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Degradation of diethylstilbestrol by Serratia sp. AXJ-M was
optimized by Response Surface Methodology
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Abstract: [Background] Environmental estrogens, major components in the new types of environmental
pollutants, threaten the health of humans and animals by their adverse effect on the functions of the
endocrine system. Microbial degradation is considered an efficient method in the removal of estrogenics
and the bioremediation of polluted environments. [Objective] To improve diethylstilbestrol (DES)
biodegradation efficiency, we studied the degradation characteristics of a DES-degrading bacterium
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Serratia sp. AXJ-M. [Methods] The degradation conditions of DES by Serratia sp. AXJ-M were
optimized by performing the single factor test, Plackett-Burman test, steepest ascent hill climb test, and
Box-Behnken test. [Results] Application of (NH4),SO,4, ZnCl,, and tryptone as inorganic nitrogen sources,
additional metal ions, and added nutrients, respectively, significantly promoted the degradation of DES.
The concentration of ammonium sulfate and DES and pH value were selected as the key parameters
affecting the degradation of DES by performing the Plackett-Burman experiment. Box-Behnken
experiment design and response surface methodology (RSM) analysis were adopted, the optimized
conditions were (NH4),SO4 1.48 g/L, ZnCl, 0.02 g/L, culture temperature 30 °C, pH 7.19, DES 119.5 mg/L,
and inoculation biomass 3%. The degradation rate of DES under these conditions reached 76.89% within
7 d, which was 17.38% higher than initial conditions. [Conclusion] Serratia sp. AXJ-M, a highly efficient
DES degrading strain, can be used as an excellent microbial resource for bioremediation of the
environment polluted by DES or other synthetic estrogens.

Keywords: diethylstilbestrol, Plackett-Burman design, Box-Behnken design, Serratia sp. AXI-M,
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Figure 1 Effects of different medium composition on degradation of DES by Serratia sp. AXJ-M

T A ORI B: @BET; C: BRI NEFRFIRER 15 (P<0.05)
Note: A: Inorganic nitrogen source; B: Metal ions; C: Nutrients. The difference of small letters is significant (P<0.05)
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Figure 2 The influence of different factors on the degradation of DES by strain AXJ-M

W A: (NHaoSO4¥EE; B: ZnCLWkEE; C: BEFRWIWKES; D: IRE; E: pH; F: DESIKEE; G: HEME
Note: A: Ammonium sulfate concentration; B: ZnCl, concentration; C: Nutrient concentration; D: Temperature; E: pH; F: DES concentration;

G: Inoculation size
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PRI Fr i B8Rk BRI XS DES BEff R 5200
B, FRJeE R R M 0951 7, FHHRKT
A5, AR [, t P AE AT i, (NHg),S0,
WEE . pH {E 1 DES MR EEIE52NA Serratia sp. AXJ-M
[ DES 2K % (P<0.05), (NH4),SO, HeFEF
DES ¥ BRI R GAHSE, 1M pH (ARBLH IEAIE
o Wk, & ZnCl, 0.02 gL . BEE MG
2 /L, HFRIENE 30 °C, #ERh & 3% (R ED), &
TR R WYy m R K, 58 Bl R Bl e

WRZ A TE S, INMFRRREEREE, e S258.
%1 Plackett-Burman X 3& %1+ % i 57 {&
Table 1 Plackett-Burman test design and results
Run A: B: C: D: E: F: G: Y:
(NH4),SO4 ZnCl, Tryptone Temperature pH DES Inoculum size Degradation rate
(g/L) (g/L) (g/L) (°C) (mg/L) (%) (%)
1 2 0.02 3 25 6.0 90 4 52.09
2 1 0.02 3 35 8.0 90 4 68.11
3 1 0.04 3 25 8.0 90 2 65.23
4 1 0.04 3 35 6.0 150 4 57.05
5 1 0.02 1 25 6.0 90 2 65.34
6 2 0.02 1 25 8.0 150 4 55.45
7 2 0.04 1 35 6.0 90 2 42.41
8 1 0.02 1 35 8.0 150 2 59.08
9 1 0.04 1 25 6.0 150 4 57.34
10 2 0.04 3 25 8.0 150 2 48.22
11 2 0.02 3 35 6.0 150 2 41.03
12 2 0.04 1 35 8.0 150 4 59.54
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Standardized effect

