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WE: [ 86 ] A Brap @i hat4d 8B EE Pseudomonas TCd-1 935 5: 548, [ Fik ] AR sh R B3R 54 4
SR, H AR E D(660) EAEMIEAE, AAERERBALIERAAMA>VURAHER., LB AMNEAEL, @i
Plackett-Burman X3 i #- 02 1 . B8l &AL, BREE . Wi pH. BHF. BAhN A% 8 AEEEHH#
AKeg P, AmAHEREY B E, REHFRERIEABFKARTEY wE ZHRMAS, %4 Box-Behnken X Hik
it Fovt @A, HACEEIOHE TCA-1 8935 tk. (SR ] AMEALESURERR. LR EMEI A A FA
B B R M A ARG ZHRE F AR BABE . s pH; K Ton B @R MRS
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Abstract: [Objective] This study aims to optimize the culture conditions of Cd-tolerant Pseudomonas TCd-1
based on response surface methodology. [Method] Taking the basic fermentation conditions as the control, and
the absorbance D(660) value of the strain as the evaluation index, the single factor test was carried out to
determine the best carbon source, nitrogen source, and inorganic salt species of the culture medium components.
The Plackett-Burman test design was used to evaluate the influence of 8 factors on the growth of the strain,
including beef extract, yeast powder, magnesium chloride, culture temperature, initial pH, inoculation quantity,
culture time, and rotation speed. The best combination of significant factors was obtained by the steepest
climbing test. The culture conditions of TCd-1 were optimized by combining the box Behnken design test and
response surface analysis. [Result] The best carbon source, nitrogen source, and inorganic salt of the strain

culture medium components were beef extract, yeast powder, and magnesium chloride. The significant factors
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affecting the growth of the strain were yeast powder, culture temperature, and initial pH. The optimized culture
conditions based on response surface methodology included beef extract 0.5%, yeast powder 1.0%, magnesium
chloride 0.5%, pH 6.3, temperature 33 °C, inoculation rate 1.25%, rotation speed 160 r-min™', and culture time
24 h. [Conclusion] According to the optimal conditions, the D(660) value of the optimized bacterial solution is
67.07% higher than that of the control after repeated experiments, which is consistent with the predicted value
of the model, indicating that the optimized conditions could significantly promote the growth of the strain and
achieve the desired goal.[Ch, 1 fig. 6 tab. 26 ref.]
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(e E LG YURBL A A AW BoR, T E R 4585 Y S A R R S A 19.4%, B4R T5 Y s i
FRAEH 15.5%, HAE R @iRR R 7.0%, FEEA", f2 Mgt R AMERIELTITR, M8
YERI WG A EE, TG T ANARAR RS far BHE BREE Th Rk A e, © o ST 4 SRS
WGt e iz —0 BT, MEEWEEBOR TS Jn B B9 7 1n 2 —, s BORD) i
F) 2 PR AN . WA FU Shewanella putrefaciens FIE 505 Pseudomonas sp., 7F LB(Luria-Bertani)
[ R R AR 15 77 L TS 32 35 42 JB 4R B8 1 (Cd™) R B2 43 3R 2] 150 Fi 40 mmol- L', 5K IRAE FEB R e
155 (1 mg- k") 186 8 1 it AU 0 15 (R 5 28 ST B Bacillus subtilis . Y65 40 B LR ) J 35
¢ Spinacia oleracea i % 5 V- YT [ 14.5% . F A 550 FAT /N = S80I Ak st A i 28 194 0] ¢ A1 B L 7
Pseudomonas aeruginosa T 7 REWS 1. & (2 JE A WG B WK RS Oryza sativa WA, IDHIERAEAR . 2885 ot
R IERE SRR . TESCREEC RS AR N TR 2k (5 S P R L TR B b 3 v R 8 K A R AR
ARG, WnRAKREM A PRI RE NG T, SRR RPN RS K AR R
RO ABEM TR 2 [RIIME R, MRS N e o, AR, BAAMRPRMEAReT), S i EA
B T O AS TR ZH 0 DA K R AR B - SR T 1 R 6 A MBI TR TCd-1, BEAE Sik 900 mg- L
CA&"FAK, 7F 100 mg- L™ FAALHLT , TRBRAA PN RS0 1Y) 0 0 £ 43 400 9.04 me- ¢!, e 4R REBGA )
90.4, EATRGRE SRS, AN TART5 B E R M, (R Ak 3 4R R . ma
AT — PSR A IR T R IR T, BRREA SO I R B L RE S 2845 NI R Z (B A8 B
FERW D FEPUAb RS Bt b, AT 2 R, J 3 S5 U0V AR e 7 TR VR DG AR T A 2 AT T
Bacillus subtilis NHS1 WRARSE IR LA 5y, 25000 5 & LR AR 4 &5 1.5 4% ERAm a7 R R iz T VA AL T
BT E R (B KT Megaterium bacillus RB10) ()& B 35 5E 380, IESE T Box-Behnken it H4
BOPE RS R g MERR AT 5507 SR REARUS DI AR A SZ7-1 AR RS, 78 S L H 3l R B R H R &R
I T S b IR A TY KIE R, S5 RERM] . IR s R A TR AR K, B E AR
AERT 1.62 £ o XUVLLL A 3@ ik me i VA DL AL T 2R FAT I8 Bacillus S2 W35 35 550, i L FLAbHa %k
(E24) $2&15°0 81.20% JL 4 5500 i FHma b 11 2 DL A 1 /8 2 B B0 o 7™ BRAE MR AR 1) R e B R 3, 4 SRl
H= AR T 14.43%. AT FE3E T 000N 11K 8 1o B D K0 61K . Plackett-Burman % . Box-Behnken
TGS AR N AT, W TCd-1 RARSE RS- T U0 Ak, DASUIA TR AR T AE A0 (1 1 FF ) FH R 7 o 5 i
PERAR SRR

