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Effects of humic acid washing on the microbial community composition in heavy metal-contaminated soil
FANG Mingzhi', TANG Sigi', SUN Yucan', CHEN Tan', ZHANG Bing', LIU Yifei?, YANG Ting"

(1. College of Life and Environmental Sciences, Minzu University of China, Beijing 100081, China; 2. Technical Centre for Soil,
Agriculture and Rural Ecology and Environment, Ministry of Ecology and Environment, Beijing 100012, China)

Abstract: The aim of this study is to elucidate the characteristics of heavy metal speciation, soil physicochemical properties, and microbial
community structure changes mediated by humic acid residues after soil washing. Based on soil washing laboratory experiments and high—
throughput sequencing technology, pH, NH;=N and soil organic carbon(SOC) content before and after humic acid washing, further changes
in soil microbial community structure and diversity, and the main environmental influencing factors were determined. The results showed
that the humic acid washing process could remove Cd and Zn from the soil; however, this process was less effective in removing Pb. The
mobility of Cd and Zn in the soil increased, indicating that the two metals were activated after washing. The oxidation and residual fraction
of Pb increased, thus the mobility decreased. As for the soil microbial community structure, the bacterial community richness first

decreased and then increased, while the community diversity increased within 30 days after washing. The relative abundance of Chloroflexi,
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Acidobacteria, Gemmatimonadetes, Fibrobacteres, and Armatimonadetes increased, while that of Actinobacteria and Firmicutes decreased

after washing. The interactions and network complexity of microbial communities in the soil were enhanced after humic acid washing. Soil

microorganisms would utilize materials more efficiently and be more resistant to environmental disturbances after soil washing. The change

of microbial community structure was mainly driven by NH; =N content and changing the acid—soluble fraction of Pb and Zn. Humic acid

could remove Cd and Zn from soil effectively; however, activating Cd and Zn and reduced microbial community diversity in soil; The

residue of humic acid in soil could immobilize heavy metals, increase microbial community diversity, and improve microbial community

structure during incubation. Therefore, humic acid is an efficient and environmentally friendly washing agent, which can remove heavy

metals effectively and improve soil microbial community structure. Furthermore, this study can provide scientific guidance for evaluating

the microecological response of soil after washing.

Keywords : heavy metal; soil washing; humic acid; environmental factor; microbial community and structure

b Tl A A e AR b, FR 1 1 4 )R
HYIEAH 25 IR 51 & 2 KT, 2014 454
- YR A A RO 4R Y TR S AR
16.1% , 5 4 J& 2 5| & 3875 ey i 5 ge gl
b 0 B A R AN RR A W RS, TR T AL M BT A
YR TR SR A L I AT DLk A B BE T s A AE
UNZNS VS 0 DN (25 1B St i) A SN i1 ) S

P 39 4 S 8 5 HOR 32 A - St
2= sl MBS GUE W18 52 45 o ek ik
BN R R A A R AP R AR 22—,
VEATE AT R G B ACHR AR o i
G J8 TS Y AL BRI TR 1 b G R
YO R R BRI A DU 2R O
MR (LR BLIR AR 55 ) s & MU HLE & 50 (4
EDTA .DTPA \EDDS %) ; RAREL G50 (A HE IR F7 45
R I R AT OHLIR RS B HLEE A ) LA A
15 4 8 L BRACE  (ATCHLRR 2 Ak 338, ol As + 1
SERE) AR - SNy FNGIAE Wi B R FLES SR
FLATRAR A AR R ff v, AT BT bR 7K 5 2 A - 1
A= B 7 AR A S, TR o R PR A B R L
VW83 o 1 TR R R R TR R 1 TR S R HA

JERERR R — R RIRA WL R+, HE 5 2R s
EREHT, WR AL (B R L e KRN R LA, W] DL ) 4%
B BT AR R R E S S A R R A
AR, 20584 E K MR AIE R KRB S
A 4 JE 75 s - R IT IS T R AF IR e
B, 40 Yang Z500% BN T4 S FE R 1T LUK + 3 v
{19 Cu. Zn  Ni Fl Pb 43 51| 22 B4 45.2% . 34.6% . 42.2% 0l
15.6% ; Meng 55" F Ji 4 J5 ik % - 42 J5 FRAIK T 36.8%
EONON B7 (95 o N F T (B a2 SR Wil D =
BT, AR SR bk R it oA A 25T A kTS
Gy, DRI TR AR PR B A Ry R — i R A R A SR R

