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Optimization of immobilization conditions of Aspergillus niger
for degrading deltamethrin in soil

ZHANG Xiaofei, NI Xiaojing, ZHANG Ziyi, PENG Boquan, ZHOU Shuyang, RUAN Xinyi,
FANG Youwen, LIANG Xinyue, ZHOU Tianyi, WANG Qian, LIU Peng*

College of Life Sciences, Zhejiang Normal University, Jinhua 321004, Zhejiang, China

Abstract: [Objective] To optimize the embedding-based immobilization conditions of
Aspergillus niger, preliminarily study the degradation mechanism of deltamethrin (DM) and its
intermediate product 3-phenoxybenzoic acid (3-PBA) by immobilized A. niger, and further
evaluate the performance of immobilized A. niger applied to agricultural cultivation.
[Methods] With biochar-doped sodium alginate as an immobilized carrier, we employed single
factor test and response surface methodology to optimize the immobilization conditions of
A. niger. The content of DM and 3-PBA was determined by high performance liquid
chromatography. [Results] Sodium alginate concentration, biochar concentration, and
inoculum size were significant factors affecting DM removal rate, with the optimal values of
25.27, 1.28, and 125.28 g/L, respectively, for A. niger immobilization. After the application of
immobilized A. niger, the half-life of DM in soil was shortened from 7.6 d to 5.2 d. Moreover,
A. niger had a degradation effect on 3-PBA, which reached the lowest concentration of
1.45 mg/kg at the time point of 21 h. Impressively, the restoration with A. niger immobilization
significantly improved the germination rate of tomato seeds, and recovered 6 growth indicators
such as plant height and root length to varying degrees compared with the DM alone group.
After 28 days of remediation by immobilized A. niger, both root enzyme activity and microbial
number in the contaminated soil were improved to different degrees. [Conclusion] After
optimization of the immobilization scheme of A. niger, the removal rate of DM in soil was
significantly improved. The immobilization of A. niger can not only accelerate the degradation
of DM and simultaneously degrade 3-PBA, but also enhance the tolerance of tomato to DM in
the contaminated soil.

Keywords: Aspergillus niger; cypermethrin;
response surface methodology; half-life period

immobilization; Plackett-Burman design;
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Figure 1 Effect of sodium alginate concentration (A), biochar concentration (B), calcium chloride
concentration (C), immobilization time (D), ball maker diameter (E), and bacterial inoculum (F) on the DM
removal rate and the mechanical strength of the pellets. Error bars in figure represent standard deviation.
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Table 1 Plackett-Burman experimental factor
No. Factor Level

-1 1
A Calcium chloride concentration (g/L) 20 30
B  Sodium alginate concentration (g/L) 20 30
C  Biochar concentration (g/L) 1.0 1.5
D  Bacterial solution inoculation amount 100 150

(g/L)

E  Ball maker diameter (mm) 4 6
F  Fixed time (h)
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% 3 Plackett-Burman RIEER A ENTER

Table 3  Analysis of variance for Plackett-Burman test results

Code Factor Effect Sum of squares Mean square F level P level Significance
Model 533.85 88.98 21.12  0.002 1

A Calcium chloride concentration (g/L) 0.13 0.21 0.21 0.05 0.8329

B Sodium alginate concentration (g/L) 5.04 304.21 304.21 72.21  0.0004 **

C Biochar concentration (g/L) 3.66 161.04 161.04 3822  0.001 6 **

D Bacterial solution inoculation amount (g/L) 2.03 49.53 49.53 11.76  0.018 7 *

E Ball maker diameter (mm) 0.77 7.18 7.18 1.70 0.248 7

F Fixed time (h) -0.99 11.68 11.68 2.77 0.156 8

*.

