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Physicochemical Properties of a Biopolymer Flocculant Produced from Bacillus subtilis PUL-A. Ryu,
Mi-Jin', Eun-Kyung Jang?, and Sam-Pin Lee'>*, 'Department of Food Science and Technology, Keimyung
University, Daegu 704-701 Korea, *Traditional Microorganism Resources Center, Keimyung University, Daegu
704-701, Korea — Soybean milk cake (SMC) was used for the solid-state fermentation by Bacillus subtilis PUL-A
isolated from soybean milk cake. In the presence of 5% glutamate the maximum production of biopolymer (59.9 g/
kg) was performed by fermentation at 42°C for 24 hr. The recovered biopolymer was consisted of 87% y-poly-
glutamic acid with molecular weight of 1.3x10° dalton and other biopolymer. The biopolymer solution showed the
great decrease in consistency below pH 6.0, regardless of the molecular weight of PGA. Biopolymer solution has a
typical pseudoplastic flow behavior and yield stress. The consistency of biopolymer solution was greatly decreased
by increasing heating time and temperature in acidic condition compared to the alkaline condition. In kaolin clay
suspension, the flocculating activity of biopolymer was the highest value with 15 mg/L biopolymer and 4.5 mM
CaCly, but decreased greatly with FeCl;. The flocculating activity of biopolymer was maximum at pHS, but
decreased drastically by heating at 60~100°C. In particular, biopolymer with native PGA showed the efficient floc-

culating activity compared to that of modified biopolymer containing low molecular weight of PGA
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RENTEA B2 A A 2A Ao} B33
oA de] o] WA B JFEo] FYHY 9ot Al
A A& 4 AU AL ZEAL FollA] u]gBo] Ak
3= A LE- A= pullulan, microbial cellulose, xanthan %
o] et ZE|eto] =419 poly-y-glutamic acid(PGA)
ol ASH22]. WA Eo] AAtshe A A TEAEA S
AA A Falst, AEA NN DA FlEnz SQA A
22l 23 IS A 4 92, 715 AR Y
2E2) vRE Qe o] Bl 232 AE 4l
©H9-10, 21, 27]. &3] PGAY ¥¥ AEAE natto, 3+
A=Ae] AAEAR F d2A 9loH glutamic acid® T
A€ 71938t biopolymers® 1 HAFES- Akl 25 100-
2,000 kDa A =o|}8]. o)A I¥AQl PGAE AMta}
el SA40) 9z, T8 oln AR 7les R Ao,
olF 54 Wil PGAE A 5ZAA, S84, S2AUAA,
drug carrier, 34 A, AARAT IS vhefsl Holo
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A ol8rlssl] wistell FHT ALE, B, ooF 9 A
AA W IS 7FA Q3= vhe] 24 o] v} 19]. ot
PGA AJAH AAlufodel] 25t PGA AArAT71 AA7kA] &
ws] AgEe] 2l gl ot miA W] HEFTLRE Qlet Ak
Ao olel3st 7| EF 2ARA] Fdted M EAQA ] A
Fe] PGA &o] st Aol BuHUT1]. PGA A4
< 93} submerged fermentation(SmF)2] 735 ARl
Wi x| 77 A o2 Tvtel R ARj]H AYAlel| AM-SH=
dloll oj2igo] olvh. Ev} 9 F(soybean) 5-& o] &3 L
A"EE (solid state fermentation, SSF)2] 7§~ ollv#] 874
o] yrow wjokr|e] Zhdelal Beo] Ao AREA] g
SmFell Al VR = 7| E5e] WAEA| o= o] e] 9lvt(2,
23-24]. T=3F 2 Aol AM-E WA= T A2Al] AAk
He HFFAEEA gHate] 2143 AR R o] 4E 1L of
F-Ho] H7|AEEHAR = A EAM AIA] E89 & &
Ak & 4 glet(14, 20].

