRMGTE 5 5% - B S wl Forsls - M bR e A
Crownpak CR (+) EfLEBERAHEHTENE D- / LAk
B9 4H B o D- B Ak B B B ¥ % B8 ( D-Amino acid
aminotransferase ) & M AT IR LT SOk 7774 [6]
FHHAITE A 10 mM o-fii X —F&HE ( o-ketoglutarate ) F1 25 mM
D-N&l% ( D-alanine ) FZE £ D-kH% (D-glutamate ) 1Y
BRI - FEABEREE (U) EFBESHEEL ol
D-ZkHil (D-glutamate ) JERCFTRREGHTE -

[1]

» R

%

(—) Bk REES
KNEE Btk (45448 Bacillus subtilis S01) {AHAE
B R R AR AU P 9B P4  -POA BB
—[57] - EHEE MR SR G B - LI bR B RS
Wl - AILE S BB RN TOEE  GE
PR T o A TR - RIS AR R A
B R Bergy 1Y ( 2B T eyl > ERRIE
SRR [57] - 48 YRR R b L T B
HISEE » DL 168 rDNA FESII5Hif R il A YRS A Ra o 2
445 8 1 T A P B L R S TR 9796 -
BRI A 4 B BB % ) B S R T
Bl ¥ POA AEERE - A B TTLUE 129% NaCl
EAE AR > T B9TE frim iR S ST AE 5%
NaCl f1J751F FEIRAS 4 BRI 7E 7 -PGA « -
() BEERIEREES Bacillus subtilis S01 ££Ef1 v -PGA 4
EHRE

1. B. subtilis SO1 J/> ME-F 2 5%

b5 B. subtilis SO1 AEFA y -PGA LRI EAEIR
W LR & B. subtilis SO1 B EFERE F (ME-F) tf »
1£ 37°C ~ 150rpm F#EZE 96 /N R a4 v -PGA2.22 g/L -
TR ERIBSIR (CHOHr - L-BARa e Roisisie ) Z etk - R
BRE AL F o O - LBkRe e S s o B Is 1% - AT
BEFIORINER 1 & SOl WEARRIN LB R B B Ak
AT A v -PGA I RER Ky 6.12 g/L > HEE =R L-
IR B - AERRIHEH (Glycerin) Sl 5EH RS
BRI ¢ -PGA HYZEA < DL EAVAESEEUR S-01 B AKHE
NN L-#kReBERI AT AL E o« -PCA B R A TR & el 2 B
78 ( glutamate-independent strain ) » ZR{fi SIS EE A HMET v
-PGA HYEFEERAESE - IR B F (ME-F) 2 L&k
PR » Pt S B R R BB AL T (ME-T) DUETTIR4E
HIRFSE ©
2. B. subtilis SO1 /> ME-T 7 574

(1) g eg

1 From B R B HHRE S B. subdilis SO1 Ji> ME-T
R (A) WAERE (B) A& v -PGA Z2 8 - EH M
TRTE Ry 0%0F 4HAfAY 4 REBCE4E i v -PGA Z 42 - EH
SHIEE By 2-8%0% > o -PGA By EREANANA: Bt > &
FIAHAEAY A REFEHH (stationary phase) » 7 -PGA HYZE
FEHRBAR - o H M B 17%0% v -PGA (194 A RE4mAR A
RN - EHEANRNVERERS (20.1g/L) - JURATSH
v -PGA EWIHY & & 7347 ( Data not shown ) » 25781 17%
HIHR SR E K > FARGETEE A 0.60% > Kt
B. subtilis SO1 Fit*EFEZ v -PGA EVIEZERIED) -

(2) WiRMRE s

2 FR Ry A R RE RS B. subtilis SO1 Jf ME-

% 1. FEBEFES B. subtilis S01 £ RH1 y-PGA 4 fE 2 2 °

Carbon sources (g/L) Dry cell weight (g/L) v-PGA (g/L)
L-glutamic acid Citric acid Glycerol 96h 96h
65 22 170 1.24 2.22
65 22 0 1.36 ND
65 0 170 1.68 ND
0 22 170 0.83 6.12

*EEERIE: 18 B. subtilis SO1 > ME-F ( Glutamic acid: 6.5% ~ Citric acid @ 2.2% ~ Glycerin : 17% ~ NH4Cl : 0.7% ~