1 #MEEF&®

1.1 EMREEKES

A R T 45 9 I B B Pseudomonas sp. TCA-1(% F'5 CN 103952333A)2", H {54 T—80 C
VKRR . RIS AL B SRR, 7 BIVE T 30~40 °C 1HIEK IS P AT BT s AT U 2 05, Ry
WNESIKRTRIEE RIS, THRURIEE, KNSR 2R PR RN R

B T4 SR T U 62 (R 3.0 g, IR 100 g, SALHN 5.0 g, Bk
15.0~20.0 g, 1.0 L Z&1#/K, pH 7.2~7.4). WK EIEREEZ N 3 mm B I HE4 T P A 2 vk i i 835
Fe, AN 2 PREGFRAG ARG FRIE EPRIC 1 FRGEYE 2 100 mL (9 =FA), 150r-min™', 37 C, fHRHEF 18N,
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TR I . RRESESRARI: A RB R IRRIARESREL 100 mL, Fii /3 4Ch 0.5% Ffkih, 1.0% FhFik,
150 r*min~', 37 °C {E{E#55% 24 h,

1.2 RIwigit

121 BRFRE ERBIEFEFMT, EEAFREE: Ny WERR, N, WERRE [(NH,),S0,4], N3k
SR B (NHNO3), Ny WEEFIMR, Ns ARRET (KNOs), Ny M b4 (NHLCD), N, WiEER4N (NaNO;),
WHE TR TECN 05%. 1.0%. 1.5% 3 DK ARRIE: C, HAFRE, C, HalEtkiEs, C; %
W, C, WHEWE, WEFREDE N 01%., 03%. 0.5% 3 PD/KF; ARIITCHLER: W, BE LS (CaCly),
W, FEALEE MgCL), W, HELE (NaCl), W, FEALE (KC), W5 HBEIR S 41 (Na,HPO,), Wy K
TRIREH (NaySOy), W, AR — 28 (NaH,PO,), W ETEECH 0.2%, 0.5%. 0.8% 3 PIKF. LI
T R 660 nm R 16 EE D(660) 1E R VAN HE Ar, I 6 S il A B U . VIR . O ML B L i
1.2.2  Plackett-Burman X % #4520 (8 R 000 15 2 A0 Bl AR VR (R A AR (BEERERY). CHLER
(MgCly), 47 Plackett-Burman 50 . B THUNER 1. IR EL n=12, & HFEKFEE &K 2 K
e, BT () BUE IR (1) 19 1.25 4%, Hd D, H. K Ak, HTFiRzEM. 2R RE
(4). R (B). MgCl(C), iR (E). #I4h pH(F). W (G). HiFRmtE] () ffg ek () 8 4~ &%t
PR ARA R 52, 0 5 T B Rk A I DGR R