D AR50 0.22 g/L F112.1 g/L, HBENCYE
RIS BTSSR ATk 4 Fos, X5 2 1
BRI, K% 75.31%. Fit, LUK 2 (1
5 ZEAE A Wi 107 TRT R A Hh o 1
2.2.3 Box-Behnken (BB)H:/(:4H
[k

DA B [ TC 31 1 8 1740 M o T e 6 7)o
ML R OAHA R T = E KPR
Box-Behnken iR, I8 IT A4 H R AKFE W
F5, DM EBRN BBkt M 4s H 2% 6,
Pl DM EBRFNY)NEAR R, ERENEEE(A) .
Y E (BRI R B (C)Oh A AR &, G
SRRt M T 5 2. Y=86.22+0.92A+3.06B+

0.27C+0.70AB-1.02AC-0.22BC-9.04A’-13.07B*—
8.07C%,

BTt K i

x4 EEREREEZTRERSTER
Table 4 Design and analysis of the results of the
steepest climb test

No. Sodium Biochar Bacterial Removal
alginate concentration solution rate (%)
concentration (g/L) inoculation
(g/L) amount (g/L)

1 20 1.00 100.0 63.27

2 25 1.22 112.1 75.31

3 30 1.44 124.2 56.89

4 35 1.66 136.3 35.69

5 40 1.88 148.4 24.56

: Significant influence (P<0.05); **: Extremely significant influence (P<0.01).

Hrpo15 S my LR E, HAN
RHF RN 25 g/L. WK 1.25 /L. WlE
Fiit 125 o/L, RIEA RN 89.20%; Rk
6 SUFHEIREN 30 /L. WK 1.25 gL, W
PR 100 g/L B9 DM EBREREE, K3
70.84%. i 1 SiXIGLALFEEREN 20 g/L. 49
s 1.00 g/L. WKIEFRE 125 g/L, KERER
60.20%, M R4 R I 4 A /M

BB R0 7 2 M a5 R LK 7, BERIOE &R
i R=0.939 2, BLHIA] A EIEEEIN DM 25
BRI TR B RO RE R R 93.92%, IfEE R ; MK
RIRg FAE M 12.01, P {H(Prob>F)k 0.17%, it
f8F 0.01, EIRFIZBAITHN B %, Hep A
B® fl C* MRS RIES HoAr b, R4 P (EH
0.8829, IEH T 0.05, ANEE, Uil EIH ;R

& 5 Box-Behnken {1 & =1& it
Table 5 Box-Behnken experimental factor

No. Factor Level
-1 0 1
A Sodium alginate 20.00 25.00 30.00
concentration (g/L)
B Biochar concentration  1.00 1.25 1.50
(@/L)
C Bacterial solution 100.00 125.00 150.00

inoculation amount
(g/L)
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% 6 Box-Behnken F/LHFIRITRI 3 NELEEFEIMKKNE
Table 6 Box-Behnken design for the four independent variables with the observed response for luminescent
production

No. The level of the variable encoded True variable levels Removal rate (%)
A: Sodium B: Biochar C: Bacterial ~ A: Sodium B: Biochar C: Bacterial Experimental
alginate concentration  solution alginate concentration  solution value
concentration inoculation concentration inoculation

amount amount

1 -1 -1 0 20 1.00 125 60.20

2 1 -1 0 30 1.00 125 62.42

3 -1 1 0 20 1.50 125 64.40

4 1 1 0 30 1.50 125 69.42

5 -1 0 -1 20 1.25 100 68.73

6 1 0 -1 30 1.25 100 70.84

7 -1 0 1 20 1.25 150 69.42

8 1 0 1 30 1.25 150 67.45

9 0 -1 -1 25 1.00 100 60.32

10 0 1 -1 25 1.50 100 67.40

11 0 -1 1 25 1.00 150 63.20

12 0 1 1 25 1.50 150 69.40

13 0 0 0 25 1.25 125 77.90

14 0 0 0 25 1.25 125 88.30

15 0 0 0 25 1.25 125 89.20

16 0 0 0 25 1.25 125 87.60

17 0 0 0 25 1.25 125 88.10

F7 UEBRFAMWMMEMERTESRE

Table 7 Model analysis with removal rate as the response value

Source of variation Sum of squares Degrees of freedom Mean squared F-value P-value (Prob>F) Significance
Model 1573.63 9 174.85 12.01 0.001 7 *
A 6.81 1 6.81 0.47 0.516 0