H,PO4 © 0.05% ~ MgSO4 - 7TH0 £ 0.05% ~ CaCl - 2H,0 £ 0.015% ~ FeCls - 6H,0 : 0.004% ~ MnSO; - 4~6 H,0 © 0.0140% )
TR > W AIMERE R o BN DR E R R TIRDR (37°C ~ pH 6.5 ~ 150 ipm ) REZHEE - R K

BBREE A RZHE -
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(A)
35
—&— Glycerin(0%) —%— Glycerin%) —&— Glycerin(4%)
3 —&— Glycerin(8%) —*— Glycerin(17%)
25 1
S ot
B st
< 1.5
1 -
05
0 .
0 1 2 3 4 5 6 7 8 9
Time(day)
(B)
30
—o— Glycerin(0%) —®— Glycerin(2Q%) —&— Glycerin(4%)
25  —&— Glycerin(8%) —*— Glycerin(17%)
20 f
=)
]
= 157
&)
[=%)
10
5 -
0 . . . . .
0 1 2 3 4 5 6 7 8 9

Time(day)
B 1. FEEMBES B. subtilis SO1  ME-T friEgE
(A) B4ERE (B) £E v -PGAZRE

30
—— citric acid(1.5%)
Al —&— citric acid(2.2%)

—&— citric acid(2.0%)
—&— citric acid(2.5%)

PGA(g/L)

Time(day)

B 2. FEIHEERRREY B. subtilis SO1 > ME-T 4
E7-PCAZRE

T ISR o -PCA 2 52 & - B NN GRE Al o
v -PGA Z L » MEE SRR - v -PGA £ KJE
HVEEREREREE - BEEPERERAIN 1.5% -
2.0% ~ 2.2%F 2.5% H% > v-PGA Y B SERST B
5.1g/L(4d) ~ 10.3 g/L(5d) ~ 20.0 g/L(6d) ~ 20.3 g/L(7d) °

(3) ERZEE

2 Frm Ry St BUE T EUR S B. subtilis SO1 2
ME-T thisg¥EE v -PGA X% - (SRS L i
(NH4Cl) FiB&ERR SO EEREEY) & SAL#AR
5 0.7% > v-PGATERE 6 KO B ERS - 20.14
g/L © T B 4 (NHa)2SOa Fs EUR I » ¥ IR EY) 1 2 Ry it
& $% » OV E A ) EA YRR AL S A0 20 B A RE R T A R T
FE o HESEMIK - DIHESE R SURN - BRI E R
& HeEg@ESE 7~30%H7 2 B EIZEY) (Datanotshown )«
AR A EE R ELY) ( Yeast extract) ~ ZEFREHLY)
(Maltextract) FZEH# (Peptone) HfFPRAYERINE
RN E AN - BEANSIREREY)
FEEA SR & BN hnmg i -
(4) a8

H BB ~ SURZ PRET Z 455 - AR E AL T (ME-T)
s (229/L (CHJH (170g/L) ~ NHJCI (7.0g/L) ~
MgSOs + 7 H20 (0.5g/L) - FeCls+ 6 H20 (0.04g/L) -
K2HPOs (0.5g/L) K CaClz + 7 HoO (0.15g /L) 4Hpk 5 B.
subtilis SO1 ZEEE v -PGA Z BB &S - 41 3 Fom - JjRUtk
FrEATPEEES 6 X v -PGAERARERE (2049/L) -
(5) DAWERRIEE B. subtilis SO1 4 7E v -PGA Z 5%

FPRET B. subtilis SO1 BE75 (i I 2 A BEZEY) 2 /K By
IR A v-PGA Z ATREM: » IRIEE S RaT B MR AE A (5 IR
[ Ryl IR LLAE E v-PGA © i B. subtilis SO1 BIREF BN &
AKKE ~ BEINE - ZE20RE - CEIUMEZ MES BPEA » MR
BB EETIDEE SR (37C ~pH6.5~ 150 pm) »
PS4 sRAER 3 Fs © S REURARNIIRESEROR - HieE

16 25
1.4
{20
1.2
— 1 L
= —
5 ® g
08 | S
5 3
[a) 06 F 410 &
04 |
ol —= DCW(gL) ——PGAQL) 1 °
01 2 3 45 6 7 8 9 101112 13 14