1% WHART]

pril s

AR A S RGP LT A Y
b BR AV 2E G P2 B R R 45 A DGR T RV 8K
G Z R S 22 BB R 5, A 2
oA R S A SRR E RS bR . kL
AR BT LA B4R (HRRE S ok E 4
JE S AL TR IS R 8% B A — R 91 [
HE T AT RS2 ) L S A TR MR R A (FUR B R
EF X AR I M E MRS  EEREIEE
AR A 55 X A SRR AR B A T R E F  HE
A YT S5 R A8 Ak R S BRI TR 1 i) 1o, ML s A 5
B b ) G Wk A RO R BE B M b e R B B BE R
Pl BT I AR SCWESE T B AR BRIk 1k Cd L Pb . Zn
BTG5 AR MBS FNE AL BR5T Tk
VXt L GIUE TR 2R T AL R 25 A I s ) [ B
T A P RETE B AR A ) SIS DR A g AL L DA
WM A R e 5 T 4 R U5 e R A S R T
MrigftplEs%

1 MBR5EFE

1.1 iRt ESRKH

AR T SR AW L TSR 19 3R )2 (0~20 em)
2 HARAT IS 3 2 mm SR AE 4 . % Tt
APEFANT : pH A 8.54+0.02, + 344 HLAK (SOC) &+
7 6.10%+0.29% , 1 3E 2 A (NHi-N) 75 154 5.69+0.36
mg-kg ', BLCd &N 6.71£0.26 mg-kg ™', M Ph N
265.44+4.77 mg- kg™, & Zn % 54 856.81+5.49 mg -
kg™ AR - BEERBT T B AR FH M 35 e KU A 8
PR (G47)) (GB 15618—2018) , kit +- 4 b Cd &5 2
2 DRV 07 28 (L A9 1L U8 3%, Zon 25 kS JRUIKS: O 2 {1 A1
2.864% , Pb % 1S KU i BE(E 1Y 1.56 £ .

SCHS T B RR I A T AR SR 7GR A R A
A CFZ 55 R R R IR L S R R, 45 4 98%, C . H N ..O



Dy OV IS HRRIRVERY T 4 5 e LR W REVR SR BT 1063

SR N 37.13% £0.47% . 2.40% +0.04% . 1.07% +
0.01%.59.40%+0.52%) , Hax iR W B _F 122 sk Ak
OB e A BR A B L ¥ R 4y B4
1.2 tEMRESESR

BET IR B WIS, KR A5 0 R [ Ty
40: 1, WRUEFIHE 1 500 mg- L7, JE AR FH 0.5 mol -
L™ NaOH 7843V fift Je B 3L pH I8 952 9, Ik Bk Tk 22 oy
25 C,WRPEBT I 6 W' RPREs o , 4 B0 e 145
AR IR 4R 9 55 9746 (25 °C) i 3% 5 R ) 2 30
d, BATRIAE 3 d (] 48 P S s et alik, i 3K
AR FEAE H 6] F5 7K 0 709% A A7 (358 ) 5 K
F16.7%+1.7%) o it WAL 43 0 AN GEA TR PE 1R 1Y
Jhn -4 FEWRVESE AR R RIS 3.7 1530 K
KA - SR EEREUET T DNA SR UH T3 VR S50 15
ST, Hos 3 A AR IR 2 2 mm G 00 2
HLEBIESS AR
1.3 MEEREFE
1.3.1 HEHELS RIS S IABH R

K el i BCR i 25 38 UL B UG B4, 4 38 bk
MR e 555 3,715 .30 K5 3 4 )8
AFEA SR BT DRI (F1) il s
(F2) AT (F3) 5ARIE A (FOW, KIS H AR &
% ICP-0ES (Prodigy7 , LeemanlLabs, 35 [E )l € ;
+ 3 pH 35 HI 962—2018 M 5E ; SOC K 45 HJ 615—
201195 5 + 38 NHi-N % S 4K 4 HI 634—20121 %€ .
07 o e M T D NI I o TR R Y o i PN
(AW 0), ik PE/E 3 d(AW3) , kik )5 7 d(AWT) , ik Bk
J5 15 d(AW15) , kS5 30 d(AW30) .
1.3.2 b 16S rRNA JE [R5 18 5 5