% 1 Plackett-Burman iX3&i% i+ EZFfkF

Table 1 Factors and levels of Plackett-Burman design

- kv - KT - KT
-1 1 -1 1 -1 1
A F /% 4.0 5.0 E /% 30.0 37.50 13537 8)/h 20 24
B BERE¥Y /% 0.8 1.0 F %)#hpH 6.0 7.50 J 34/ (e min™") 160 200
C MgCly/% 4.0 5.0 G R/ % 1.0 1.250 KZH3
D71 HZS5H2

1.2.3 KRk & Box-Behnken X3 HR4§ Plackett-Burman 32 56 577 155 15 3) 149 3 255 Wil T ok A 1 1) 4 [
R (Wb . . ®1hn pH), 08 S BE IS RI0 (25 K AT ), ARAT SR AR e 1 DX 8

DI A BE ME 3 3 9 A5 1) e A 7 X 8 (2 “5-1056) /554 Box-Behnken 150 B3+ Hy G s, 25 BRI EL 3 A
KA, LL(=1, 0, 1)Fow, wITEIET 5S40 0, 0, 0), BIfEEEH 0.9%, A 35°C, pH7, dt
17 A e R TR . A AR 3 IRE R .
124 v @adr  ARHE Box-Behnken iIG 254, 17 2081, IUAELMERIE R, BIHIE N7
BT AR FIUHBLG BRI B A 55, I A ERG F2 55 F EAT I0UE I
1.3 HEE

B b BEAE B i Excel 2016 #£47, SEit4r#{# F Design Experts 10 F1 IBM SPSS 22, {545
PISEEME AR EZ FOR, SR Duncan B 750 22 55 B A 56 (P=0.05).

2 HERG M

2.1 HEZRAKER

SEIRRM . WRIR AN SO A B S AR AR (B 1A), BRI REAE R . AT
Ho3 IO ik 4 50T B v TR A, TR 2 A AR I 0 O R RO BE s s . £ A BRI 0.5% 2 A
B FRIOGRE (1.257) felr, B35 T HABS AT (P<<0.05), HCAlAE MR i KA 10.8%, A
IR A B KM BN T 17.7% A1 23.6% (] 1A). ASTR) VIR B HL o 40 8 ik 3 (P<<0.05) 520 1
PRAVAEK (B 1B), APLEIR (Bebkky . EEPR) R TRtRA, SRRl 1.0% BEbRfy A 3 i O
(1.266) e, H1.0% SR 14.2%, HOORiRE: . AR E: . AHIRET . S Ak B A I B Ak 34 A e KR O
FEo g 62.7% . 79.8% . 76.8% . 52.7%. 87.0%. ANIFTCHLE ¥ (P<0.05) F2m Ak AY A K (B 10),
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R I 0.5% B FH IR WO (1.197) Fels, A& P AR TR A K JERIEEE 0.5% A
el LA BERRE AN, BRIREN . BEIR A5 & 0.8% WA LEE . AT . BERR S 4NIR B E
PE2ES, Al L, B 0.5% 4 HE . 1.0% BERER K 0.5% MgCly /R HEmliRs F7 2 R A iE 1Y o

1.6 A 1.6 1.6 -

B C
s010.1% ©10.3% B 0.5% . 005% @1.0% B 1.5% 00.2% @0.5% B 0.8%
. m be

1.2 —fg; g, defir 1.2 'éb 12 F .
—~ ;'»"‘ u»;»; —~ ’ —~ [
S B 2 g 2
S 0.8 ? ? © 08 nil A S 08 | ¥
o | fillld ‘

04 g g 04 nH |} : 04 b ¢ i
ol 1 |1 : ::

0 JEL | UK o L (BB 0 ki

C, c, G, N, N, N, N, Ny N, N, W, W, W W, W

it A

ARG FRER R 2453 B3 (P<0.05)
B1 REH#E(A). ZE (B). Lhk (C) sTHMkEKRT®

Figure 1 Effect of carbon source(A), nitrogen source(B), inorganic salt (C) on the growth of strains
2.2 Plackett-Burman iR I8 & R

