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HBE. + 2% (geosmin, GSM) Ml 2-F F£ 7 vk H (2-methylisoborneol , 2-MIB) 42 2 Fpi i 7776 T FE58 K AR i i) + 12 Sk Ak & 9
A PR R BRI IR ST 0 R AR . AR SCRFSE T Wl B 2R 40K B ( Bacillus subtilis ) B AR GSM 1 2-MIB 12l Jfy 2= etk &5
SRR R B ZE AT X GSM (1000 ~2 000 ng+L~") 1 2-MIB( 1000 ~2 000 ng-L~") EA B4 B MM P S , B R4 1% 90%
Ph b5 il ZE R B G 1 SR AL S W (R R A B D — R Bl 1 2, LA ) It TR B (KD SRR R 0. 14 ~ 0. 41, [Aif 7
FORBH GSM T MIB #7452 () AR fL T A8 Ak 5 Rl R ZE A AT B X GSM R AR I e K HAE K o, 1 0. 311, Monod # %X K R
1. 73, T 7E RS MIB 3o A5 P oRS 5 2E AT B A0 A IORAF A Monod 52 (R* =0.781).
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Kinetic Characteristics of Degradation of Geosmin and 2-Methylisoborneol by

Bacillus subtilis

MA Nian-nian' , LUO Guo-zhi'**" | TAN Hong-xin'**, YAO Miao-lan', WANG Xiao-yong'

(1. College of Fisheries and Life Science, Shanghai Ocean University, Shanghai 201306, China; 2. Shanghai Aquaculture
Engineering Technology Research Center, Shanghai 201306, China; 3. Shanghai Universities Knowledge Service Platform (ZF1206),
Aquatic Animal Breeding Center, Shanghai Ocean University, Shanghai 201306, China)

Abstract: The earthy and musty odor problem in aquaculture systems has been a worldwide problem, especially in freshwater
aquaculture systems. Geosmin (GSM) and 2-methylisoborneol (2-MIB) , the most common causative agents of the off-flavor in fish,
are lipophilic secondary metabolites of cyanobacteria, actinomycetes, and other microorganisms. The odor threshold concentrations for
2-MIB and GSM are approximately 9-42 ng-L. "' and 4-10 ng+L™", and 600 ng-kg™' and 900 ng-kg ™" in the aquaculture water and
fish, respectively. With such a low odor threshold concentration, the off-flavor compounds greatly reduce the quality and economic
value of aquatic products. This renders the fish, especially some valuable fish produced in recirculating aquaculture systems ( RAS) ,
unmarketable. The study reported the kinetic characteristics of degradation of GSM and 2-MIB by Bacillus subtilis and discussed the
impacts of the initial concentration of GSM and 2-MIB (T1,T2) and inoculation amount (T1,T3) on the biodegradation rate. The
result demonstrated that these two compounds could be degraded by B. subtilis effectively and the biodegradation rate reached more than
90% in T1,T2 and T3 treatments. The biodegradation of these two compounds behaved as a pseudo-first-order kinetics with rate
constants (K) in the range of 0. 14-0. 41. K values indicated that the degradation rate was dependent on the inoculation amount but the

start concentration of GSM and MIB. The degradation kinetics showed the maximum specific rate value (u . ) and the Monod constant

(K;) were 0.311 and 1. 73, however, 2-MIB degradation process did not meet the Monod microbial growth equation (R* =0.781).
Key words : Bacillus subtilis; geosmin( GSM) ; 2-methylisoborneol (2-MIB) ; off-flavor compounds; degradation; kinetics
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7/ Narayan 212 B 9% 30E B LR ZF A AT B
( Bacillus cereus ) FIAL B 2E f0FT B ( Bacillus subtilis )
AEA R GSM; Silvey 2P SIEW] 81% Y GSM fE
Y B. cereus BEA , P ZEFOURT B 14 2 900 2 S N 45 76
HESE 25T X JEE R 600 ng+ L~ () 2-MIB [1IF%
i3k 90% .

i B ZE AT B AR SRy K ™ SR 58 v i) — o 25 2B T
4 T BEREMR GSM H1 2-MIB 45 Stk ib-&4 , ik B 5 85
I, B G XIS R . EEE TS
Yu SR o, SRS BE 43 i /K AAORIURS U8 1 A BILJSR
Mg K . ARSI GE T A 2 AR R
GSM 1 2-MIB F&fii E 71 R it 5 1 224 LUK
W BE (GSM 1 2-MIB ) R AR [R] ¢ ()¢ R PEAT I L
B AR, 2R FH A3 10 S 30 g 2% R A T
AR B 2 OB R #E— e T GSM
F12-MIB #) 46 ¥ FBE N T F 422 b i %5 GSML 1 2-MIB
Rof it R RS LA 35 B K A T I S R Ak
P A R s e =%