PEIUF I AR VE 5 55 3.7 015,30 KAy 13
4= DNA, 934X A 168 rRNA FE[R ) V4 [X . PCR
Py TS 18 515F(5-GTGCCAGCMGCCGC-
GGTAA -3") , J In] 5| ¥ & 806R (5"~ GGACTACH-
VGGGTWTCTAAT-3") . 5& /8 PCR ¥ 3 5 , % PCR
Yk Ay el lidk , 24k 5 597 9038 5 Hlumina MiSeq
V-5 58 B 16S rRNA FEHI Y o 383 Galaxy -5 X 4k
A5 DU 1 D e 50 56 S Y LA 3
1.4 BB

K JH SPSS 26 AT 7 22 (ANOVA) 4347, [
A AR ) B M2 R R ALRURIER ST L
ARAR T (PCoA )il 1 RIE T “vegan "L SE L . I ]
2T BE T Pearson A S ME 4 BT (1% & B {1 R>0.6, P<
0.05), 183 RiE 5 “igraph” 40, ¥ BEE FESE % , 15 3

D281 i B R - NS B igraph ™15 5]
Y graphml #% 3 3CH S A Gephi 0.9.2 #4347 7T 41
b, R H A TR 6 AR 3R AN (] G AE A I 2 A e
Mantel test 730 #rif 5 R 15 5 “linkET” @32 ¥, F 4R
TAEY) OTU ARRBF IS AL, A W) o ZFEPEARER I IR
2Rk

2 GRS

2.1 BEBKREINELEESERESESIHTMHL

JE R BRI PR T 3 b Cd  Ph Al Zn SR FIE 45
Sy A ARAR N 1R . B RERR IR TR S 4 i Cd A
Zn & B AR (P<0.05) , 23 B FEAR T 40.5% Fi
26.5% , Ut B 5 HE R Uk v T DA AL e Bk L b Cd A
Zn; RIS Ph % iR B PR (P>0.05) , FZEH A
+ P FELAFRE S (F4)AFAE (K 1a) , AT iR 22,
DAL S5 A bR 1 25 o

P 7RI 48 R4 FIESIAE T L3,
PUBRHE S (F 1) A7 7E (0 5 4 s 1T B Mo HL5) ka4
W ORI S s B 4 A RS (F2) 245 A5 7F Fe-Mn
ALY b 7R DR B A IR AR E |, BRI T A R
A VAL R APy ml R XU s AT A (F3) b AT ik
JRASRRE ;BRI A (P4) b2 M e fe o, Bl e 78 1
B ELAIE RS b A, L, R E AR
AT E LS AR S R le , e R R E. mE
1b AT %0, W VERT Cd . Pb I Zn 3B LGRS AET7E T+
Herp o SRR K VE T 24 K 4 h R 4R S Cd il Zn
JIT i F B 43 SR 2 1 7 AN 124N 1 40 A T B AT
IRV L B AT DLYE Ak 3 e Cd FR Zn, 2 5 LT iR RS
P, FLIE R R IR UEXT Cd A5 AL A5CR B i 3, 3 mT RS2
DR A T M PR 5 AT 22 s 1k B e 1 (A R 5 L M 7R
) T HESRETEAEBTESHAI-2R
AW, dEm R TR R, kS AR b
H W AHERS , il A LS AR S Cd A Zn 9 H 2 L
W, SRR A B KA EE , 55 30 KA 4351 45 v
9 AN 8 AN 43 s, Uk B AT 3 B Mk 5 A= 4y mT )
BHTEAR . WRVE S A BB AR R B A T 1 Cd
AT DA 6 R R P ) T YR 3 R IR T B CdP - R IR
W, R KM 48 - A% SR g MR Zn
F E ) B A I T R R 4 A BRI AT A R
X Ph, 55 B EE , J85 R R bR 0k 24 R IR $ RS A mT
W FEAFEAR T 440 E 53 5, 565 30 RIFREAE T 6 4~ E 43
B PhAUAT LS 3R A7 AR PR 4%, i v] LA Y5 )5
HEFR -1 5 A PRI RT3 , R I v 480 fb 25 ok s

