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HEREE SE TFE E E S R 2R o G TR R B N ROR A ik (1.6~55.8 pm) IR G IE R AUl SXTIRAHEL , A
BRI A 9 5 18 2T AR B 18 PP R R £ 285 5 25 Ni AN Cd I 3 B0 ST 1R T 59.9% H168.4% , 75 503 Ni Fl Cd [ BERFAR T
66.5% F153.8% AL T ZAR FORLI I AER KT 485 THURILAE ), B FORMH Y Ni Fl Cd & i3 BIBEAIC T 49.3% F141.9%, 1
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Remediation effect of compound bacteria and chicken manure—derived biochar in nickel - and cadmium-
contaminated soil

YANG Yi, CHEN Yuanhui, ZHANG Chunyan, ZHANG Yu, LI Mingtang’

(College of Resources and Environment, Jilin Agricultural University, Changchun 130118, China)

Abstract: Microorganisms and biochar may achieve synergistic low—carbon, green remediation of heavy metal-contaminated soils, but
there has been little research on this topic. In the present study, a corn pot experiment was performed to evaluate the remediation of nickel
(Ni) - and cadmium (Cd) —contaminated soil by multifunctional compound bacteria and chicken manure—derived biochar. In both single
and combined remediation experiments, compound bacteria and biochar with different particle sizes immobilized Ni and Cd in the soil to
varying degrees, reduced the uptake of Ni and Cd in maize seedlings, and increased the structural richness and species diversity of bacteria
and fungi in rhizosphere soil. The most efficient remediation effect was attributed to the combination of compound bacteria and micron—
scale biochar with a smaller particle size (1.6~55.8 wm). Using this remediation strategy, the amount of available Ni and Cd decreased by
66.5% and 53.8%, respectively, and the amount of carbonate=bound Ni and Cd increased by 59.9% and 68.4%, respectively, in
rhizosphere soil. Moreover, combined remediation with compound bacteria and micron—scale biochar resulted in improved growth
performance and increased antioxidant capacity of potted maize seedlings. The Ni and Cd content in maize roots decreased by 49.3% and

41.9%, respectively, and the Ni and Cd content of the aboveground parts of the plants decreased by 69.4% and 53.0%, respectively, after

Wi B H:2021-12-27 R AH:2022-03-28

YEE BNk (1998—) , %, HMAKE N, B-L0F5E 4 . E-mail : yangyi0686@163.com

HEEMES P4 E-mail :limtdoc2008@163.com

ELTE - 58 AU &I H (20200403003SF) ; [ 5 H SR RL#3E4: 700 H (42077137)

Project supported : The Key Research and Development Program of Jilin Province , China (20200403003SF) ; The National Natural Science Foundation of
China(42077137)



URETR Rt Y £ 4155 81

m@g 1710

combined remediation. Combined remediation with compound bacteria and micron—scale biochar also increased biological activity in

rhizosphere soil, as indicated by an increased number of operational taxonomic units of bacteria and fungi, improved richness and diversity

of the dominant microbial flora, and improved microbial community structure. These results show that multifunctional microorganisms and

biochar have synergistic remediation effect, and provide the theoretical basis and technical support for the combined remediation of heavy

metal—contaminated soil.

Keywords : nickel; cadmium; soil remediation; multifunctional microorganism; biochar; microbial community

BRI R E NG EBE — B RO IR 40
SR I ME s FIE A, TE BRI R R R SR, OF
RARR S 08 52 Fe AR X ke B T 4 8 15 e 858G
P S TP AETE Ry (R 8 , PREEA AR S R G842 FRR
L HAAEE ISR L, IR e —2m]
W [ B A PR AR RS S R 4 SR BRI
VEMITAEY) , R IS AR W Re A i 3 4 SR TR A8 i
b, % 3 1) T 4 R R B W E MRS, IR AT S S
HEe RGP RS AE, HILE LV EES R
15 Y A K 5T Ty T K B A7 2 AT A SR (H
RKEYE PR Z g Ty, A E 4R
FERUCR 5 52 ) R AL i 52 e R AR o A
7 - i AR A7 58 S ) SRR P B L RCR B
A S BRI G B A U R [ R, AR BT
bl T R K FL IR SS R T E BB T 2 W R A0
SR A AN BB W S [ - rh A EE A S, X
PR AL A 20 28 v L 1 FLREAS M il A= 1 00 A K PR 16 2
TRERET , B8 40 98 UE B 1 R A W A A= 0 e 3
A4 FH X HE 4 JE s e 3 BRI ORI T —
21, H A, X EE 4 ik R Eh A Ak R AN A
X EE 4 V5 e I T BB B R AR X D 9
HARAEZA0 T B PR 0 At D RE A4 02 A 1 o] LA
1k 77 A G| 2 TR FHAR AR S5 W A AR AR G 35
HE ) X 4 JE TP BRI X I 4 R Y R
W R A O R R L T T 4R R
HERE Y A B T A S AR et A R T
Y+ MBS B E AR W E ARG Y L IENIE RIS
PRHAEEE L.