& 3 Plackett-Burman i3 E & E Z4HF

Figure 3  Significance ranking of factors tested in
Plackett-Burman design

W ALESEL, MR FREISHaL, WL &
E(P<0.05)

Note: The red line is the reference line, if the column exceeds the
reference line, the effect is significant (P<0.05)
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KGN H, 5250 3 v DES R 55 2l i

#2 RERITAESNER
Table 2 ANOVA of Plackett-Burman design experiments

Term Effect Coef SE coef T-value P-value VIF
Constant 55.908 0.913 61.23 0.017 1.00
(NH4):SOs —12.235 —6.118 0.913 —6.70  0.003  1.00

(gL)
ZnCl (g/L) —1.885 -0.943 0913 ~-1.03 0360 1.00

Tryptone —-1.238 -0.619 0913 —0.68 0.535 1.00

(gL)
Temperature —2.742 —1.371 0.913 -1.50  0.208  1.00
Q)

pH 6.728 3364 0913 3.68 0.021  1.00

DES (mg/L) —5.758 —2.879 0913 -3.15 0.034 1.00

Inoculum 4712 2.356 0913 2.58 0.061 1.00
size (%)
2

R 0.9517

B DA 3 & IR 2K F R oo i I 2
F4) M) 3, TR S5 55
24 MEEMRHER

LS50 235 SR A0l 7 AR e BB (Y) 5 AR
HRARMZ A EHEA, ) Minitab 17.1
Ay 4G, 15 30w L (E(DES  FEfif2) 5 A 248 &
[Xi: (NH4),SO4 #JE; Xp: pH; X;: DES VKJE]
B [l 05 7 R
Y=97 3474235 894X,+17 580X,—5 641X3—113 767X12—
1 113.4X22+23.32X32+5 977X XrH487X . X3—87.1XX5

7% 4 /& Box-Behnken {50 i i1 5458, £S5 H
FIF Minitab 245 H 400 5 53 BT i [m] 051 4B
iR, PEFOR D EVEMEE, P>0.05 0, FoRizB
F X DES [R50 ; P<0.05 B, ULATX
K Z X} DES MR AT 52 24 P<0.01 B,
W% H 2N DES (A= A 1 i i =245 F
EJE— N GE e AR F 2345, FAE R B
W MRS ATAEL, FEMR R TG vk 7 A
Xi. X, X3 1 PAEMKYKK 0.030, 0.007, 0.020, H
A &2 i DES A 1 5% Ve R v
M Xo>Xs>X,, B pH>(NH,),SO, #e B >DES % ¥ ;
TERLHAE AT XX, XoXs X.X5 B PAEA 51 0.001
0.005. 0.045, BPix#exz B AR A X DES (1R
By W, Hob XX 1) PAEV/INT 0.01, Ui
WA HAAXT DES WIFEMRE ™ AR E M, XX,

#3 ERRERKBREXEER
Table 3 Experimental design of steepest ascent and
corresponding results

Run (NH4)2SO4 pH DES

Degradation rate

(g/L) (mg/L) (%)
1 1.50 70 1200 68.87
2 1.49 71 1195 71.34
3 1.48 72 1190 73.19
4 1.47 73 1185 70.07
5 1.46 74 1180 68.68
6 1.45 75 1175 65.45
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% 4 Box-Behnken iRI8i&it 54 R
Table 4 Results of Box-Behnken experiment design

Run Xi: (NH4)2SO4 (g/L) Xo: pH X;: DES concentration (mg/L) DES degradation rate (%)
1 1.48 7.2 119.0 70.11
2 1.49 7.2 119.0 59.25
3 1.47 7.2 118.5 62.08
4 1.48 7.2 119.0 69.34
5 1.49 7.3 118.5 60.05
6 1.47 7.1 119.0 42.32
7 1.48 7.3 119.5 68.36
8 1.48 7.1 119.5 63.02
9 1.48 7.1 118.5 56.13
10 1.47 7.2 119.0 46.15
11 1.48 7.2 119.0 68.25
12 1.47 7.2 119.5 62.45
13 1.49 7.2 119.5 70.17
14 1.48 7.3 118.5 68.21
15 1.49 7.1 119.0 39.17