Hix|e] ARIA o]-4-& 8t dF-Eo| T AL, &
3] AP o431 vix|) AEAFE TIP3 TR 3]
7} slen, F ol e TP UEAEFL2NE HAE AL
o] 93t f8-7r52] Fjol I3t A9}, v|R|e} Iz
WEE 53 7)1 5AASAE gl st T Fo] BaEg]
oH15-17]. web FAREQl v|AE &gl o8t AEAs
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= F3A 7I5ANES et &A= A g hed,
ol 24 At HAES §-&-Fof Ast A7) Bagt
Al o,

2 AellMe viRle] AR o8-S Fol] 93l A
= AAbo| 58t AIFE A3l BB HAENER AN
slo] AAEo] v FiE LEES Alxsigl e, Ak
AR TEA T FE 3R 548 doli T, o] 52| &
A = SHEEA2AM JleAS LA,

Mz o

M2 W AlSf

H)Z| HEE AZE AN EEFLE, Adsrl
A AAEE = B)AE AR89 AL, sodium monoglutamatel=
Yakuri (Kyoto, Japan)*2] 7-&, ©X]v) 51422 (Defatted
soy flour, DSF)-> Archer Daniels Midland Co.(St. Louis,
MO, USA)EH-E] F43131tt. Acid clay?} HPLC § A<k
2 Sigma (St. Louis, MO, USAY}2] A& 2}1-g-3lgon],
a2 98] Aok EFAIkE AMSSd

oF ¥ 2EE M=

H|7| 8] Mzt el o] ¥ FFE v|R|HA Eeldt
Bacillus subtilis PUL-AS AR-4-3l¢] 2] API kit 16S
tDNA sequencings- E3l|A A3}, #5F= MRS agar
WA 5 o]-8-3fe] 42°Cel|l A 24| 7HE<k wljoFste] EA 34|
0 F, BAE 50mL AL 5% A (wivell HE3
o] 42°CellA] 24247} i Sk(180rpm)te] AE}EL R ARE-8)S)
.

HIX|ZUEE M=

B]7] 50 g& 250 mL ®le]Ad] He] 121°Ce A 158-7F
FAFsle] W3 ohg- starter 1%9F WFE glutamate £-<Y
(35%, wiv)ys BlRol] 5% E|A AH7}lsled 42°CelA] 24X 7k
LR

MIEXEEe| 22 W HA|

w)z] EE Seof] 274 100 mLE 37)sle] #a3} 4]
Z1 % o FA|(sieve, 0.99 mm)Z o] &3l A7 F
15,000rpmell A 2027F 44l5efsle] T4 Y debrisE A A
Sl A5 NS Sigsiel. Slegt A5 ol Huld) 8
23 isopropanolE A7k AAES AAA F 3¢
glo] Fferoll 5<l vhg- wHA] 24 F-3]9] isopropanols A
7kt AAES 3eigich. 35E HAELS 3T 1=
(VO-200, Sunil Eyela Co., Ltd. Korea)E ©]-§3}e] 17]4
]2 AT F Ba)sle] A (100mesh)S EFAA x5
AEA Q) AIEA A B2 AMSSI T A 2EAEA ] A
AL A Ax23 YTEA ABE FFl 59 oL

HCIZ pHZ 3.002 A3 F 4°CA 1647 o]t wx]3}
o 15,000 rpm, 154 F<F LA it AAsds 7
3 F 54 Azxsle] & ATEA AIZR AMSIH4).

PGA 2Xj& &3

B2 GA 8 JREAERe] EApge gel permeation
chromatography & ¢]-§-3te] &4 3w, A&7+ RI
(Waters 410, USAYS- ©]-831912™, GPC column= OHpak
SB 800 HQ series column(SB 802.5, SB 805, Shodex,
Japan)E o] 48} o] FAFS 0.1M NaS040.05% (W/v)
NaNj(glacial acetic acid®. pHE 4% £A)°E F4& 1.0
mL/min®] $=2 Z#FYH6]. EFEIFAL dextran
(American Polymer Corporation, USAYE o]-§3}ed 243}
Aot PGA2| ke AT PGAS EFERE AHE3le
GPC #4& A3l BAH peak areas o]-§-3le] A4k}
At

H=x &3

WA LEE 5 g ol FFS 45 mLs Arisle] 243 g
Foll AN E o]E3le] HAAY N L AF3IA. o
ol 13 mL2 FH3le] YESH=A (HAAKE RheoStress 1,
Germany)l|] spindle (Rotor DG43 DIN 53544 Titan)S &
2ste] measuring cup DG43S ARS8le] HEREE A3}
At A L= 20°CHA AR (y e 1~100s72] H9]
oA Ah$He] FAS TN FA9 FE5EE Ak
AL, AE®E A4E Power law model2 S5 TH5).

