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Heavy Metal Contamlnatlon on Farlilland Soil Mlcrobldl Communlty and Functlon
PANG Fa- hu1 2L Xiaos -qi°, DUAN Li-yang’ | CHEN YarL , JI'Ming- fel J ZHANG Hao'* HAN Hui'* | CHEN Zhao-jin' *

(1 Infrnatlohal Joint Laboratory of-Watershed Ecologlca Security and Collaboratwe Inuovatlon Center of Water Security for Water Sotirce Region of Middle Route Project of
South- Nonh Water Bi¥ersion in Henan Province, School of Water Resources and E‘fl'vuonmemal Engineering, Nanyang Normal University, Nanyang 473061, China; 2. School
of Life Scigiée and Agricultiral Engineering, Nanyang Normal University, Nanyang 473061, China)

Abstract: Heavy metal contamination affects microbial composition and diversity. The interaction between heavy metal contamination and soil microorganisms has been a hot
topic in ecological research. Battery manufacturing has been going on for over six decades in Xinxiang City, resulting in severe soil heavy metal contamination due to battery
wastewater runoff. Few studies have investigated the effect of heavy metal contamination due to long-term battery wastewater runoff on microbial diversity and metabolomics in
Xinxiang City. In this study, we collected samples from three heavy metal contaminated sites in Xinxiang City and found that Cd and P exceeded the recommended thresholds
by 34-66 fold and 1. 5-2.32 fold, respectively. High-throughput sequencing showed that Bacillus, Arthrobacter, Sphingomonas, and Streptomyces were the dominant bacteria
genera, while Olpidium, Plectosphaerella, and Gibellulopsis were the dominant fungi genera, indicating that heavy metal contaminated soil in Xinxiang City was rich in heavy
metal tolerant hacteria and fungi due to the long-term heavy metal stress. Correlation analysis showed that total Cu, DTPA extract Cu, and water soluble Ph were significant
factors in bacterial diversity, while total Cd, total Ni, total Ph, total Zn, DTPA extract Cu, and water soluble Pb were significant factors in fungal diversity. To better
understand the effect of heavy metal contamination on the metabolism of soil microorganisms, we conducted non-targeted metabolomic profiling, which showed significant
differences in metabolites across the samples. Pathway enrichment analysis showed that these differential metabolites were involved in pathways such as metabolism,
environmental information processing, and genetic Information Processing, which may play a role in heavy metal stress mitigation and environmental adaptation.

Key words: Xinxiang City; heavy metal contamination; microbial community and function; high-throughput sequencing; non-targeted metabolomic
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SR o 2 0 25 A AR 4L 2, 0T Cd T e
b W3 X Bl A A R 5 2 SRR 7 ) O ) 4
PR M B AIK - AN TR | L A 2 B R A R
VAL, TR - S A 1 it = o A A
TR BT % T o 35 48 B0 Tl 3y, s
Sy rpE L Tl 2 AR Ak AR 2 Ak HE ik
) FEL S 1 7K 2 G 1) - 498 4 Jim T e [n) A R 5 Y
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SCLARE TR ) R 30 4 I T e D B
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PAEALIR. B0 14 2 AR, 8 i
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Y3 o PRI S QB RE R, e
1 HR5 T

1.1 FESCREMBLET | &4 )R & le

HRAE SCHRTERL, LA RS 44 8T £ T X8 DXt vy
SR WS AR PR RE B T, W 3 R A
UL ACH ML AN AR T A8 ) | s B (HL
J7 2 km ANl A8 Fifz s COFL) 4 km Fb
WA H HHE) . T 2019 4F 10 R SRR
IR BRI E 6 MEY Y EE . IR 115
L E T IR KA A8 A T k& 18 B 50 g %=
T e 2z e e R 53 BT, Ay A
THLAG PRI E . X US4 - A i) e 2 A FAL
BT, 645 pH fH., SE& (TN) ., &8 (TP), S
(TK) | #AA (NH, -N) FIfE &R (NO; -N) | A%
BECAP) | A (AK) AT HLBK (SOC) , HLAR A B8
SRk 14 ]. R HHERY DIN 38414-S4 (1984 ) #5ifE
PP R IEBUKIAHE SR, H R =R o
( diethylenetriaminepentaacetic acid , DTPA ) $i Bt £ 13
AREHESE, TG, KRS BRI
1 DTPA 12 52 R H i JBeh 45 B9 1 R S 6T A