WWW.QEs.0r9.CN




m@g 1064

VRETS Rt Y F 2B FE 5 H

APb i ERE,

BRI HIR AN, 5T 4 H b A A A R SRk &4
(UnAr A R T A R 55 ) (4T - EMk P 5T, Wuana
SO FH A A R AN A PRIV -8 )5 Cd 43 I RRAR T
38.4% F119.3% , Wang 55> H1 V. 24 3 — 5% AR bk ok
3 Cd AN Zn 19 75 5 50 BIRRAIK T 24.1% 1 25.4%,
3 A X6 B AT e BB A R FHAE - 38R R B X Cd A A
UFH RBRAOCR . AN, R T bk k5 G, e SE R N
FH Hh 5 E R SR AT i — 20 A B A e R
FI IR DRI o 3 2 3 1 W 9 UE BH AT DL A 1L 4k
(NaS) . Z KL% R e 81 (PEX) . — F1 5L — AR & St i
PR AN (DTC ) A1 A T 4 J U 77 A B - ek vk ik, )
RBP4 S A ES S H SR VR )
[B] &>, Gn NaoS H 4 S* 0] DA 5 R0k W H i Cd> Al
Ph> A BRI DF AR S5 TCVE , 417 CdS 1 PbS 4§
Py 50, AE R PE LA 5 T, Zhang S5 B85 T W Y
IR VE R AE 2Bk Cd I IR B R AS | 22 B FH S i
1% 1 A LMK T EDTA L EDDS F1 5 25 250k e 5] , PRt

JE AR R PR FAAE SR (0 R ORI AR 1 - B bR 591
22 BHEBHERE T EEAERNTN

i AR R KV T S 498 pHL, SOC I NH-N fil &
AL 1. 3 pHAERR T e VR 55 7 K B 25 1%
AMN(P<0.05) , HoAthrt i) 55 BEAR L34 U0 8 3% 22 5% (P>
0.05) , X & K R A R 5 + 3 h & A BH S T 45 & T
S A R - T R TR AR A B A I 28 vl R G0, 4 Y
P B P R B VR, SR e L, SOC
EAEMPE Y K B T 15.0%(P<0.05) , i B 6 Hi
FiR 5% BA AT AR T 3 AT HL 7 o 5 bk Je — L B4 7
SR+ SOC I TE B E Ak, 3% I T A R AR L AL
b R AR IR 380 00 SR AR /N 43 7 T (AT A TR G A
iR R AR ) PR S AN G iR, B R AE R e
PE, AT LK SOC Fr S e 7 — 2 K P B, ik ad Fi
2 FHOR I NHI-N g, 38 b NHI-N 7% & 763k
Ve RS A LT T 85.4%, ikiE)S , NHi-N
o R SR AT T A, R 5 30 K NHI-N
TEEMWEE SR 3.01% . X2 TR &

(a) [0 #kPeri Before washing [0 k¥t )5 After washing
8r 3001 1000
—~ a a a
T T i e a
%D . T 250 I 800 F
W 6h
& . 200 F b
i 7 600 f
& 4 T 150
£ 400 |
é 100
3] 2+
g 50 200
H
0
Cd 0 Pb 0 Zn
T 45 J& PP Kinds of heavy metals
®) o [ 5kt 25 (F4) O A% (F3) - AMEJEZS (F2) FRFZIES (F1) ,
00— 11— 100 F— 11— 100 [ — — ]
S 80f 80 80 f
=
8 |
K3 S e i N e N D R S 60 |
& @ 7 % =77 7
ﬁ 2 40f Z 40 ] 40 Z
W7 N
S 207 :/E/EE ﬁ 20 20 f
0 0 ez ez R iz
CK AW0 AW3 AW7AWI5AW30 CK AW0 AW3 AW7AWI5AW30 CK AW0 AW3 AW7AWI5AW30
A3 Treatment A3 Treatment Kb 3 Treatment