Power law model : 6=K-r

A7IA ¢ &= AEE(s), o= A (Pa), K ARE
Al 4*(consistency index, Pas"), n< A Ag(flow
behavior index)e]v}.

pH ¥ 2z0] e HMxc % X2 Hs|

N RBAEAY] T2 025 0.5, 0.75, 1.0, 1.25, 1.5,
1.75, 2.0, 3.0% $ 22 Axsle HEE W3S 439
ov], pH W3l e Hxw ol B M3l= 1% AJ2E
2L £ol-8 o)g3led Al AE 4049 pHE 6N
HCI 3} 6N NaOH=Z. &A3)9iow, AdE 492 60°C, 80
°C, 100°CellA] Z+7+ 5, 10, 20, 30, 60% F<F I3 ¥
Axs g EA=E A8

MIDEXEE SEEM &3

SHEANZA L 2% EFAEE kaolin clayS AM-3191
o}, Test tube(14x150 mm)ell kaolin clay ¥ E}el(5¢/L)
465 mLZ €3 90mM CaCl, 294 100 ptE H71sF ¥ %
=HE M A3RA L 100 piE Hrkside o] £
< &3 F ARol|lA 5EZF A3 o 1 mLe A



£ F3ted 550nmol e FREE ZAslgon, 7= A
AL 8 Al FRTE AMgslglen o] = Fwo) 3}
°|F A2 Yehn25]. A H 2= ost
$3 84 (Flocculating Activity: FA) AJARS ©}-& A3} 7o}
[9, 11].

Flocculating activity = 1/OD55() - 1/(OD550)C
ODssp = Sample®] 550nmellA1€] O.DZ}
(ODssp). = Control®] 550nmellA9] O.D.Z}F

287 ¥ pHO| mWE SXEM

7195l Ha SABA o3RS 2A517] 918} kaolin
clayfetl & BFABE AMEI9]0m | AFup L Al
o5 ulel o) s}, F7)9F CaCl, $99-& clofst B
7198 e wA sl FAstednt AME R Re
AICl36H,0, FeCl36H,0, FeSO,7H,0, CaCl,, MgCly,
NaCl, KCl & <ol &4 F7)19F-5 AM-slgdeh. kst
=22 SR AN pHO] ¢8> kaolin clayH et A
SRR} GolT) CaCl, 89 0] o3l uheale] pHE- HCI
I NaOHZ 717} 2914 109] W2 2As}e] Al7|o} 72he
Rl E A9l on, A3 AAAYS 95t 3w HHE-
sle] A&
da ¥ o

o3 #2| ¥ 53

el A AR Qe 24 AT AE Y vxE g
T THTE 3]Msle] MRS agar platefol| A 58 ujok
& F colony?] e, Az, =7] 2 AAE Ao ule} 30
Mo 5 Fejsisdvh. Bt 30l F5E 5% 29X
FrA T Edol wjoFale] starter® A|F3 oE H]R]o)
1974 E3ste] wioF42°C, 24 hygh F ARAE YA o] $5
g A5 23 AEEIY. Y TS FolA RE A
Aol 7R 24251 PUL-A TF5 API kite} 16S rDNA
sequence s ©|-§-3te] Bl TAS A Bacillus subtilis
7991042} 98.7%2] 44544 Vel glvh(data not shown).
wrebA] B 2 A9 55 Bacillus subtilis PUL-AS. ™
8} =H(GenBank Accession Number, EU144043).