Time(day)
3. B. subtilis S01 jA ME-T & 2 HEREE v -PGA &£
B
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RIFEEE PR v-PCGA 247 - EINIIAIERE - AHER: 4,53 g/L J 3.88 g/L  EIRNIZEFHE « FIL T RS E R
HfeE R y-PGA Z AR v-PCA Z Lo hl R V-PGA Z A AR » y-PGA Bl 5 il By 1.11 g/L

£ 2. REEIEE B. subtilis S01 £ FH y-PGA 4 848 »

Nitrogen source Concentration ( %) DCW (g/L) v-PGA (g/L)
NH,Cl 0.3 0.14 2.03
0.5 1.70 5.16
0.7 1.06 20.14
1.0 1.02 9.67
(NH,),S0, 0.3 0.73 -0
0.5 0.74 -
0.7 0.76 -
1.0 1.01 ---b
KNO; 0.3 1.31 0.53
0.5 0.98 1.14
0.7 0.96 0.36
1.0 1.55 0.94
Yeast Extract 0.3 1.26 1.62
0.7 1.02 2.52
1.0 1.02 1.84
Malt Extract 0.3 0.31 4.17
0.7 0.65 2.84
1.0 0.65 4.11
Peptone 0.3 1.02 4.82
0.7 1.01 1.27
1.0 1.19 1.55

CESEECE: 1 B. subtilis SO1 ¥ ME-T ( Citric acid : 2.2% ~ Glycerin : 17%NH,CI : 0.7% ~ H,PO4 : 0.05% ~ MgSO, -
7H:0 : 0.05% ~ CaCl, - 2H,0 : 0.015% ~ FeCls - 6H,O : 0.004% ~ MnSO, - 4~6 H,0 : 0.0140% ) o » 3ifdi F R [EI g
R ZEUR > R EAENOREAEAGETROR (37°C ~ pH6.5 ~ 150 ipm) BRI - R RISEES 6 X2 Wil% -
Bt B 3% (NHa):SO4 5 FURIF » 353 IR AEY) T Ry BRI S - 0P 1) P A P R B 4 28 BB A RE MO R A R Mt 1
HEEmE -

#3. FEREHIER Bacillus subtilis SO14 F8ly-PGALE > &4

Sugar source Concentration ( %) DCW (g/L) v-PGA (g/L)
none none 0.02 Not detectable

Glucose 1 0.78 4.24
2 0.89 4.44

3 0.83 4.53

Lactose 1 0.72 3.60
2 0.74 3.73

3 0.77 3.88

Maltose 1 0.21 1.06
2 0.49 1.11

3 0.51 1.10

Galactose 1 0.31 1.76
2 0.59 1.81

3 0.62 1.79

+

Glucose+ Xylose 1.16 4.97

2% B. subtilis SO1 E2357 ME 8 L RS A 2%A% (L-glutamic acid) 20 g/L KR EIEERHEE 20 g/L ~ NH,CI 7 g/L ~
MgSO, + 7TH,0 0.5 g/L ~ FeCls » 6H,0 0.04 g/L ~ K,;HPO, 0.5 g/L ~ CaCl, » 2H,0 0.15 g/L 5z MnSO, * H,0 0.04 g/L - g F
BB B RME (xylose) ~ fij4jiE (glucose) ~ ZEEFH#E (maltose) K F-FLME (galactose) o #f4ERFEA BN AE GRS
TR ZE%E% (37°C ~ pH 6.5 ~ 150 rpm) 96h.
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* 4. HRI—HAEE v -BBRBEKRZ EREGRERERES TR LK