x5 WEERITEARE T ESH

Table S Variance analysis for the fitted regression equation

Source DF Adj SS Adj MS F-value P-value Significance
Model 9 1 453.00 161.445 48.03 <0.000 1 X
Linear 3 135.06 45.019 13.39 0.008 e
Xi 1 30.58 30.576 9.10 0.030 w
X 1 66.07 66.068 19.65 0.007 e
X; 1 38.41 38.413 11.43 0.020 &
Square 3 1 075.39 358.465 106.63 0.000 X
X 1 477.89 477.890 142.16 0.000 X
X 1 457.73 457.734 136.16 0.000 X
X 1 125.53 125.533 37.34 0.002 X
Interaction 3 242.55 80.851 24.05 0.002 X
XixX; 1 142.92 142.922 42.52 0.001 X
XixX3 1 23.77 23.766 7.07 0.045 w
Xox X3 1 75.86 75.864 22.57 0.005 e
Error 5 16.81 3.362

Lack of fit 3 15.06 5.020 5.75 0.152

Pure error 2 1.75 0.873

Total 14 1 469.81

TE: *: P<0.05, Z5EE; **: P<0.01, ZERiR
Note: *: Significant value (P<0.05); **: Extremely significant value (P<0.01)
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XX 1) P AES/NT 0.05, LB 7 4 A X
DES IR A= i 25

i 3 G i B O AR TIG, RE R K
Feih Z W UBI R )y R LG A BT, el 7 TS TR
MK RE R=0988 6, IhERMAKIERN
R*2q=0.968 0, & WHHY J7 A2 1) ] {5 B A v, o)
5 IAE LA B R AT, i nT X R A% DES ik
B AT BRI 5 7 22 53 B 45 A s B A
#(P<0.000 1), [FEfEHIE (Lack of Fit)As i %
(P=0.152), [IHJ7 BN MR AXI-M F&f# DES 1
PR T — N BIE AR, R Eh T R SR R
T A X S PRI R A A, e ST T
Ik .

izl Minitab 17.1 % BB EF TR 504
TR K DES FEfxt i i R 2K 4561 4 25
(I R S S R AT L, XPR ) X X F X
SEBREUE A 148, 7.19 1 119.5, DES F&f#F 1
KAGHE R 77.68. B4 (NH,),SO4 HEE N 1.48 g/L .
pH A 7.19. DES ¥JE A 119.5 mg/L B}, %A
T e s DES FEf#FEA 77.68%. A, AIUL
(NH4)2SO4 ¥ FE N pH (128 HAEHIXT DES B 5%
TR ETE
2.5 Moy EARE I AE AL AL

3 3o X AR A A ) i — AP e, i L
G B S S5k . JEHLAE R (NH,),SO4 WRJE N
1.48 g/L, fHICE ZnCl, WEHN 0.02 g/L, JJE
30 °C, pH{E N 7.19, DES ¥J¥} 119.5 mg/L, 4%
iiE 3% (%D . TEIIALSAETT Serratia sp.
AXJ-M X} DES HJRFEf#ZRIEF] 76.89%, FHIIE
(77.68%) S LA IG BIREAFE SRR, PR I 2
NS AIET  [FE, PRfb)a iR EE R 17.38%,
T R BB R AR A I 7 S 6 BT K
3 W

S 2R X PR 3 A L E A5 G, T DES
YERN A AR S R R YT, 25000 T 1
HTFEBOL . IR, W58 &3, DES 2

A
7.28

7.24

pH

7.20

7.16

7.12

1.470 1.475 1.480 1.485 1.490
Ammonium sulfate concentration (g/L)

o]
—_
o
)
4
S

119.25

119.00

118.75

DES concenration (mg/L)

118.50
1.470 1.475 1.480 1.485 1.490

Ammonium sulfate concentration (g/L)

7.28

7.24

7.20

pH

7.16

7.12

118.50

118.75
DES concenration (mg/L)

119.00  119.25 119.50

4 EFEHZEIEAX Serratia sp. AXJ-M [£fi% DES
ES%E
Figure 4 Response surface for the interaction effects of

culture conditions on the DES degradation rate of Serratia
sp. AXJ-M

H: A: (NHi),SO4 ¥EFERI pH {H; B: (NH4).SO4 HEEFI DES
WE; C. DES WM pH {H

Note: A: Ammonium sulfate concentration and DES concentration;