HIX| HSEZLEQ] MIEXISE MA

B. subtilis PUL-A 1152 o]-43} v]|#] UFTEI HE] A
ILFAEA ] YARE vk % A7 glutamate 7)ol u}
< W3E ARG e 2 A7t e Hzwe)
W3R 42°C9) 37°CY) 73-%- wiekA]7E 24X 7k 364] 71
9 Z+z} 332 Pass™, 3.10 Pas® 22 H) 2% 7S v}
BRI, 2 wiekr o] AolA4E Hr e ke gz}
Moz zhadigieh mely 2 dFoA ujx] BEeEE

PROPERTIES OF BIOPOLYMER PRODUCED FROM BACILLUS SUBTILIS 205

4

+37C 42T

L3
&
&
5
E

£2
§
2
4]
k=]

O1

0

12 24 36 48 60 7

Fermentation times (h)

Fig. 1. Changes in the consistency index of SMC fermented by
B. subtilis PUL-A according to fermentation time and temper-
ature,
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Fig. 2. Effect of glutamate content on the production of PGA
and consistency index in the SMC fermented by B. subtilis
PUL-A.

42°Col| A Fajsled oy, ¥|R|S- B. subtilis PUL-AS ]85}
of 42°Cell A 24713} BEAIZ] B[R] WEES] HRXE7} F
Wl A= el (Fig. 1). Z&7-& o183 W%, A%
I E A RS YRE BEES Alxsle= AT HAE 3
o Al & 9 AZR T Ffell whe) zbel7) gl A
L2 Husie1s].

Glutamate %7}l W& vjx] H& 52 HFx%o] Wil
Fig. 20142} ZFo| glutamate®] F%7} S715 HRE 7k
o] Azl o Zylsl= 7o vehdon, glutamateE 5%
FFE0 2 AUkl S 9 372 Pas” 22 HYhe e
L, whav| Aol A AR A TEAEAL 599 g/kgo|4)
2o, o] F PGAL] ek 522 ghgOBA 87%20 RS
EREL. Glutamate B7F5 57} 5% 9 Wl glutamate?}
A7bA] g W 3ol ulste] Hzxe} PGA AYAtafel A
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Z+zk 35l ek 119 o)) zbel & ek ey
glutamate F=7} 5% oA ArlEE AS v LEE
9] HE= g PGA AAtge] AR} hAslgic). ol AR
AEAE AR 127 oA glutamate®] B4 2
WA B. subtilis PUL-A EWAZA Gokie] B3
g viXell M7l glutamateZ EFHH O 2. o]-Laled Y
2] PGAE o1 AAkle 722 Algdd) a2y v
o} T Ee AS ArlEE glutamate 57} 5% o F
7¥eHA = ALEAEA L] Ak v EEH o] HHA A
A AA T A2 JelgeT, 17]. vlR] LEE] 2
E3= glutamate®] =2 AL A3 glutamate 5% 4~
Fo2 A7IsE A% 05% o) ARES ebizion
o|Hr} ¥ FEE glutamate’} 7= glutamate =gk

o] W3 Al A2 ebtend, ol T HAES ol f
3 T2 BEAM} $AR AT HGEH). viAle) F
7}e glutamate B XL EE-2] PGA Akl A Ho = 3
o SPHA], glutamate A7 5%7F FH2AQ Aoz 4
A

¥xe| A pHol o éﬂ.ﬂs'—xl‘s’%—l = W B

LIE JA LR s|esle] - AAG HENA] A1
FAEA L glutamic acid®) —5"“‘}*]] el PGAE 87% X315}
At ole TY HA AEE AFHANA Eed 92
Bacillus subtilisZ. &A1) ¥] ]t”'i%ﬂ PGA =& 65%
AE X3l 73} vlasle] vy 22 PGATEES JE}
W3 91%lem[17], GPCE. ¥4k PGA4 EAjES 1.3x10°
22 vepdo} pH ¥l QleiMe] AnExEale] Hxw
2 B2 S48 A3 Fig. 304 ¢} o] pH 6% 7|5
22 A FoE ZA4F H2E Zho] FHM Ao
H pH 6 |l M HEE Fho] o}F lslA Folske

6 1600
~ 5 A\-‘———-—k—/“‘\t—-—A 1400 -
i 1200 S
€4 &
é 1000 %
23 800 =
=] I
= ®
2, 600 2
-a _Q-)
= [=]
4
S, 0 =
200
0 ' 0
2 3 4 5 6 7
pH

Fig. 3. Effects of pH on the consistency index and molecular
weight of the biopolymer produced by B. subtilis PUL-A.Trian-
gular, molecular weight; circle, consistency index.