TR B 2T IR X B2 2 60 41 TR
oA b A A JE A RS S AR A%
hy U i R F) A HEER T ) R —, B oY R X
Bk R (ND) AR (Cd) BF- 35 55 e 2L 38 31 35
A LA R A 4.4 R 1345, R s Y X e L 5
Ni il Cd I BR R 5 15 50% L) E, K kFRE R Ni Fl Cd
AR R AR 50% LA EM9 HET, SR P A B ok
B —F AR T 4 S 5 e 4 AR L B B T

1% WHART]

F1 ARFESE BRI F A e T 2 B, 5 — R A L
AL W - A ) R A8 5 AR AN AR 15 0 IR 2 — &
Rt 2 TRk — FRAMERA B, i HHA 1)
AE AN [RIBE R AP i DR, AR F 5 3 el )
T XI5 Y LA T TR AR, B 5T T IR A
HA E 4 BRI L AR A A S RE MY &2 & 5 AN
Az ) e B — VB A VR FH R X6 Ni R Cd V5 3 - 38 1)
&5 3R, LU R HLA 2R D) Re Y &2 A ik A
A= W) 5 T AU A N I Cd 15 e 4 S 4R AE ER S AR 35 A
BAR S HE

1 #MREFE

1.1 it

P R A AR B A ZL R B DX R A
i+ 35, AR KT 5T 2 mm 05 T TR AR5
i 3 pH Jy 5.4, A BT & 50 2.5% , B AL i
939.4 mg- kg™, AR TN 153 mg- ke, H AR
B 159.0 mg-kg™, HHENi BB FIA G SR
W4 292.5.42.1 mg kg, 135 Cd By M A RS &
A4 10.3.0.8 mg-kg s

P K (Zea mays L.) F 4256 & 2658 (Jinyuanyu
z658) , ity B H 1 G 5 A AL 7 K 20180155, i il ke I
CY04XTY04 .

P B R AR 9256 2 A Ni il Cd &2 A 75 e 1 £
38 TP 23 B 7 0 TR NG R Cd X HAT 8 s B A Y AR
25 FLAT T N4 1 S2 U A B S0 1R ZG2. 1Pk N4 Dy
VAR SR AT 1 Bacillus safensts , Genbank K5 N NR
041794.1, HFE Z2G2 hy 52 FUHH A E 8 jfl 7 Comamonas
testosteroni , Genbank % 5% %5 7 NR 116138.1, Bk N4
75| £ R BE 58, I RE B[R] A= 1 2 AR/ 1 SRS
Ni 1 Cd B TR Bk Z2G2 7 IR | 5] Wk £ 1R Tl gk
AR, IE AT I B 4 R R R T IE OF [ o -3
4 Ni 1 Cd™

S A% R B9 A < RS TR PR N4 R ZG2 AE 28 C A
160 r-min”' R HHEFE 24 h K TR HERBEEA
R SRR AT TG AL A S 57 R B B IR A% 2%
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4 B BB e 380 i ) 2 PR R R P R 9 v A A [
FMF R REFR R SRS 1 R TR AE 4 “CFI8 000 r-min™
R B0 S min, I 25 FIE W, FH G /K oh e g A4
JL2 Uk, SR JE K FL PR IE T IC K B A3 5] ODsoo 4 0.3
JEAT B — TR R TR B R, F JE 1: 1 B LU TR A, B
HF g E AN,

Z: R B W 5 1k B RS ZETE BN 600 °C
SR BARAT B 7 o A W P A
HIC RN A C:39.3% H:1.1%.0:35.4% N: 1.8%;
pH R 12.8 [ EC A 10.9 mS-em™ K43 R 21.6%. HW)
peik 200 H 0 J5 T A oA 2 i 1) Az 0 e A Bk
WFES , an b B A B 2 4 i 200 B i 5 15 2 AR ROk
W . BER A W% R AR TS BBl A 50.0~300.0 wm,
HARLAE D50 2 250.0 wm s BEIROK A Wy e R A
il K 1.6~55.8 pm, FHA7KEAR 7 18.0 wm, fi 1K T4t
AR, A TFROKRG A=) e PRLAR 23 A R Ak 4
F 1R,