e —
e SER . y-PGA E& (g1) K55F s
s BEEG - B0
fitk e o R e ikt
. - Citric acid 22 o
Bacillus subtilis  S01 Glycerol 170 43(713CS (42 jﬂlgs ba) ( This study )
NH.CI 7 Y '
Glutamic acid 20 [157_ 56]
Bacillus licheniformis Glycerol 80 37°C 17-23 . Cromwick, et al.,
ATCC 9945 Citric acid 12 4 days (1.4x10°-9.8x10°) (1996)
NH,Cl1 7 Troy (1973)
ic aci 32
Bacillus subtilis Glutamic acid 70 37°C 45.5 [32]
F02-1 Glucose 1 23 da (120x10° ) Kubota, et al.,
Veal infusion broth 20 ¥s ’ (1993)
. o Glutamic acid 30 [34]
BacItll:I(I;s3 ;gls)ttlts Citric acid 20 23Z°C (1.0 110(2'500 109) Kunioka and Goto
(NH,) ,80, 5 ays PRITEX (1994)
Bacillus licheniformis Glucose 75 30°C 8-12 Che£11g3]et al
A35 NH,C1 18 3-5 days (3.0 x10°-5.0x10°) ’ 4 ”
(1989)
. .. o (28]
Bacillus subtilis Fructose 75 30°C 20 Tto. et al
5 _ 6 > -
TAM-4 NH,C1 18 4 days (6.0x10° -1.6x10° ) (1996)
Glutamic acid 65 [50]
Bacillus licheniformis Glycerol 170 37°C 21 Shih. et al
CCRC12826 Citric acid 22 4 days (4.0 x10%6.0x10° ) (2(’)02) ”
NH,C1 7
Bacillus subtilis Glustamlc acid 20 30°C 13.5 Ashi [}?] |
(chungkookjang) Herose >0 5 days (1.0x10%1.0x10°) shiuchi, et al.,
( NH,) »SO4 20 Y : : (2001)
Maltose 60 40°C 35 [44]
Bacillus subtilis ( natto ) Soy sauce 70 e o Ogawa, et al.,
Glutamate 30 3-4 days (T TRAE) (1997)
50 7.5-L bioreactor,
Glutamate 5 400 rpm 593 [53]
B. subtilis NX-2 (NH,) ,S0, ax G 1.2 vvm, (73.0) Tang B, et al.,
rice straw hydrolysate |, (XG0 initial pH 7.0, (D FEERE) 2015
32 °C
¢ Cane molasses 60 7.5-L bioreactor,
initial sugar
B. subtilis NX-2 co(ncentratioi ) 40 1%20?/\211“ 5.25'.1 [60]
(NH,) ,S04 32°C
37°C
B. subtillis HB-1 Sa:;lttzmt?;ect 1o 44h 24.9 [61]
- SUDIIRS M5~ yeast extract, 200 rpm (6.03x10%) Zhu F, et al.2014
CFH 70 L
initial pH 6.5
XNOGY: A BT RS RER ATI ARG E KR MRS (g/L) /KEEREAHE (X) fiE&EE (G) SR B=mA -

P (X*G™) ¢ EFAN H Ry T A

¢ Cane molasses: The initial sugar concentration was 60 g L™, contained 37.9 g L' sucrose, 7.9 g L™! glucose and 14.2 g L! fructose. #tZxJ7=000
A e

MGWL ( monosodium glutamate waste liquor ) : MGWL consisted of 2.0% glutamate (about 20 g L") . The initial glutamate concentration for

fermentation was adjusted to 40 g L' by adding 20 g L' glutamate to medium containing MGWL.
°CFH ( corncob fibers hydrolysate ) :contained 31.2 g L' glucose and 37.8 g L' fructose; $#LZXITEIA °

Ko 1.81 g/L - R # EIFEEAKE Z RIS B. subtilis SO1 g subtilis SO1 F| LA REFEY) Z KR Rstitlf LAZEEE. v-PGA
ARk y-PGA ZAFEBAN]  HNEAE KR EEE# Z BRI GIT FT R T AR - ERITA SR A 7
ENEBLAHKE - [NEE B. subtilis SO1 [EAFIFREREEY).ZK -PGA ZAFEitk (Bacillus species) ELHGATEE - HAFEMTHR Z
fi R FothoIR 2 VBT (B RHERES al DS K H O ik B¢ ~ EUREL SRR R T HIRET > 3 4 FrYI R ARSE B. subtilis
R0 v-PGA Z EE BN - AR SOR £ 2E BT SO1 BLiZ SRR 2 BOE L E R R = E R 2 thE -

B. subtilis SO1 JAEFEEL T (ME-T) H4EzE y-PGA - £X B. (=) B. subtilis S01 2 EE Bk - VM LR
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DR © DA—BRA RN I EA IR 2 # B IR B IR AL B v - BRI YR BT SR