B: Ammonium sulfate concentration and DES concentration; C:
DES concentration and pH value
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XTSI AR R . B0 . SRR E . M
AT R R AR R R A, FIH
T 2E W A A Xt B 5T 3% B B ME B R TR i
PN R—F AT REE R 8 . IS AT R BAR T 75
A PR 30 3ok ) 20 1 56 iR B B Bk Serratia sp.
AXJ-M X} DES HATH R AR RE 1 . A HGE R,
VR G B (Serratia) v] AR 4 . G5 26T |
ZAF IR YRR E T IGEZ I3,
HRRARACR R0, T L, Vb R R 7E 1
AW 53 TS ey T BRI FRIE . SR
X Serratia sp AEAYME = 5% DES 15 Y 158 J7 1H T
FEHA AU RS IE IR T e B — RV B
[ H (Serratia sp.) S, 4 DES ¥#&J¥ & 60 mg/L i,
W ERE IR 7 d S5 DES FEAEEIL 63.0%4 70 5
MR SR 60 mg/L B R R TR,
It 60 mg/L KR VEFfF DES 95l I o A
5 Serratia sp. AXI-M 7EXEFE 7 d BEXF 60 mg/L
DES [MR#Ef#EZTTIA 50%. HAAAHIE DES HeB N
Pk Serratia sp. S WAL RIE P AXI-M %} DES
FEfisioR s, (HERR S IRYIVE A, JRYIMEffvk
BEfR R 100 mg/L (FEf#R A 40%), T Ak AXI-M
X} DES [ FEl AT 355 180 mg/L, X /1% 120 mg/L
A DES Bffignl k3] 71.9%. Wik, Serratia sp.
AXI-M H A8 5 M 30 8 5 15 G R TS LE
FAMME.

ol A W T AR B A 5 0 AN [R] 17 28 B S AN R Y A
KRR, R, X B RRRRE AR AR ) I T AEAN R 4%
PRANIRIE . pH %) Fi T, O MZE A TBRE
E 2 T L PR SR TS YR S KA . ASBIF S T
I EAAGI Serratia sp. AXI-M TEIRFE 25-30 °C,
pH {Ei 7.0-7.5 it DES MM RCR 4T B TR
AR EEVE (40 °C LA )N, DES F&ffAn7E
50%Z 47 o B NHRE L TP Serratia sp. S TE 40 °C
%t DES MR, 22% A4 i, BEkk
AXI-M HATE 1z (A RIS WY L, i HEAT —
(R v TR o B W ) A S S EAR KRR 2
ZENEE pH 52m, X4 pH (Hidmnt, A9

A R AR 0 23 W 23 32 B2, T B R
Wy ) Tl P e Al A T I A R AT A
JEREAR: Rz, 4 pH (ERIR, AR AE B
HLfir 2 &R A2, P, pH (EiH KB &
HBAT e BUMAE AT DES MR YRR T
REDOL B SE 4SS R, 78 pH (E2K 7.0-7.5 BBtk
AXJ-M X DES A#EMERAE, FHTE pH E2
7.0 WHREMRACRIAE . HRi oS BTt RRER
B, pH Wbk F T DES B, X S5AHE
FER—HL