ﬂ—i vepstet. @J_Eﬂ FA38 el de] PGAS &
A 1.3x10° ghe FR5EA W3k A9 ez ¢
9&‘:]'. o= A3 —T’——,-'f‘x}%"—'p] pH AHd3H= 38R} B2
3L v|XwEA Az IS FE A= AEEHY
PGAY TA 29 glutamic ac1d«] y-carboxyl group®| ©]
231§ 9l FoleA TEAE 89732 pHell v}
A o8 F2E 7PEYT gEA 28] A EANA
glutamic acid®} carboxyl groupel B]e]-3} HwA £z} o
oA A3}l 3 whEE 2HAE AL, carboxyl group®]
pK 7t o4 pHE u= dFe|2AME 413 gl
SHHA PGA #4F W $A13)el 2]t wbitEe] Fe|AA &
AR= S FAFo] 8] HErer 2 3 RS
Aoz Algdd AR s wE FEEES By
l"‘57]' Z714-5 A v] 7R 7k 554

< vehfiglon], =3l 5 Zv)e) wa} 33 (yield stress)
(a) 60 C
s
o4 e pH 2
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Fig. 4. Changes in the consistency index of biopolymer accord-
ing to the heat-treatment at different pH. *Biopolymer solu-
tion: 1% (w/v)
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Fig. 5. Effect of biopolymer concentration on flocculating
activity. Flocculating activities in kaolin clay suspensions contain-
ing 4.5 mM Ca®" and various concentrations of the biopolymer

were measured. Diamond, 1,300 K; triangular, 64 K; square, 24
K.

100 150

o] F7HE: %S viehiglH.

pH ¥ dA)7} ATEAEA 2Tl vjxE= G
ol 943l 1% AEA} 449} pHE A7} 2.7 2 £
A 3k 3 60, 80, 100°CIA A|zPE2 GAE)E S35 2
72 Fig. 49 Jeie}. pH 50 8lell A= 80°C2} 100°C
o] dAEeA Axx ho] FH3 Fhs= HoE e}t
wom dxjz] 208 kel Aol AAEE AlE Ry
9. AZXE re] HHAE Jehd pH oM = A=
100°ClME HEE 3] F43 #A4aE Jepide A
2} S8 Hx® 212 pHy} 855 gol AFd3] oA
3 Aoz Jepdont, dxjgle e 42T 7k pHel w
g FAH Wk Zlo2 ey

do2xEEe s o EXF WE STEY

AIFAEAS gl v S I 4.5 mM CaCl
< §#3 kaolin clay suspension (Sg/L)oll ©hefst Fx2
AAEAL §AE Arkste] SAsA. SRR AV
ATFAFSE 15 mg/l 7M1 $71816 v 11 o) =2 3t
235 (Fig. 5). ALEAGN Y FEFTle] b AT
A ae QIEA FE7} F71SF kaolin clay YA}
FEddel] Fode] SAAE FA=HA A7) EAF 7] wbd
of whZ ev] FAH18)] A= A7 $ABA el A
A5 ehd ARG FEE 15 my/l 2 Hehon,
AEAL PGAQ4K, 64K)E o83 SA A elMe 3184
o] A Zashs A2 veRd o, 24K} 64K 739
Me AIEAR T Smyl & o Hd $REE bl
SAck(Fig. 5).
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Flocculating activity(1/0D)
o
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pH

Fig. 6. Effect of initial pH on flocculating activity of biopoly-
mer. Flocculating activities in kaolin clay suspensions containing
4.5 mM Ca®" and 0.1% of the biopolymer were measured.