1 EMRNORES THSE

Table 1 Particle size distribution characteristics of the biochar

H: W) 1% Biochar K HE W 3% Micron Biochar
WH R BBESSE KR BBESSR
liem  Pparicle Cumulative Particle Cumulative

size/pm percentage/% size/pm percentage/%
D6 50.0 6.0 1.6 6.2
D10 75.0 11.2 2.5 11.2
D25 150.0 39.2 6.5 27.0
D50 250.0 61.8 18.0 522
D90 300.0 37.3 55.8 39.2

1.2 TiEEERE

li1] e S I 0.2% B R & HIRG 5T, H
F B . BEE LA AL JOAT A 78 0 i %o B
b F(CK) - B A 1R (T1) L His i A= 9 i
(T2)  RES IR A W o (T3) S IINE A B AL
5 (T4) I A T RN SOR A= e (T5) o B A Ak
PR 41500 g, W& 3417, BV AE A R
TSN 5 2K 4 B8 3% 1) L AG2 0 A g e FROK A )
AN LB R A5, —EB e AR (R
el FEOEAR16 em, FHOEZ 1 em & 13 em)VE N
T2 1 T3 Ab 38 5 5 6 42 350 43 51 4 B/ D - F 00T
W 52 A TR R, PR — 2, I A B,
WHE A, B 2 150 mL & & BRI B 550 T 1500 g +
FEFR A3 I0E R T4 FNTS A0 BE 5 FH AR 9 5 2K 1 AR s
AW L RE TR A A TR AR TLAR R, RIS
T A= 80 ¢ B 4 FE FR G 150 mL G K AE Ky CK AL B

W R A P TS ) - AR S HoIn AT B 2RI KT T
TR ARG RS AN TSR  AE G IEGR I 2 000 Lx, I
B R 25 C 1B JE 60%, YelE b 1:1 2 MR e B E —
JE 2 AWK — R LAZE LR
1.3 EXRBZHIXE

P ORI OB AR Y T KA1, LA 2% B NaClO
VIR 10 min J5 I ZE 8K o k14, 76 28 CF H
ZRIRIK RN 6 h, ¥ 5 ol A I 2 A 1 i A
HOREEAE 2R, 2R R R G BRI P e R A — 2 ROk
MR TBEEN 5 B2k, B
B, 18] T1. T4 T5 2 PR 4)1 i AR bR 338t fin 10 mL &2
BRI o )RR TR K 43 2 K DAL R LB ik
BB AN LA OISR B 2 000 Ix, i
25 °C,1RJE 60% , GIE 1 1: 1) #E1 78555, 4 5 d sk —
URARIE R GIH 1 1E 8 AR K, K 9% 30 d Je B oK
B Wi 5 40 B RS S 2 4 ) 9 B M AR P - 4

Fib, ARG LB T ACK 4 B AR AR R I T K 43, A3

BRI S I, BT 105 CHEAA AT 30 min, N
60 CHET 2 15 i 2, Wy e I 25
1.4 MEFE

JH CEM MARS6 T 5 11 fiff AR -+ S5 FUAE 40 FF
AT R, R Tessier A 7R X 380 Ni Al Cd 194k
SIS PEATER I, SR F DTPA 12 45 248 I 143 P Ni
N Cd A RS, 27 13 8 I J7 ekt B NiFl Cd
1) 200 B0 A1 S Al 2 T 25 EA 740 B AR I, SR ) Je%
TR 45 B TR B 1% AL (ICP-MS 7900) % | 3R o F8 3k
A IR T N AT Cd 2B p i g

I H- SPAD {1 5% ] SPAD-502Plus 43 -4 2 X
M, A A5 AL (SOD) 3% 7728 F B S Tk 15
FE R & (T-SOD) WA , N T (MDA) & & R H
PR I A 22

TR R 2 BT I, A3 A B B 10PN 5 AT
J I 438, I EPSON V800 72 43 B 4 4l A A H AR
FUL , T WinRHIZO R R 4307 & ot 445 2 0 4
PG IEA T3 BT, S5 i 4 e 5K ERUAGORT I g 4 540 A
o, B AAS AR R T8 A HR A,

A ) A PRI F b R A AR R R R
HIRA A SERL . MEPEE 168 rDNA X1, HH#
PEBCITST X 4™ 48 , F] FH Mumina Miseq i 8 520 7
T E M o
1.5 #ES

AN () A FRSCHE 1) 22 S 43 B SR FH SPSS 23 L [K]
Z ANOVA I, 8 1] P<0.05 i & Bl 022 5 & 1k
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2.1 AEEEAENRELIENFICIHESGIE
HEEEMEIT