B 74.91 1 74.91 5.15 0.057 6

C 0.59 1 0.59 0.04 0.845 6

AB 1.96 1 1.96 0.13 0.724 5

AC 4.16 1 4.16 0.29 0.609 4

BC 0.19 1 0.19 0.01 09114

A’ 344.09 1 344.09 23.64 0.001 8 *x
B’ 719.26 1 719.26 49.41 0.000 2 ok
c? 274.21 1 274.21 18.84 0.003 4 *oE
Residuals 101.89 7 14.56

Misfit 14.02 3 4.67 0.21 0.8829

Pure error 87.87 4 21.97

Total regression 1 675.52 16

*: Significant influence (P<0.05); **: Extremely significant influence (P<0.01).
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Riaq (0.861 OYEIT 1, RIZZAEHY A F 0 8 5 ik
BE®EEME; B REHN 530%, /NT
10%, IE 52 [B] R R BLAG A v 118 o A P O 2%
Mo MRAERHE PEADN, ZRIWA, BRIC
X} DM B3 02 Ak i 2 P<0.01, K4 FAE,
1 3 A IZEXT DM BRI AN THE T
SO Sy o A W) o v I3 >V i R A R 32> TR TR
bt

& N2 2Z ] [ S f Ak il 25 e £k I an i 2
N, W3 TR BE O R, AT AR R R R
Fa AR, X HA& 2 ANHEREEERNZ
M /N G5B R, TR B RN A 40 o 1) i) [
b TR e A, A X I Ak /N B i 1
DM $ i dc o B . B 2A A B AL T rp
O KB 1.25 /L B, 7 358 R Sk 38 R 1 Y 2
Pl Z AN S BARE R, Ul B 2 B R B A 1 e R
A R TR R AR R T R e 3 s [
ik, & 2B MR AL T 0K R 125 g/L
BF, 96 5 R AN R RN AR ) ke TR B 22 R ) 28
VERR, W] 25 5% 2% [ A5 v 88 2 4N vk B2 Rl AR )
U E I e S AR, HHSE LI
AR, WELEAERAREE. K 2C
hy 1 BE R BN R AL F L KSR 25 g/l B
TR VR A2 i R AR W) e R B 2 T R S8 AR T, A
BT 2 B 2 B 2 A VR S R A ) ek B 1 4
FOEHEINE K, SRmBTERI A BT R, W
BHLHA AR (SRR 25 gL,
WO RN 125 g/L B AW R E N
1.25-2.00 g/L 25, DM Zfasnl#iid 75.00%.
MR R /INT 1.25 g/L IF, DM ERRFEE /N
F 70.00%.

Vit AT = A I E L gy
DG, AR RERIN SRR 1§

FEPRENUBE 25.27 g/L. AEWIIRUEE 1.28 g/L.
R 125.28 o/L. fERMERILIELE
T, DM B EBRFE T 86.43%, HHMEY &
JE W o b T B IR N T BT SR R SR,
T e AR [ R B B 25 T, 64T DM {5
Yo LB, RN LA 4 A8 2 45 R Xt
M, SRR, TERILAMET DM B R
4 84.31%+2.17%, HLALALHTIY 37.52%+3.95%,
P 124 £, FRREGESREN, IR
ERR LTI T = R 2% DM Z2BRECR A
23 HEEHSEECERGN DM iTEL
EEEWRIFM
231 ElEHEHEN DM BB
Boagitobras Rk 8. £ 9, LR
izt FET, DM #E 58 AATIEAR, LG REAR
Dy R ] FHAE 3 gk 0y 7.6 do TR
TR BN E S, DM R T, 7E58 21 K
R0 1% 90%LA |, DM a4 a] 6.2 d.
T3 ZH0¥s 8 fb 2B il B LA SC R 15 A T
FiFH, 7E 14 d FEA#R L 90%, 28 d MR
ik 98.02%, KW 5.2 d. Bk, Bk
AT LU E 4 DM FE LI i, $25t
Y TIENBEACER, TER AR E b Rty
ST WA (B R, AUl g R M A AR B AE
232 EELEBMEN DM EERFEMEIE N
3-PBA /& DM FE A, Rdw i
PYRs A WbREY) . I 3EAR AT A, 2
A DM J5, B BEEIFER, 15 3-PBA
W R B, 7E 14 d T, 3-PBA K
B DM (1) H SR Bl iR ek, 72 21 d F1 28 d
F, SRR, WEBTRE. AL
FEE )G, T2 M T3 H 3-PBA ¥ B4 e
ARG, L9 h har . Tl E AR
Tt DM B, T3 4+ 3-PBA WRJE B 23
(P<0.05), 7£ 9 h iK%, H 50.93 mg/ke,
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Figure 2 Optimized 3D plot and contour plot of the prepared conditional response surface of Aspergillus
niger. A: Sodium alginate concentration and bacterial solution inoculation amount. B: Sodium alginate
concentration and biochar concentration. C: Biochar concentration and bacterial solution inoculation amount.
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%8 TRESLEBEA DM L HIERASN LR