1 HH5HE

1.1 PERORIE

TR 0k AN]SR (TRE SN 3 v & SO
Wl TETORE 21 3R T 1 L AR - AR
FiFR B 37°C # K W 85 9% 24 h, pH, % i &
(dissolved oxygen, DO) ¥EHI7E7.0 Al 4 ~6 mg-L~".
i B ZEARAT R B9 FEAN R EE S 1.0 x 10° cells-mL ™" FlI
1.0 x 10° cells=mL~". SZ5 1 RTAG B SE 56 41K 3
FI(BE GSM 1 2-MIB) 4= %8 H i e 28 <K B 4 7E
121°C FKH 20 min'"®,
1.2 FrLifesr s

20 P 1Y 2 Ak 73 75 2R P U A A1 Al kv
M3 AN E BB T B TR S 0. 1 mL, FHTCTR 7K #i
BE10° ~10° A5, PN 3 A0 2 R B 1 7 8 9 v B
0. 1 mL 2 P& 2 Y U A 8135 50 U A A 35 3R 3 1
P3G FR ML e AR A SR A b 37T C IR R 24 h &

BARTESIER . ZJa, B3 4B B v i vk 2 B 0 24
(ARG SR 3k | P JC DA B 20 DA 8% 35 25k vh B IR B % I
FERT R IR AL ERIZR. SR )5 PR B R 34 37°C
THEIERFE 24 h, TR PRBUA R IE L E B R
BRI W% IME—30, AT W R % o
WL S5 B R R R R R AR PR AE 4°C VKA .
B2 ~3 R 2N ERE-E AR IR
AR AN B A 7

1.3 EEEEE

1.3.1 HWHIEELEE

B HE VA R IO B 2R T4, 15
1) 20 B A R VR IR A
1.3.2 WHRESEE

SRR L Ry g X i A e 1. RE
VY 05 IO A TR AR AR R OISR L IR AR
FHR 400 155 4 2% T YL 4 B I R
1.4 AEMS TR E T

YDA IE 41 DNA A HEECS 16S rRNA & [H 3
54 16S tRNA JEH 3 900 5 b 1 10 T A= R4
ARG FEATRI. 168 tRNA LS Xt I
GenBank #{ 4 JF (http: //www. ncbi. nlm. nih. gov/
Banklt) 47, 9725 s 1 EL T T A AR e AP
1.5 LR AAE

161 LRI BEE S 41(T1 ~TS) , B4 3 4
AT, AL - JE R A e v R 2 AT TR R
HILE 1. 10 d J5, 76 T1, T2 4 A 02 000
ng-L~"F11 000 ng-L~' %) GSM Hl MIB, LA#fi & #] b
Y XA R 25 B AT A A 3 R R S R A B W 1 R
M, it 17 d.

R 0900 sNBEIHE UK FESEATIREE | DO,
pH. B ML (total organic carbon, TOC) il %,
13:003E4T GSM H1 2-MIB ¥ B ARG 1 , 4 k J3F [ 31 i
Ao FLR A P, 18 .00 E AT [ fift 1 vk 2 00
KBTI LIRSS R EFT GSM 1 2-MIB [ fif 7=
Y o b A 2

®1 EEWRAYA GSM 1 2-MIB iR EFEFME
Table 1  Initial operating parameters of GSM and 2-MIB biodegradation

25 SRR X R 2R
T1 T2 T3 T4 T5
GSM/ng-1."! 2000 1 000 2000 2000 0
MIB/ng-L"! 2000 1 000 2000 2000 0
A ZE AT/ cells - mL ™! 1x108 1 x108 1 x10° 0 1x108
1.6 ik F L FEED) M A BB 2. S HLAR (total organic

1.6.1 KB
K3 . pH. DO ] YSI( YSIS56MPS , 56 [ 4E F&

carbon, TOC) HI TOC M4l & ( TOC-V. CPH, H
A HERIVERT, HAR).
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1.6.2 AU

DA ARV B R FH G E Ll by 0 2, 0 7 38 4 600
nm LB IR EE ( Dy ) , I DCW (mg-L7") =
314.5 x Dy, N5 D EHAL I T A0 A T
1.6.3 GSM F12-MIB 1534t