Plackett-Burman {50 45 R 7R . WA KAEANFRIGHEEGAEREZS R2), UsS. 9%, 105
WeE R, HZBICREEZS . 9 SOt (1.802) ik, HRA 5 5 (0.981) MI{E R 83.7%-

HE— L o0 (8 3) G5 RERW . e IR ST, 3 5 TR R A K R O R
(B). B (E) M pH (F), ©EFVERLEE KRB IMRUCHIREE . BERERY . pHo BfEIX 3 SRR NS R AR A=
KA SCHR R, #EA7 R BENC Y5

% 2 Plackett-Burman i3I8 45 R

Table 2 Results of Plackett-Burman design
KIS A4RE BN CHEMEE DAEM ERE FpH GIERE HZEMH2 IWE JHHE K%EH3 WG

1 1 1 -1 1 1 1 -1 -1 -1 1 -1 1.235:0.078 f
2 -1 1 1 -1 1 1 1 -1 1 -1 -1 1358£0.030¢
3 1 -1 1 1 -1 1 1 1 -1 -1 -1 1.563£0.058b
4 -1 1 -1 1 1 -1 1 1 -1 -1 1 1.397£0.021 de
5 -1 -1 1 -1 1 1 -1 1 -1 1 1 0.981:0.042h
6 -1 -1 -1 1 -1 1 1 -1 1 1 1 1.440£0.028 cd
7 1 -1 -1 -1 1 -1 1 1 1 1 -1 112120026 g
8 1 1 -1 -1 -1 1 -1 1 1 -1 1 1.756:0.010a
9 1 1 1 -1 -1 -l 1 -1 -1 1 1 1.802£0.003a
10 -1 1 1 1 -1 -1 -1 1 1 1 -1 1.783x0.012a
11 1 -1 1 1 S| -1 -1 1 -1 1 1.195+0.096 fg
12 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 1.492+0.041 be

LT AN SRR 25 5 125 (P<<0.05)

2.3 RIS R
ZREIHRTFMEGHN A WEB, WEE, WX F&EAAREIL., 80 28, RIEEEH
(B) HAERYL (+), UG IR (E) AR (), HKKBN; pH (F) AR (-), WK/
HBENCH R I A5 IR (F 4) WoR . WA R BT o0 BO2 W K, IR EE A pH B Wis N, TR OGBS
BIETHE G FREMAR S 2 5 0 ROE R R B m KOF (1.720), 155 3 54300 & i 2.3% Al
59.4%, VIILHEE 0 T B9 B KR AR N DX, RRIRERE A I 0 B0H 0.9%, RJEN 35 °C, pH 7 BY4H
A AIE N Box-Behnken 5551 #0005 (0, 0, 0)
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% 3 Plackett-Burman X BEHSITER
Table 3 Results of Plackett-Burman design
A ¥y H ¥y F P BEE  BNRH BEMEHY BLER
R 0.780 00 8 0.098 00 70.01 0.002 5 i 1.430
AFNE 0.004 07 1 0.004 07 2.91 0.186 5 0.018 7 +
B kbR 0.200 00 1 0.200 00 141.15 0.001 3 i 0.130 2 +
CAfLEE 0.004 84 1 0.004 84 3.46 0.159 8 0.020 5 +
EJRBE 0.540 00 1 054000 38722 0.0003 o -0.210 1 -
FpH 0.017 00 1 0.017 00 12.45 0.038 7 * -0.038 3 -
G = 0.004 76 1 0.004 76 3.40 0.1622 -0.020 6 +
THfA] 0.000 03 1 0.000 03 0.022 08927 0.002 8 +
J 0.013 00 1 0.013 00 9.49 0.054 1 -0.033 4 -

P *FRE R REP<0.05), **FREFMDEFHP<0.01)

2.4 Box-Behnken i1 45 5 = 4 mBERHIALE

Box-Behnken Iit%\ z?:f%%% EU% : Z< Iﬁliﬂ%‘ éﬂ/a\ I‘ETJ/T? Table 4 Factors and levels of steepest ascent design
fERFEER (RS, 14 5B (1.785) e, b ﬁzﬁ ;ﬁ/ Ti/fi ;zl - R
25 (0.922) & 93.6%, Bl 145 (0, 0, 0): [#EEKR

1 0.8 40 8.0 (-1, 1, 1)  1.079+0.058 c
IENAR T yA g C 2% S,
PR 09%, WD 35 °C, pH 7R AT HINOE 2 0.9 35 7.0 (0, 0, 0)  1.720+0.006 a

JERT 25 (0, 1, 1): BERBBESECH 08%,
JEH7 40 °C, pH=7 M FIBOLEE.