Table 8 Dynamic determination of DM in soil in different treatment groups

Sampling interval 2h 1d 3d 7d 14d 21d 28d

DM residue T1  99.53+0.76a 65.76+0.34a 50.66+1.23a 38.19+1.04a 22.14+£0.76a 11.94+0.12a 6.34+0.15a

(mg/kg) T2  97.25+1.87b 60.48+1.73b 47.57+0.96b 35.35+0.65b 19.76+0.85b 9.05+0.43b  4.23+0.12b
T3 90.39+2.01c 52.17+1.42c 41.28+1.08c 18.04+0.87c 8.61x0.21c  3.94+£0.26c  1.79+0.19¢

DM T1 - 33.80+0.34c  49.00+1.24c 61.55+1.04c 77.71+0.76b 87.98+0.12c 93.62+0.15¢

degradation T2 - 37.81£1.90b 51.08+0.99b 63.65£0.66b 79.68+0.87b 90.69+0.44b 95.65+0.12b

rate (%) T3 - 42.28+1.57a 54.33+1.19a 80.04+0.96a 90.47+0.23a 95.64£0.29a 98.02+0.21a

The data in the table are meantstandard error, and the same letter after the same column of data indicates no significant

difference at the P<0.05 level.

*9 AEAIELE DM ELIEDHIERANTHIE
Table 9 Dynamic equation for degradation of DM
in soil for different treatment groups

Treatment Digestion Correlation Half-life
group equations coefficient (d)

Tl y=78.684¢ *¥*  0.9759 7.6a

T2 y=79.651¢ > 0,981 1 6.2b

T3 y=64.236¢ >1**  0.970 6 5.2¢

The data in the table are mean+standard error, and the same
letter after the same column of data indicates no significant
difference at the P<0.05 level.

EZ2h B2 14d [ 13h EJI15h
i 1d 421 d [ J6h [L_118h
VA 3d Ezd28d [19h Ed21h
100 EZ247d [ 112h
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b
— | ;"/
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g 60f 7
'g ',%// a
= ////
E o &
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g Y7 c
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< 77
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5 0 7
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o di | 1d
7
e JRENS
Tl T3

B3 AEALELE 3-PBA KELITE

Figure 3 Statistical plots of 3-PBA concentration
in the different treatment groups. Error bars in
figure represent standard deviation. Different
lowercase letters indicate significant difference at
the P<0.05 level.

Bl T B AR, R RS2, 7E 21 hik
F KK A 1.45 mg/kg, HLal15, ABF5
it R il 25X 3-PBA L HL A FEMIER, ik
AR EE T LR NP5 Y £ DM [ fig
FE, R R THE R AR

A, T2 WEWE N 42.86 mg/kg, ik
WePE A 2.37 mg/kg, LA H [E RE AL 2 i 25 Xt
DM 75 YLt 52 30 B 3-PBA F&fRAE 1110 T e 8
IR
24 EENEHSBRISAEEMR
24.1 BElELEHEXNENEKRTHENE