SR JH T AR G 2 BG-ASAR €8 5- T 3 56 (solid
phase

micro-extraction-gas chromatography-mass

spectrum, SPME-GC-MS) I 2. K — A1l U o e
T 15 mL ZEEUf T, FRH 12 mL KA T2 UMK
o [ ZEBUH PN A 30% B9 NaCl, 57 BT 20 mL 47
PTFE 12 RERR IS A S5 2 1 B A B2
AV TRE 60°C 7K T, K SPME T4 1) AS 854N
EHE R SRR R AN T2 oy 4 T AR
3 (FEHk PDMS/DVB) fifi o 88 F 102 opy 84y
U ORGSR T 19538} 650 remin ™', F 60°C R Ii5s
AL 40 min; IR . AT B B A K I TG
#HAE] GS-MS #EFE T, 7 250°C R f# W 3 min. GC-
MS: HP-5MS #PEEANEH; 20 &4l He, fHE
120 kPa; #E#E 77, T m b, AW 1.0
mL-min " fEMTIFTE] 3 min, FERE TR . 250C ; 2
TR . WIETRE 60°C (f£4F 3 min) , PA5°C +min ™'
FFHE] 150°C ({545 2 min) , FELL 15 °C -min ' R
FFHF] 250°C (545 3 min) ; 2-MIB . GSM F4 {5 B8 i}
B 435K 13. 721 min 1 19. 858 min'*?'". GSM FlI
2-MIB B3 H LHERBCE AR (1) X (2) 1t
B o NRIRHRIE (ngL7"), cpu N 45 AR IR JE
(ng-L7") 0 HFFLERIETTE] (d).

2500

(a) GEM

2250

2000

1750 R

1500

1250

1000

GSMe /g L™

750

500

250

0

GSM EFRIEAR = (¢ = Cpna )/t (1)
2-MIB LERHEHR = (cipu = Cona )/t (2)

2 HFR5ITE

2.1 SEEHEE

S0 FH AN B PV S BDE | e mTRLRE AN
FLE M L Y R, 505 2R B A RRAE
A

I 45 R T 9168 TRNAS K414 1. 081
kb, B+ BT B 4 16S TRNA L K 7 41 $2 32 3] GenBank
KR8 2% (http . //www. ncbi. nlm. nih. gov/BanklIt) 1.
HeX) 45 5 8 7R % W 5 Bacillus subtilis subsp. ( NCBI
Reference Sequence: NC014479.1) A 99% B FH 18l
P E— 2510 A2 A R A B 2L
2.2 FEECZEFTEXT GSM A 2-MIB (R f i GE

M EZE BT B G GSM T MIB A R i R S an 1
1 ftzs. T1, T2 T3 o GSM H1 MIB (4 J3 26 i
T] ) 28 £k T R ARG, GSML (1) SF- 34 25 Bk R 4 ) o
95.60% +1.37% . 93.63% = 1.57% . 90.53% +
2.65% Kl 1(a) ], Z5FAEE(P>0.05). MIB 1Y
R LR R 5 94.60% +1.57% ,90. 88% +
0.01% ,88.92% +4.86% [ 1(b)], ZR A B %
(P>0.05). SCE45 Y5 Yagi 20842, T4
ZH GSM F1 MIB ¥R B e A7 W A8 Ak, TS 2H v A A il
X AR SR AL G . SO ) A% A B I R R
£ 35. 16 ~38.19°C ; pH {#F57E 5. 62 ~7.93.
2.3 MHEZEAUFFEXT GSM 1 2-MIB F&f# 520 30 112

WX 2.2 R HEAT In REEE AL, L

(b) MIB

1750
1500

1250

MIB e fE/ng-L™!