1.0 30 60 (1, -1, -1
U RREVING FRERR 22 5 W (P<0.05)

1.681+0.015 b

%5 Box-Behnken iXI&i&it
Table 5 Results of Box-Behnken design

RIEFS BEAKY/% ERE/C FHILkpH WO EE RTFS  BEERMY/% ERJE/C  FRhpH Wt
1 0 0 0 1.505£0.007 g 10 1 -1 0 1.770+0.023 ab
2 0 1 1 0.922:£0.014 j 11 -1 0 -1 1.634+0.021 f
3 1 0 1 1.655+0.035 ef 12 1 0 -1 1.6700.007 ef
4 -1 -1 0 1.056£0.027 h 13 0 0 0 1.749+0.024 ef
5 0 0 0 1.661+0.018 ef 14 0 0 0 1.785+0.007 a
6 0 -1 -1 0.941+0.042 ig 15 -1 1 0 1.754+0.010 abc
7 -1 0 1 1.524+0.013 g 16 0 0 0 1.733+0.003 be
8 0 1 -1 0.967+0.060 i 17 0 -1 1 1.727+0.009 cd
9 1 1 0 1.690£0.010 de

PLEH . ANR/ING FRERR 25 57 1 3 (P<0.05)

2.5 Box-Behnken iXIEEIFEEIFIF E DL R

ISR 7 25 50 Hr 4 SRR W . BEALZ ST OCTE RECH 0.9958 (3% 6), FHA(UAT 0.042 0% M98 51
A F TR AR R s IRl ABE A P<<0.01, FIBIADEMN DM, BRI B 25 /K SF- P=0.146>0.05,
KR LA B J7 20045 B B, Box-Behnken 13 (O i ZPE KT P<0.000 1, A fir %
FHM LA IRLR B K, BA G EE S i3 6 nlAlL, 3 AN R M2 RE I KB/ NR )T b
FE(E). BEEER (B). pH(F); B. E. F. E*XTWNAE YOR ) 1952 W 3k S0 & 2 KF, EF 1 25 52
YAH. MO, PIEIT RO RE R=0.9958, ZB5 RECH 2.08%, Uil BMEER, BRILE
fi%, &M TIZERIRE &M T & 2m RN T8, i mela 7 #8: ¥=1.750 0+0.050 08—
0.307 0E—0.033 3F—4.000 0E—0.030 0BE—0.011 0BF—0.040 7EF—0.023 6B°~0.441 0E>~0.034 9F>, {K#i A 2
1 Plackett-Burman 56 1 45 SR 26 £35% & B BERERS (B). TR (E) F1 pH(F) AYHUE G BB, ) P wie 107 1 424
FRRIGH) 3 A RIS RN 1.0%, pH N 6.3, TN 33 °C. ZIIEIE 51 T K8 i i
M RE fe K, i 1.856,
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% 6 Box-Behnken {3 B FHEEL T £ 537

Table 6 Variance analysis of regression model of Box-Behnken test

U ¥orm A ¥15 F M Fe U5 ¥Ef AME Y15 F M
(i7eid] 1.638 00 9 0.18200  182.747 o B 0.002 36 1 0.002 36 2.371
B 0.020 00 1 0.02000  20.091 o E 0.820 50 1 0.82000  824.161 Hox

0.756 00 1 0.756 00 759.257 o P 0.005 14 1 0.005 14 5.159

F 0.008 90 1 0.008 91 8.951 o B 0.006 97 7 0.001 00
BE 0. 000 06 1 0.000 06 0.064 AP 0.004 91 3 0.001 64 3.179  ARFE
BF 0.000 48 1 0.000 48 0.486 gl 0.002 06 4 0.000 52
EF 0.006 64 1 0.006 64 6.672 * pEy i 1.644 00 16