TR Rl NEEY) (extracellular polymer ) » FE35H
AR - BRERERTIR < SRR SRR O AR
% B EJERIIA ZBRS R RIS 2B CIR M R ek
% LR - SRR RIS B4 o -PGA - Akt v -
PGA Eif I T - BRe2ZEETE (GPC) I NMR S
S THETTRF B AT A AT S B % W {8 T B — e B
W (CBARENG ) 4HRGIBRSZ2IEET (GPC) TR E 7y
F& (Mn) £ 42x10°Da ([E 4) ; '"H-NMR 2 ¢EE4F D20
Fy51.8-2.1 ppm (m, B,2H) > 2.3-2.4 ppm (b,y,2H) > 4.1-4.2
ppm (b, a, 1H) > 7.8 ppm (N-H)
5 178 ppm (COOH) > 174 ppm (CO) > 55.0ppm (Cq) ,33
ppm (Cs) ,28.0ppm (Cy) ([&5) - iEb&E R ATEEHA4 L%
Z v -PGA HEME S (>97%) » MAVIFTERE v -PGA Z
IR AT 106 - 8x106 - Z3fd: (polydispersity) HIZ
1E 2-5 « RIIFLATERS v -PGA 2 5 TR ELCRRELHE . HA
EEGERFTER v -PGA Z 0 FE—E (2HF4)-

(M) B. subtilis S01 £E EE R BARE BRI 1T RE (L E224HBR,

R EZ v -PGA ZKMEIG o7 B HoOE B2 FAE ) 2 2 kb
Bl - SEFR KR A L B2 SRS Y ( D-BARENE/L-BA el )
ELBI Ry 97/3 (40fE 6 Fron ) » BEHUR B. subtilis SO1 fft £ 7E
-PGA £ B KH 77 fy D-24 % ( D-glutamic acid ) JP
R B EEWE R EEEAT A E Z v -PGA L BAE
YrEL Bl 7 F 1R K > B. anthracis [21]E2 Planococcus halophilus
[31]AT4E 7 v -PGA {#& D-%k[%% - Bacillus halodurans [5] ~

; BC-NMR Z¢EtAE D20

(i8] 528 by At
e~

w
®
~§
0,

w
[=]

N
wn

Mn
Mg $

- - )
o W (=} . L
S S S ER E T i W

=}
L

o

PR W
N

Natronococcus occultus [43)E Natrialba aegyptiaca [23]F74E
B v -PGA {84 L-%k % o 25#% Bacillus subtilis FiAEFE v -
PGA HII& R [E] D-%k it /L-%k Ficli >~ B - Bacillus subtilis
(natto) [32]Fr4: 7 v -PGA & 50-80% D-%% fizfis &1 50-20%
L-%k % - Bacillus subtilis (chungkoojang ) [6] B4/ v -
PGA & 60-70% D-%kfzfis Bl 40-30% L-%kfzf% - Bacillus
licheniformis [48]F4:E v -PGA & 10-100% D-%#: &% -
Bacillus megaterium [55]FT4E v -PGA
SR -
(F) Mn*?EES B. subtilis S01 4 R ERFRG > EBR
Y R B2
Tk 2 e AR (D/L EkRRE 2 b)) —E
BT R R & AV E IR - TER AN %
B G HYR I s B R B R Y O B2 AR EL B4R
F[12, 16, 35, 48] - WIFTEEIRE Mn? JEEHE 0 ] 6154 M
[f > ATCC 9945A JEREEFTE 7 -PGA HHY L2 BL Y H 77
L& 60%[FZ 10% [16] ° 1% Bacillus licheniformis
NCIMB 11709 EHREFTEIEE R EURE MnSOs R
I Eoy -PGA ity D-BARlE T &HE =~ 3 (48] - AW ZER
IR [ERE AT S0 T R B g B o S ELE Y B. subtilis SO1
BRI R T A2 E Y SR B B B 2 S BR R ABWILL BN A B
H D-BARe 4EFFAE 97% o HhAHSREE Mn> R BT v-
PGA “EEEH > 41 B. licheniformis ATCC 9945A[16] K B.
HEAH -

e

& 20-50% D-

licheniformis NCIMB 11709 [48]