AN/ TR A 3] 22 S 25 (P<0.05)

Different lowercase letters indicate significant differences among treatments (P<0.05)

B EBHEBREIELIERCI.Ph ZnMEE(E)MESSH (BTN
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washing and during incubation
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Table 1 Changes of soil chemical properties before and after

humic acid washing and during incubation

AL B Treatment pH SOC/% NH;-N/(mg-kg™)
CK 8.54+0.02a  6.10+0.29h 5.69+0.36a
AWO 8.57+0.04a  6.99+0.13a 0.830.11¢
AW3 8.54+0.02a  6.810.14a 1.4440.14c
AW7 8.26+0.23b  7.23x0.21a 2.84+0.2b
AWI15 8.50£0.05ab  7.07%0.21a 2.90+0.27b
AW30 8.42+0.04ab  7.09%0.51a 2.50+0.35h

BN ING Sl R b BRI 22 5+ 12 35 (P<0.05) . T,
Note: Different lowercase letters in a column indicate significant
differences among treatments at P<0.05 levels. The same below.
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Table 2 Change of o diversity index of soil bacteria before and after humic acid washing and during incubation

LbFH F 5 BB Richness index Z MR E Diversity index
Treatment ACE Chaol Shannon Simpson
CK 4230.52+148.31a 4102.52+130.97a 8.47+0.05¢ 0.987+0.000e
AW3 3799.09+118.72h 3 689.26+133.67h 8.34+0.03d 0.989+0.000d
AW7 3 843.64+58.53b 3706.37+58.12h 8.45+0.01c¢ 0.991+0.000¢
AW15 4 053.24+26.88ab 3928.35+19.7ab 8.98+0.01a 0.993+0.000a
AW30 3 942.52+40.54ab 3 820.07+48.3ab 8.86+0.01b 0.992+0.000b
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Figure 2 Principal coordinate analysis(PCoA ) analysis of the

bacteria community for different treatments
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Figure 3 The relative abundance of dominated phylum(a) of

bacterial community in soils. Heatmap of the relative abundance
of bacteria at the phylum level (b) and the genus level (¢)

3 TEMERT R M2 8 E E R HMFE
Table 3 Main topological properties of microbial communities in

soil before and after washing

MBS TR B 18 AR I S (83
Treatment  Node Edge Average path distance Number of module
CK 729 2436 6.442 126
AW 905 3051 5.933 138
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Figure 4 Co—occurrence network of microbial communities before(a) and after washing(b) and classification of nodes
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Figure 5 Mantel test analysis of soil chemical properties and microbial community composition and diversity
F4 K RBEES LU ZE R Pearson 10K 517
Table 4 Pearson correlations of dominated species at the phylum level to chemical properties in soil
oo o soc I I S
Proteobacteria 0.200 -0.428 0.005 0.194 0.687 0.687
Bacteroidetes 0.250 -0.066 -0.044 -0.396 0.887 0.877
Actinobacteria 0.747 -0.340 —-0.820 -0.688 0.742 0.758
Chloroflexi -0.502 0.245 0.328 0.470 -0.957* -0.959*
Acidobacteria -0.553 0.368 0.535 0.514 -0.996%** —0.999%x*
Verrucomicrobia -0.441 0.429 0.803 0.522 -0.720 -0.721
Gemmatimonadetes -0.790 0.571 0.906* 0.498 -0.787 —-0.807
Firmicutes 0.743 -0.367 -0.855 -0.673 0.720 0.737
Patescibacteria 0.043 -0.017 -0.340 0.019 -0.613 -0.599
Planctomycetes 0.405 -0.016 -0.043 0.148 -0.433 -0.399
Others -0.209 0.160 0.009 0.234 -0.861%* —0.852%%*
Cyanobacteria 0.712 -0.911%* -0.780 0.109 0.635 0.663
Fibrobacteres -0.351 0.252 0.638 0.663 -0.863 —-0.855
Armatimonadetes -0.417 0.297 0.632 0.636 -0.921%* -0.916*
Deinococcus—Thermus -0.474 0.673 0.859* 0.026 -0.200 -0.220

1 Note: ¥P<0.05, #%P<0.01 , ##*P<0.001.
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