EuAe T RS R B R 2, K
BT AL AR, D T AT AE K AR AR, DA
g [l A R & R S PR AR . gk 10
PR, CK 23R i 45 T4 A 2 A8 T LA
H, KFRMEZFHGH L 81.63% M
47.85%, 1% DM AbHELS) T1. T2 Fl T3 41
KRN 60.78%. 70.15%F1 73.94%, H
T CK #A T — RN, A %Em
il ¥~ e AVA ROIR B =Z W R FEHE Y g2 T
H>T2 4A>T3 4H>CK H., &idhEWBEEN
DM XA HA —E #irk, T2, T3 AW
M6 143 5 0(63.920 0+£2.241 9) pg/(h-g)Fh
(69.240 0+2.124 0) pg/(h-g), BT CK AW
(79.770 0+2.174 0) pg/(h-g). £ [ E Mk Bih
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BE GRS A 0.274 620.010 6, & FAREL
DM A F ) CK 2H 0.139 4+0.005 5,

242 EEHEMBENTIREMRBEESHL
Al

TEm At HIEAL AT, HE 4 ATRLE
AEFR 7 dJ5 T1, T2 F T3 AR Z 335 Ak S i
TEPE T 52 (P<0.05), 4390 CK B 47.14% .
38.30%F1 21.29%; JIRMEEIE 148 CK 43052
T 123.21%., 73.21%H1 37.50%; e RGE 14
FHAE R CK ¥ 1.80, 1.60 F1 1.10 1%, k35
7K (P<0.05). DM i AfE 148 CAT &K
TRFEAR . A LFREE AL, XPAHRRAEF I, m
B EERL S, SR ABTELESA T
T T, Hoh T3 MHE T1 K& 50.24%. Xt

R 10 FERAEBHEBDEMBRERIERS T

CK 41, T1. T2 I T3 fH R -3 EHEREG & S AE
24 d NI TN, T3 fik 0.796 7 mg/(h-g),
TIE BFVAR ke 3 R g o BRe ek - 398 v PR 25 1 0 i
HEAH DM 6 .

s B E B E )5, 15 CAT \URE fil INV
WEHRRARREKE, T3 fmailiEsth
34.30%. 15.76%H1 31.15%, RCARES T2 WAL,
RS2 [ AT 2] 2R h 55 i PR AP E T s 5,
G AN IS X A O R RS, 4R R T A2
PE, K

P . iR . HEE DIEAERREME
WIRRMFEE S, LS5 L Eh 014
b2 RN, T M E A R bR . A S
AEW, BY)E 7 d HEDYIE . B AT

Table 10  Statistics of tomato-related growth indexes in different treatment groups

Treatment Germination tendency  Plant Root Fresh Dry weight (g)  Root-to-head Root vitality
group Germination Sprouting height length weight ratio (ng/(h-g))
rate (%) potential ~ (cm) (cm)
(%)
CK 81.63 47.85 5.26+£0.36a 2.58+0.47b 0.83+£0.01b  0.059 24+0.001 5b 0.139 4+0.005 5b 79.77+2.17a
T1 60.78 40.01 4.80+0.55a 2.65+0.40b 0.77+0.02b  0.048 7+£0.004 6b 0.120 1+0.002 5b  57.63+1.66¢
T2 70.15 33.38 5.10+0.31a 2.35+0.18b 0.54+0.02c  0.029 5+0.006 4b 0.112 0+0.006 7b  63.92+2.24b
T3 73.94 47.37 5.55+0.40a 4.99+0.67a 1.24+0.02a  0.084 9+0.005 9a 0.274 6+0.010 6a  69.24+2.12b

The data in the table are meantstandard error, and the same letter after the same column of data indicates no significant

difference at the P<0.05 level.
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Figure 4 Statistical diagram of soil enzyme activity determination. A: Catalase activity. B: Uretrase activity.
C: Sucrase activity. Error bars in figure represent standard deviation.
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Figure 5 Statistical diagram of the number of
bacteria (A), fungi (B), and actinomycetes (C) in the
soil. Error bars in figure represent standard
deviation. Different lowercase letters indicate
significant difference at P<0.05.
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