1000

750

500

250

0 ha b o 4 o 4 o 4 o

0 2 4 6 8 10 12 14 16 18

T1, T2, T3, T4, TS 43 ACERAFE AL FEL
E1 AREZH GSM 1 MIB iR ET4L

Fig. 1 Changes of GSM and MIB concentration in different treatments
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InS-¢ AE—JoZ M1 H J7 FRAS 2] an 2 2 v i A DG 33
RAEBONMI B AP A pe E ZEL(R® ) #BAE
0.92 Ph b GER InS-¢ (LM AH G 25, AR I I 1 5
J12E TR RS 0 A B ZE AT TR X GSML AT MIB ()
Rt A SIS & TP — G R . i 2 T, T AN
T2 ZH AR BE 1Y GSM 1 MIB %) A= ) & figt 3 5 AH
eI, 3B GSM 1 MIB 4 47) 45 Mk B 9 B A 52 i GSM
1 MIB B4 4 B i R, b 4h, 5 MIB M1 EE, GSM
FR) A1 ) A i Sk 5 B v . Ho 25210 ZEWIF S 00 08
AW R A GSM A1 MIB A= 4 55 i 39 R I i, TE B
T Pseudomonas sp. %5 B X GSM 1Y B figt 3 % 2 T
MIB, X 33 P Fofr S5 W 1 65 400 1) 66 it J&8 TP — 9
N, X A] BB AR A OC, GSM 43 F 45 4 AH L MIB
L)1 TR AN Y ol L=/ 3 2 LR (1R
F2 AIRA GSM 1 MIB A YIBERA— R R B HIEREHY

Table 2 Pseudo-first-order rate constants ( K) of GSM

and MIB biodegradation in different treatments

GSM 2-MIB

Qb - > - 3

K/d R K/d R
Tl 0.29 0.93 0.28 0.94
T2 0.25 0.92 0.24 0.92
3 0.14 0.92 0.13 0.94
T1? 0.41 0.93 0.38 0.94
% 0.40 0.94 0.32 0.92

1)K HHREE 2) NS 10 d B GSM A 2-MIB 43 BIE I+
T1 A T2 4H

2.4 ANFCEEIEFTFRFEE GSM R 2-MIB (A=95) 71%

TE RS SR AL S P B S 1R 2 b sl oA ok
TN 20 1) AR I ) 2 S A T FE, R o B 1
GSM F12-MIB FEff -5 B A A K Z A AR AR

R E A B BUE AR R A (3) AKX
(3) Mok 17 (4 b BRAR B 2K (4) . BEL e/
cs T HEIRI (181 2) 1B 2 R BAAGREZF SAT B B A GSM
R A I A KA S Monod HRE(R? =0.95)
Hah 28 K, N 1.73,u,, 09 0.311. FHs
SHBHARANI (1) 015 T1 4 GSM FEf# 8h 1 2# 4%
BN, r=0. 536-c/(1.73 +¢g) *cy. (B 45 1 2R Bl A%
P TR AR MIB 3o B2 b R W AR KO AR AT
4 Monod FHE(R* =0.781) (CHARAH).
re = (1/Yyg) * u,, = c/(Kg +¢g) ey (3)
ex/ry = (Kg/u,) = es' +1/u, (4)
A F g S BIARRANTA A A H AR AN S R ) B T
FEHR oy F1 cg 43 AR 40 T R 2 0 S A ) Joa Yk
& K 1838 Monod % 44; w,, fCRAME R LA K EE
7

%3; Yys: LR e- 95y %f&%%ﬁ,mg-mg_l_

100

¥=5569x- 3215
80 - R?=0.949 .
60 |
kg

40 |-

20 |

0

0 16

cgtx10°

B2 cx/rxScs THIXRIE

Fig. 2 Relationship figure of cx/ry and ¢g !

*R3 T14HGSM B hESH

Table 3 GSM kinetic experiment quality in treatment T1

A} ] cq cx Al Acy eg! x10°

ry =Acx/At cx/Tx cx — Cxo cgy = Cs

/d /mg-L~! /mg-L~! /d /mg-17! /mg-L~! /mg- (L-d) 7! /h /mg-L~! /mg-1"! Fus
0 2089. 23 573.96

1 1032.78 972.33 1 398. 37 0.97 398.37 2.44 398. 33 1 056. 45 0.37
2 772.39 1153.17 1 180. 84 1.29 180. 84 6.38 579.17 1316. 84 0.44
3 544.039 1341.87 1 188.7 1.84 188.7 7.11 767. 87 1545.2 0. 49
4 614.719  1458.76 1 116.9 1.63 116.9 12.48 884.77 1474.52 0. 60
5 506. 99 1591.25 1 132.5 1.97 132.49 12.01 1017.25 1582.24 0. 64
6 153.54 1652.98 1 61.73 6.51 61.73 26.78 1078.98 1935. 69 0.56
7 238.78 1756. 65 1 103. 66 4.19 103. 66 16.95 1182.64 1 850. 45 0. 64
8 200. 89 1854.79 1 9. 14 4.98 98. 14 18. 9 1280.79 1 888. 34 0. 68
9 133.24 1913.62 1 58.83 7.51 58. 83 32.53 1339.62 1955.99 0. 68
10 71.55 1937.20 1 23.59 13.97 23.59 82.13 1363. 20 2017.67 0. 68