— A ERAR

N 307

'
o
W

T
15

30

Minutes

4. B. subtilis S01 FA=E v -PGA 2 [BREZZ @i E
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(A)
J\JL‘“ ﬂ.h_J
T T T T T T T T T T T T T T
] s | 4 3 2 1 0 ppm
bt ——
1.%85 1.88
3.42 2.0%
(B)

o | 1

I e B N B e o L I o i I o o o e o o o o e T MR I o oo o o i
200 180 160 140 120 10¢ &0 60 40 20

5. B. subtilis SO1 fi42 v -PGA 2 NMR 5347 (A) 'H-NMR 3¢50 (B) C-NMR ¢

D -form

i = e
= I i .
- AAAIK_J’ R, _—— T —_

6. LR v-PGA KDL RMEY) (D-RREER/L-B ) thp]
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1. Direct conversion pathway GR

L-Glutamic acid

GR: Glutamate racemase

2. Indirect conversion pathway

L-Glutamic acid + Pyruvic acid

L-Alanine

D-Alanine + o~ Ketoglutaric acid

D-Glutamic acid

(1

a—Ketoglutaric acid + L-Alanine

2)

————— D-Alanine

(3)
D-Glutamic acid + Pyruvic acid

(1).L-Glutamic acid : Pyruvic acid aminotransferase

(2). Alanine recemase

(3). D-Glutamic acid : Pyruvic acid aminotransferase

& 7. WS L-BRRE LA D-BRKR Z AENARR © (1) EER AT (2) MR

3 5. B. subtilis S01 7 D-Jg R R RS B SRR WO N el < 51

Specific Activities (mU/mg)

Incubation Time ( Day)

D-amino acid aminotransferase

glutamate recemase

0 148
5 5

20
37

H AT EHIA MR FERTR e LSt D-
“hfElg [6,49] > —TEME B EREE LR > B REION IE
fifg ( glutamate racemase ) 55— & [ #E LR R » B K D-
P L o He#E A% 6 ( D-amino acid amino-transferase ) 5¢f& D-
2k e W - Y I i H AL RS (D-glutamic acid: pyruvie acid
amino- transferase ) ([& 7) °

Fo THREIRANY B. subtilis SO1 ik Z D-EEREHEEHY A AE
EEARTE  EEYREEY A E ZRTAEAR - HE T 4HA
1 D-amino acid amino-transferase £ glutamate racemase H9;5
P o SRR o 1E v-PGA 4 EE#iR - R A&
EREE (7 148 (&K% 5 mU mg!) (£ 5) - #H » JHliEhs
JEVEA RN (7€ 20 F] 37 mUmg™!) - 724580 > D-amino
acid amino-transferase R 51 L-F1 D-2k i (U #8(L - 32—

L% y-PGA /EFE% (B. Subtils chungkookjang) [6]
Fil B. Subtils (natto) IFO 3336 [7]—%{ -
() E&¥% B. subtilis S01 j ME-T ZISBENEE
BT ERRE S B, subtilis SO1 > ME-T B3 &R th i
Z y-PGARJFERM T T EBHIFZE i ME-T B g A i NaCl
R aE#2 4 0.05+ 010205~ 3.0f15% (w/v) @&

HORIE - GEIRAIFR 6 PR o 45IRETT v-PGA HYEREIRTE
FEHVERE R EL - 5551 > v-PGA By T B ZEREN
BEANMRE - fE= R T 0T BE(KH v-PGA Z A7
WAL {EEA - & NaCl BIJRMAE Ky 0.05%F1 5%0 - 4% 6 REFEhF
RAFTEE 4 v -PGA 2 3 FE457 Rl B 3.94x108 J 0.39x10°Da
FEAK T 47 10 fi% o 245 KBTI B. subtilis  ( chungkookjang
) EERY v -PGA S TRV R [6] - (ALY B
licheniformis ATCC 9945a Y2 2RI [12] - fF& B.
licheniformis ATCC 9945a HyEFEEL RS2 4%(7 NaCl
R AT RY  FEEJPRAERE S TRy -
PGA - ffIZ » B. subtilis ( chungkookjang ) 1E 275 i R NaCl
RSB REEAE T 4 T R4R(RAY v -PGA - B2l
DUBTRAEY o -PGA B AT v -PGA [EfEREIE 1L L 8K
fETRERITH v-PGA Sy T B8 HE RN W2AH