FR B - 458 Ni A Cd 9B A8 43 A an 8] 1a i1 1b fp
o MEIHAT DI H 45 A BRI AR T AR PR 4 e rhra]
A& AS NiFl Cd 14 B fiff AT 52 460 285 Ni [ e R 2h 45
& MR B 255 RS AL AT S 43S Cd ) Bk PR
GBS, I HIRG B E NBER KT 1
—1B . 5 CKAM L, TS &b BE Al AR IR £5 45 A 25 Ni fil
CAM & B 9THE T 59.9% 1 68.4% , IR EL 45 5 74
FERAG AL 255 NI L2 B3R 30 T 67.9% A1
34.5% , WRIRER 45 G A AR I A Cd 1 5 LAl 4 T
88.3% N 14.9% . AR Fx 113 Ni F1 Cd 1943 8508 2
Bl 1c A1 1d FioR , 5 CK A E , 45 4 32 R [ 75 B R AR
TARPR 48 Ni Al Cd A R0S & i A A B SR
o T2 — b33, Hodr TS b FAE Ni R Cd A RS
SRR T 66.5% H153.8%.

(a)

22 AEEELENEXSEERKEZEMR AN
LB

MR 2WT LA B A A AE Y A8 B0 Ak £
KW= T 207 e R, oK 4h i i 248
K bk AR St R AA SPAD S [R) R B b 4
K, WIH R0 SOD i T35 5% , MDA 1) 2R R
SARAE FH IR R T5>T4>T3>T2>T1, 5 CK A, T5
A PRAE ORI RE R AR A e R
SPAD 3B 1 T 103.6% .159.6% .550.9% . 77.1% , %))
B A A SOD 7% J1 4858 T 35.0% , MDA % & &K T
90.1%.
23 AEMEELE EXRLDER ARSI
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Different lowercase letters indicate significant differences among different treatments (P < 0.05). The same below
1 EEXMREFELENFCIRESHFHAELSEENZ N

Figure 1 Effects of remediation on the fraction distribution and available contents of Ni and Cd in rhizosphere soil

1% WHART]



I, 45 < S A RS 38 ) SO R 5 e T 16 SRR 5

1713

M AR SRR ISR T 57.1.42.0.41.2.7.2,
31.31%.
24 AEMEELEITERKLE NiFl Cd & ERIF N
N 2 B, AN A8 A2 Ak RIS RARR T e AR R A
b 1 X NI Cd WS, B0 TR R AR R L b
Ni 1 Cd 1) 75 5, SRS ZRERNT 8 TS>T4>T2>T3>
T1. 5 CKAHEL, TS Zb Bl FRARTS 5 e FF 0 Ni &
A MFEAL T 49.3%.69.4%, Cd & & 4 BIEAR T
41.9% .53.0%.
2.5 AEMEE A IEXTI B Nifl Cd L4 FE > FNFE TS
Vil
WA 3a F13b 0T LU, 52 G 1R R AE P i B — Tk

KA B S RGN T I R 240 B RE RN n] s PR A A5 A Ni
FC W LA, 98/ 1 2 s b Ni R Cd 9 BB, DT
W T A0S B A R PR T AT AP s A
&l 3c F13d AT LAF H, B & WA s SRR T it
F H R A AL T 1 5 ) v B TR AR NiFI Cd (Fi Fy)
() A A5 22 A, 360 T At O o 6 A 5 AR I i
JE 25 Ni F Cd (Fyacr s Fuci s Fuse  Fr) B9 20 A5 Fo 051 2 F11
IR T Ni A Cd 7E R R P A B 1 1, DT R AT
FEo 5 CKAR L, TS Ab FRAH 20 g #5 4H 43 7 Ni 1 Cd
943 A Ho A9 43 91 R B T 25.6% F122.9% 3 i Fi, Fy 19
T 25 #9 Ni Fl Cd B 23 A BE i) 22 #0053 ) A T
40.2% . 42.8% , Fxci\ Fuci s Fiae . Fr PO FPE 25 14 Ni Fil Cd