WFERM, A RER TR AE ), PTiE
TR R I R BELH o S IR AR R S . A
W LA MS B 23 M IER AL T Serratia sp. AXI-M
F%ff DES 451, 3&F Plackett-Burman i35 5
52 B2 Serratia sp. AXJ-M [ DES At E 2 [
=, {04 DES WJ¥ . SMINEFRYIEA pH {H. 4
DES #3352 g IR, 388 1] 000 e A ok g A4 4 e i
Mg 1%, DATITE TR R A KA RE 052 B, 4 Bacillus
thuringiensis 7S-19%" " Bacillus subtilis BSFO1P2F
Catellibacterium sp. CC-5P V&Rt [RIREAF 1L vk
JE R IS s TESCbrMEM R T Y e
S, PRBERLGY 52 Ak S X Tk W R i A 3 e R
TS AP BRI I — S s BRILZ AN, S
R T 5 R R S TR RN BE SR ey T2 0 ) e
FRAEST ot AT UL, FEASINANEYI O R, WF5E
WA A F SR T, AT
TEFEIR BB FNABHCR . 45 A SR B A a4
il BARP S B REA , ISR L2 5kt r Ak, f
2 PRI E R Gih . M, R
FEAE— S A B AR TS e AR, TR EHZ Al
YRS R R E TR BT, AT b S8k Rl
BREEE RGN, LR HARY) 0 ml A ki .
AWFFELE T MR . BIEXHER AXT-M FEfR
DES ZBCRAIFEMR , 45 KRR E SR Y B asn i 2% 32
& 1 Serratia sp. AXJ-M %} DES [{R#f#, Fiitkisind
HMIEA) TR R B i R, AT RE R TR AR
DES Az 1A . AR — MR sk i AL
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Jra, Ry XA TS YR sy i 2, A
A TR (Rl 2 3 e 265 R 0 5 %) e 0 A AR A
Ho ARG R S5EE Acinetobacter junii LH-1-1
TE VS0 H Al 5k 5 B0 77 00 5 J o) DL He A T S A
2R B E IR PRI R Arthrobacter sp. W1
TEUS NG S R  Z 2RI FRARg . 2RI F e —
F R R R I R — 2. I, 7Efk
AIABEAETE R, MR AXT-M 2RI
LRI T — 09 . PSR T AEE D
3 o A A B T A N TR VA AR R IR S T A%
PERA S TARSFAYRCR . BRI, 383 1 %0
AL, AT 454 Plackett-Burman 15315 1 by
AT, DU AR A SE I DES FEAfR AT %R
Tkl 7O R , RS T LA,
153 By P 285 5 5 i 45 SR W) A KT

R 25 MG e i iT AREf DES B IRER (LA
3 bk, AUHE 2 BRANER 1 BRECH , —HRJ2 Zhang 251
ST HIANTE Pseudomonas sp. 151, H—RRIE -
M TSR R AN TE Serratia sp. S, X
2 DR TARRE, (AERE T 522 BT .
L o 4 U238 it O gk ) — ok it
(Aspergillus oryzae) M-4. # % HHlj, {Z Zhang 25!
VI T 25 DES FEfif 5L & DES 1G4,
SRR WIB A O ARG AT E R A RS S
T DES 1REAR , o1 AR 0 o B ARG A5 452 3 R
i, Pseudomonas sp. 151 % DES RURFA#ACIEH 14X
K £ T DES-4-fit. (/YR DES MR
&5 TAE BRI THIBRE R B, A7 e S5 A
RARAYEEZ | ARBILHISOR LS SRR TAE T
32 BRAFE 22 [ A ST 2L Y T Bk AXT-M X DES
BA RIFIRERSCR, PRSI B TE R 2P0y
B, (HIZFE X DES o] SC sl i, o dERE
B A . REARREAE S SRR TR . Y
HACHEPE LA R R A i) G il Heis R0 | R
WA TCREE S 1S 22 07 TR Rk — DR AR I AR
W HET HEITN T DES FEAEHLIRA R AMST i R UL

il PRS2 TARSAER bR AXI-M % DES
AR BER |, R PREE A P4 S0 R S oy
TR T B G R ] i R A Y 23 T R AL
B, PR OB S R e P e AR R,
B BRA A P 00 A 22 M A D S PR R 7
HEA T A s AL B BB BOR AT BT

4 Hig

(1) Serratia sp. AXJ-M [#f# DES s K575 5
B85 A (NH4),804. ZnCly. FREE 1 .

(2) MR SEIHAE : (NHy)2SO4 LRSI
WEEN 1.5 g/L, ZnCly SRS EE S 0.02 g/L,
JR 35 1 MR B AR S IR B R 2 /L, Bl Ik B Ry
120 mg/L, HO@iEEH 30 °C, #ieidi pH{E N 7.0,
il HeF R 3%,

(3) FIH Plackett-Burman 256 i) 72 7 Ak [ fit
DES (1 3 4~ F 2 [H 2 A (NH4),S04 ¥ . DES ¥R
A pH fH, O AIRIR BT R TE S BT K
Box-Behnken K i1 = # L5 G T i TRRKRE A
DES MHESAE . (NH,),S04 HEE R 1.48 g/L,
ZnCL A 0.02 g/L, A 30 °C, pH 7.19, DES
W 119.5 mg/L, $RiE 3% (IR LA T
B3 7 d, WMk AXI-M X} DES A9 R i % 0]
k%] 76.89%.
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