BHE[3]  NILIREHE S BIFE - % 6 IR v-PGA Y
EFEE R AR - 8E2AE ERIK - {5 B. subtilis
SO1 1 NaCl JEfE s S%HHEEA: RPVERE v-PGA » F %I
B. subtilis SO1 7 i & MEAE; - HLEHAM v-PGA 4 FE /D
LAY -
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% 6. REGILHRES B. subtilis SO Z y-PGA BRI TR PE

NaCl Concentration (%, w/v ) Volumetric Yield (g/L) Molecular Weight (x10°) Da
0.05 16.8 3.94
0.10 14.7 3.24
0.20 12.1 3.10
0.50 9.20 2.63
3.00 6.21 1.36
5.00 3.10 0.39
B 14 B. subtilis SO1 > ME-T  (Citric acid @ 2.2% ~ Glycerin @ 17% NH4Cl: 0.7% ~ H,PO4 : 0.05% ~ MgSO; -

7H,0 : 0.05% ~ CaCl, - 2H,O : 0.015% ~ FeCl; -

Z NaCl > fiFEA BN R E R ER TR (37°C ~ pH6.5 ~
/g ~ &S
AWt E e — R B S - RNE RIS
file HEAS v -PGA L& J1 7 R E BEME (B. subtilis
S01 ) 3% HERRE StetEiig K HUH > ME-TESEH & 6 K

7 -PGA R KFER (2049/L) - frfs v -PGA T8
(Mn) % 4.2 x 10° Da » [R5 434782 'H-NMR ~ BC-NMR
ZHEE TR ER 2 v -PGA MEAEE S (>97%) - D
LR SH T AT D-BA e /L-Bk Bl L 1) B 97/3
HELBIELA NN Z M JRIEHRE - S55MEFRIRET - dHRA
BRI M e 2 Bl L D-BAREBEAVEL o B. subtilis SO1
TR E] 5 % A R A A B v-PGA - IR FII R EE S
BY) KRR R 787 (MR EER T REEL -
FER TR INEE s H B A= v -PGA A ENZ R ERE
Pk (B. subtilis SO1) » KPA#(E v -PGA BV EERCA B HE v
-PGA T BB fEFARAEE) -

Bt )
AT B AR s T R R S R (BT8R
58 : MOST 103-2313-B-212 -002 -MY3) » ({3 AHZ1LL
IEFIAEST - S LB -
SE R

1. S35 FBEE - MidchZ (R106) » HEEREEY IR
TS EE AR v RN 2 > R B T AR R i
i » 13(1) > 35-45 -

2. JEERE -~ SUEER (R 90) DIEMAEERSEN
JER > &R > 30 17-26 -

3. Abe, K., Y. Ito, T. Ohmachi and Y. Asada (1997)

Purification and properties of two isozymes of v-

6H,0 : 0.004%

N MHSO4 *

10.

11.

4~6 H,O : 0.0140% ) HE2E > WIRIIREDERE

150 ipm) EEZEEE - R R ES 6 RZ W& -

glutamyltranspeptidase from Bacillus subtilis TAM-4.
Bioscience Biotechnology and Biochemistry. 61(10), 1621-
1625.

Anju, A.J., P. Bnod and A. Pandey (2017) Production and
characterization of PGA from renewable resources. Indian
Journal of Experimental Biology, 55, 405-410.

Aono, R. (1987) Characterization of structural component
of cell walls of alkalophilic strain of Bacillus sp. C-125.
Preparation of poly(gamma- L-glutamate) from cell wall
component. Biochemical Journal, 245(2), 467-472.
Ashiuchi, M., T. Kamei, D.H. Baek, S.Y. Shin, M.H.
Sung, K. Soda, T. Yagi and H. Misono (2001) Isolation of
Bacillus subtilis (chungkookjang), a poly-gamma-
glutamate producer with high genetic competence. Applied
Microbiology and Biotechnology, 57(5), 764-769.
Ashiuchi, M.,K. Tani, K. Soda and H. Misono (1998)
Properties of glutamate racemase from Bacillus subtilis IFO
3336 producing poly-y-glutamate synthesis. Journal of
Biochemistry., 123(6), 1156-1163.

Bajaj, I. and Singhal, R. (2011) Poly (glutamic acid)-an
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Technology, 102(10), 5551-5561.
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