SEEM DXl 7|87 ¥ pH o 2xo| HE

RQaEAe] $HEALe Ca?t # Mg*t & A7 | =4
Z7sigl o, 37} oFel24l Fe*'s} 17} aFolql Na™ A7t
g A= FAsP FAshe o2 Jelgei(Table 1). 3
o 3RS Vebd Ca ¥ o]29] FEx 4.5mM < HEh
walet. Ca?*el Mgt ¢]22] 79 kaolin clayyiAke} M2
ZA83= PGA®] carboxyl groupd] Hol3liE negative
charge®] 433} 9 eHA Sloll Tefsle] SAHE AT
= Ao7 ARG 12-13]. EE 37} %)eleql FeP'E AU}
& Al R BA o] FAFA A3t A kaolin clay
suspension®l] FeClyS 715 =4 pH7} 2.66°2 3743}
A 7aslr] W8] AoR ARG

w89l (reaction mixture)?] pH7} A TEA} S &l w
X= oJ3kS 7AE3E}7] $8), kaolin clay suspension, 90mM
CaCl, §3} A1EA (15mg/L) A& E3ste] HC
NaOHZ o|-&3}o] pHE AT & $ASEE A3
2 ZH3} pH 5l Hd - NS Vel e, AT
QM= FAH FHashs AR JeRdthFig. 6). A $
A2AE veRd pH 59 AEA §4E 60°C, 80°C, 100
°CollA A sl SHBAE S A, A 7
o] AoALE SR FX o] FAIM Fidhe AL viehd
Ao} (Fig. 7). =3t GAErIzbel u}d PGA ¥A=F WistE
B, 100°CY) 7ol dxg] Azke] F71e| whehA
PGARAIES] Wiz} A ZHaslel o, 80°CollMe st
a4 Ftashe S Bt wbded 60°CelA 60% F<F
I ATEAL] PGAS B[RS W3y} gl o]&

Table 1. Effect of various cations on flocculating activity of biopolymer.

Flocculating activity (1/0D)

Suspension APY(AICL)  Fe*'(FeCly)  Fe?'(FeSO.)

Ca¥"(CaCly) Mg* (MgCl)  Na'(NaCl) KHKCD)

Kaolin clay 0.90 0.37 1.89

13.04 6.77 0.29 0.87
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Fig. 7. Changes in flocculating activity and molecular weight
of flocculant following heat-treatment. After heating of biopoly-
mer solution (1g/L, pH 5) at 60, 80 and 100°C, flocculating activity
in a kaolin clay (close symbol) and molecular weight(open sym-
bol) were measured. Square, 100°C; diamond, 80°C; circle, 60 °C.

AIEAe 39 PGAT} A EA A dAE 2= o}
24 PGAY] EAle] 2718 248 = & Ao A
Aot =5 dxjele] o EAe) Wit gdel= 27
33 R0l dolAlE AFE Bl ol PGAS A
227t SR 2| FFE AN, S o
AR Zhae ARAR BeEe] devie B3hy 729
|7k A W 3lel] 23t Zlo] epjzi= Z1& viehde26].

o OF
L =

BIX| 2 5¥] 228} Bacillus subtilis PUL-A T2 o] &
g v AL EEZHEY biopolymer flocculant AJAH-S
glutamate §F=Fe] 5% FH71qF F 42°Col|A] 242 7F5<t B
3R 5ol PGA AAEEE 522g/ kg2 FHAE vehig)
v}, F-2 A A% biopolymer flocculant®] PGAS] 3k
87%01%1om, FAteke 1.3x105 dalton o] A4S vehlgich.
PGAS| pH Wizl M2 HZX = pH 62 71502 A &
L2 255 FAI Zasie] o), BalEke] Wale A
ehtA] st} Bioflocculant®] 5542 =7} 3718
5 ASEEIt FoE] AYAQ ik ZEEAS
velgler, 88 = Z7}slgd v}, Bioflocculant 2829
HAE= & p7t 2555 ol A3 dAslgont o
A} g A|zke] F71d45 pHel| wWet 345 3ha
34T} Kaolin clay suspensions ©] £3F £3] 24 o] A]
bioflocculant®] ¥=7} 15 mg/L ¢ = ) $HSHE
epslen, AL Ca?' S 7S o A A F7)
9om 2H FEe 45mME P} 2 37} ool
24l F' & A7 A9 S8 o] F481A 243
o AL pH 5l 7B w4 vehgen, 60~100°C
oA Gt alel 3 BAL FAH 3Hisledn) =
g AEAlEEe] PGA BXl= native %212 PGAZ} S

B NS B9 A2 epeh
HNERE
2 7% AT AL AR SE D5 S EAU]
o 5 ARSI TR A AR A o
Qb Aoz AdE AU
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