2.5 JZigsXt GSM il 2-MIB &M [ v 5 11 2%
X SN GSM T MIB i J32 Fifi i 1] A2 4k

AR GBI AT In pRBCHE AL, FELL InS-0 AE— 04k
PRI T REAS B AN 4 FP AR O A= 1 e A o 3
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(K) MIYCE REB(RY). M 4 a0, 4 Fhal 5 25 7
FERAY 2R 2% GSM il MIB 27 ELAT %5 - 1) W it 55
B FLAE YR A o 2R G 0.36 ~0.53, 3
THFHRAL (0. 07 ~0.29) . FEFAH [F] vk A B 2R F AT
R AS TR 2 e B 1) S R A5 0 B9 B2 iz e vy, G2
Py I i o 23 SO T A A 2 A0 B R I 2 D
X PP S AL 400 10 8 e 1 O — 2
x4 RSP GSM #12-MIB B9 EYIPEfRE R E ")

Table 4  Biodegradation rate constants of

GSM and 2-MIB in all reactors

4L GSM 2-MIB
d-! R? K/d~! R?

A 0.42 0.99 0. 45 0.92

B 0.36 0.95 0.53 0.93

C 0.37 0.99 0.44 0.87

1)A, B, C 23ISR 2% 7 GSM A1 2-MIB 784 &y 700/1 000 .
500, 100 ng-L""

2.6 [EMIYIPIA G E
Wit GC-MS Z3H715- 3 GSM 1 P& % 7= 4 Ny 2H-

Benzocyclohepten-2-one, 1,4a, 5,6, 7, 8, 9, 9a-
octahydro-4a-methyl-, trans-(8CI) , %> C,H,0,
H CAS #5152 17429-26-4 [ 3(a)],2-MIB [
[ f# 7= % 1.1, 5-Dimethyl- 6-oxabicyclo [ 3.2. 1 ]
octan-7-one, CAS % 5% 5 4y 13747-98-3, 73 1
CoH,,0,[ Bl 3(b) ].

B XS GSM 1 2-MIB F B fife 7 ) B P S 52 B
S5 S5 R0 40 A B S (B2 L. Saiito 55T Y AT 5T R
B, A TR) A A 2B 0 X 8 1 ¥ 08 A 0 3 D s e o
7K GSM H & A 7 Wy AN Ta] 3 7T RE 2 B kg AN [R] Y 25
SEACETR AN [R) 1% B Sk T 614 B2 it 7 ) 2 A 22001
Tanaka %[26] B 7% it i Pseudomonas sp. Al
Enterobacter sp. % 2-MIB ) [ figt ;= 4 43 51 2-
methylcamphene Fl 2-methyl-2-bornane ; Yuan %'*"
Wk 9% & Bl Micrococcus spp. , Flavobacterium spp. ,
Brevibacterium spp. X Pseudomonas spp. %} 2-MIB "]
% fi# 7= ¥y N 2-methylenebornane i 2-methyl- 2-

bornane.

100 | 41 (a) GSM
136
67 95 0
79
55
50
107 2!
178
150
| | " " 163
0 ||I. 1l A L i | 1
40 60 80 100 120 140 160 180 200 220
1/min

100 43 95 (b) 2-MIB
0]
50 0
110
67
2 ‘ 5|5 © H
8 ' ‘ 139
| 2 154
0 L .‘ Wil -||-'|| LA |:||. |H_| allly |]_S M -
20 40 60 80 100 120 140 160

t/imin

B3 GSM #l2-MIB HIF&fEF=4
Fig. 3 Degradation products of GSM  and 2-MIB

3 it

(1) K5 2 0 FF B %F GSM i1 2-MIB H A 45 i
(IR S PERE , 5T GSM I MIB 4 [ i R 4435 90%
Ll k.

(2) i ZE AT B X I 2 S5 R Ak B W 1 R AR A4
G h—IN B 15 MR B r ¥R T 0.964, H
X GSM B A= W) e fifg 3 25 &8s T MIB.

(3) B fift 2y 7 27 32 WIRG RE 2 46 FF 1R 4T GSML ¢
i KA K % u,, R 0.311, Monod # 41 K,
R 1.73 KA Monod AFH r=0.536 + ¢/ (1.73
+eg) v ey, MTERRSARE MIB R At i B2 A o 257 AT 5
B K AFFA Monod TRE(R® =0.781).
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