P AR RBON2.08%, HEZRBON0.995 8, WIERERKCH0.9903, M AKCH0.950 3, *Fom 2257 (P<0.05), **Fmil i
F2:5(P<0.01)

2.6 RULERIIE

LR PR IR . Plackett-Burman 2 Box-Behnken 13045 1 (400 G0, 453 B ik Joe AR 15 3 451
H: FRBEFR RSN 0.5%, BEREEY 1.0%, FALEE 0.5%, pH 6.3, MRJE 33 C, #ZHE & 1.25%,
160 r-min™', X5 FEEFE] 24 he B EAER 37 &0, 7 EZ KR KU, 5 2] 50RO R
1.8010.015, SHBIAITIN A9 fie KAEL (1.856) FHIZUT, Bl BB 97.03%, FKEIGAIUER 0l {5, BEE LI
SR E R A BEAERX A KA, FEE, 5RO IR &4 TR BREOLE (1.078+0.021) 4
o, PiAb)EiZEIRE T 67.07%, XFHI H K.

3 i hE4&k

3.1 Plackett-Burman i3 1 2 & F Z X FE KA K2

Plackett-Burman J&— 5 T3 58 4P A b s 38 A0 0 10 R B P AR S0 0 i il N ke i 2
ATLAESE N-1 AR ER, DI BT LA AR 22 PR 2% rh DR A R0k 07 26 05 o 2 () JLAS FE 3
T, BAHERERBCRE 2 DK, mACERURKE 1Y 1.25 £5572

FEAGR IS H, Plackett-Burman il N Z 1A & [ INE 4). BRI (B). FALEE (O). 5 RE
(E). ®Ih pH(F), B (G). HEFRmtE] () A3 ()] hpes i vk th BA BZ 2 pg R Ry BEREE
pH AR . FLrh ALKy Z BT DLRE 0 s IR AR AR, 76 T B Re B AL 00 Jot 005 WG 2 40 TR A R L T
HIRIREEREN =28 Z R WERET H AR IR, J2—Fhali Rk . Jols Qe @B B 72 I, A HLA IR LT
PLAER & A FE R . iR A RKEFEERY R, Hrha 55T D 52 5MA vk r i
ASWEEH (E D), HEHTERAER., REREZHRERDRELMHARZ —, K rThekE s Rz
L, BRARA R NCE SR AR R BRI RE 2 bR, W 4 e AR KRR B T) s DA B Rk
B, MEA RSN, BEBRRIRA LR N TG fRE, (HEEA B VE AR, YR LU, 1R
25 oy R BE b i e i MR RS R i AR MR R S s, SRR N AN BT OK Ay . AL .
A AES A B SCHRII . pH S 5 e TR AR A K R AT REAE T OO T MR AE KRB . & R E Ky
FHR e tEE IR S, SERLAYNEE; pH W a2 215573 &8 B 1A e, A
Dy B AW s pH. [RIFE23 52 0 G A 0 A0 M R e A e IR, R T SO A B B Yy s v, R H AN
(4225 M G 2 % Tt 7 SR 0 o 1 R SR A = T B HE A
3.2 MM EERAEFRE SN A

M) S 1T 53 AT A2 ) FH 8 T2 R AR 1) O vk 6 5 A A ) 2 TR R R et AT B A3 A, Box-
Behnken B I TR LA 22—, HATHE 8 T AEY) & B R FR RIS SR A4 i dl . %07 ik
AR DL ST 3% 252745 1 i T B R RUL S O A, A8 T AT ) el A 4 A A R Ao R ) 45 b R T B LR
HAEHBATIA, B S ACTE R, i D A IR 4 BRI RS B A 2 2518, BT 299805
FREARBAS , A AL e AP

AR ST — DR R, 52 MR R WEASE DL S s SR 5 i o i e Rl s e . ek
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PUAE R B A R B R o Al , 8 A 58 | Plackett-Burman i 58 | f BENE I X 568 . Box-
Behnken 056 i) & PR AR B 7R 5L 20 0 RANERBG 32 554, ARG ifb 7 8 & @ it v R S i i TCd-1 5 571k
R, WIS IRANF T H R & N T4 R TS 4 H IR0 B SN BEE TR

4 5F
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