R2 BEEMERYEERLZEMRALEN PR

Table 2 Effects of remediation on growth and antioxidant capacity of maize seedlings

hib 2 B FHK ER 75 M43 5 SPAD SOD ) MDA 75
Treatment Plant height/cm Tap root length/em  Biomass/(g*#£")  Chlorophyll SPAD ~ SOD vitality/(U-g™") MDA content/(nmol-g™")
CK 33.67+3.27d 9.57+0.80f 1.32+0.05¢ 27.5+2.74d 92.06+0.16f 108.82+0.41a
T1 53.23+4.61c 11.07+0.21e 3.95+0.19d 38.67+0.91¢ 109.87+0.23e 66.18+0.28h
T2 51.97+4.11c 13.57+0.31d 4.87+0.08¢ 38.27+0.86¢ 152.32+0.31b 42.35+0.11d
T3 55.07+1.68¢ 15.53+0.40¢ 5.29+0.20¢ 39.17+1.21c 158.08+0.17a 47.35+0.45¢
T4 60.77+0.81b 21.43+0.15b 6.12+0.03b 43.77+0.81b 149.11+0.33¢ 22.06+0.37e
TS 68.53+1.12a 24.83+0.61a 8.60+0.53a 48.70+1.32a 124.32+0.29d 8.82+0.18f

T [l — B ARG P REA R 278 A B 22 5 .35 (P<0.05) o R Tl

Note : Different lowercase letters in the same column indicate significant differences among different treatments (P<0.05). The same below.
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Figure 2 Effects of remediation on Ni and Cd contents in maize seedlings
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O3 A O 2Z A3 BRI T 27.9% . 19.2% A6 52 % Rt
[TE N
2.6 FEIEEMIEITIR R T IBR A MBS SRR
2.6.1 MRPRAIEHA Y OTU 434

ME 4TI LIE 1,5 CK A E 8 5 5 R PR 1= 481
AT OTU M £ 1 70.6%~97.0% , EL 1 OTU 4%k
W2 T 176.2%~285.0%, 5 Ab3 5 CK A7 19 4 1
OTU % H k1 2894, ELIE OTU %0 H Ky 1334, 454 4
B OTU XL H B0 T 18.9%~70.8% , BRI E Jy T3>

TS>TI>T2>T4, F¢ 47 B HY OTU B H i T 1.8~2.8
&, BRI A TS>T1>T2>T4>T3,
2.6.2 MRPr L IEBUEYIRE Alpha ZFEPEFREL

MR ATTLIE 1, 25 AL TR T HEBR 1 58 0 40 0
#E V& Alpha Z FEPER 8. 5 CK A H, 45 Ab B fif
Chaol | Shannon , Observed species 1 PD whole tree $&
B B TR, P TS AR BEAY Chaol | Observed spe-
cies Fl PD whole tree 8 £URH X HAth Ab PR 5 o

M5 FTLAE Y, 5 CKAR LG, AN [ b BRAE AR B 1

R3 BEXNEXRGEREZESHZIE

Table 3 Effects of remediation on root morphology of maize seedlings

Jb 3 SAREK M HR RSN MV EE AT
Treatment Total root length/cm Root projected area/cm” Root surface area/cm®  Average root diameter/mm Root volume/cm’®
CK 121.30+1.91f 4.21+0.18e 13.21+1.26f 0.35+0.02f 0.12+0.01e
T1 1121.21£5.77e 27.21+0.23d 85.49+3.99¢ 0.50+0.04¢ 0.52+0.01d
T2 4751.63+11.89d 119.19+0.62¢ 374.44+7.34d 1.27+0.08d 2.36+0.02¢
T3 6 608.90+14.22h 162.19+0.81b 509.52+10.31¢ 2.16+0.05¢ 3.17+0.01b
T4 5960.06+13.96¢ 170.27+0.45b 534.91+10.25h 2.35+0.03b 4.06:0.21a
TS5 7042.23+17.21a 180.86+0.42a 558.19+10.28a 2.83+0.07a 3.71+0.17a
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Figure 3 Effects of remediation on sub cellular and fractional distribution of Ni and Cd in leaves
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Figure 4 Effects of remediation on OTU distribution of bacteria(a) and fungi(b) in rhizosphere soil
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Table 4 Effects of remediation on bacterial community diversity

in rhizosphere soil
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Table 5 Effects of remediation on fungal community diversity in

rhizosphere soil
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Treatment Chaol Shannon specy PD whole tree  Coverage
CK 23538  2.39 132.67 28.49 1.00
T1 637.34 547 496.20 89.55 1.00
T2 652.78  4.53 477.27 88.78 1.00
T3 547.17 276 376.00 70.05 1.00
T4 497.64 547 367.33 69.68 1.00
T5 649.95 593 512.00 91.75 1.00

wm o wk PR ennn ma
Treatment  Chaol  Shannon specy PD whole tree  Coverage
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Figure 5 The relative abundance of bacteria(a) and fungi(b) in rhizosphere soil at phylum level
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Figure 6 The cluster heat map of relative abundance of bacteria(a) and fungi(b) in rhizosphere soil at genus level
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