LSRR (Cd) L H (Cu) . BE(ND) | B (Zn) AT
(Pb)iX 5 FE G JE TR & it
1.2 B3ES DNA ORI T

K] FastDNA®  Spin Kit for Soil i 7] & ( MP
Biomedicals, USA ) #& Bt - S8 il 4= 9 &5 DNA , >R FH 4
P JH 519 338F/806R Al EL I il I 51 ) ITS1F/
ITS2R XT4H 1A FIE A #E4T PCR 9718, 9 1 iA R S
Chen %50 T2 VR B AN 20 3 I 2% 1 36 5 A ) =
2B A PR A w47 =l & DU P MiSeq PE300
(Illumina Inc,San Diego,CA,USA).
L3 s ot

4 Nlumina MiSeq Ml J7 15 2] /9 T HLEHE ( Raw
Data) 4 4b B J5 75 31| Tags ¥ 51, 5 8098 %2 ( Gold
database ) FEAT LUXT, Kk SRR 51, FFFe X 2 b
P T B 190 AT AR R Tfective
Tags) . & H QHME ( quantitative insights .int,gffﬁ'icr(_)bial
ecology ) HEAT HE 240 M7, R4 Y 51 B ALLLE
FEE 503 K g/l\ OTU (loperational taxqﬂgmﬂj;d'{ -u;lﬂj_t) !
H TARFIRAS OTUS BRI A4 (5.8 ) R B RDP
classifier Dl ”j‘/ﬂﬁ% TN 97 %o A LK S HY OTU{JC%%
RS AT T e 45 2K P it 4
RGO REE AL - 4
L4 (Ca T y

HER PRI g H3ERE S, A 20 wL NBRAN 1
mL 50% VBV, BIF IS | R AR . B0 B B
W, 0,22 pm YA HUAH BT L D8 R i 8, - 80°C
TORAE, TR 22 o B, AR R AR5 A o AR
Agilent 7890B Infinity S #H 4 i 1% {# BX Agilent
5977A AT FH A HE AT DU SE , I E A% 2 ROk
(16 ]. & H F W 43 43 7 ( principal component
analysis, PCA) R LI B A3 4 i A5 1 SR A LU
2 AR it ) B S SR P BOXS 1) T 52 i e /s — 5
5 T ( otthogonal partial least squares-discriminant
analysis, OPLS-DA ) > 2 & 2H A] 1) [X. 73 2 B I i it
RS, i VIP fH > 1, P <0.05 MR 1k
2 18] b A B 22 S A Y. R B %2 METLIN
( https;//metlin scripps. edu/) 1 HMDB ( http://
www. hmdb. ca/) #4722 AR E.
L5 Hdlasbpt

T IFEIRA I SBORN B S L R R A
SRR 73 A TE SPSS 17.0 TR AT, 4[] 22 S M AG: 46
SR ¢ A0 8L PR 2R 07 22 934

2 HBREHMW

2.1 HEMRAESE S E
221 TR E i T R 75 G - SRR ) R A
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R TR A 25 R R W] L3RS pH E A
T 8.02 ~ 8.16 2 [a]. A [F] £ & TN, NH, -N i
NO; -NA T 225 (HA R E 5 E K. 705 A f9 TP,
AP H1 SOC ¥ F47 45 B Al €. % 3 Cd, Cu,
Ni, Pb Fll Zn iX 5 P4 J& S T TIE, o &
i Cd, (T-Cd) ]4+F 27.35 ~53.06 mg-kg ™', o[ &
# Cu, (T-Cu) ]/~ T 43.18 ~86.21 mg-kg ™', o[ M
2 Ni, (T-Ni) ]/~ F 59.01 ~93.79 mg-kg ™', w[ &
i Pb, (T-Pb) ] 4 F 258.38 ~ 394.17 mg-kg ™',

ol S5 Zn,(T-Zn) ] F 72.78 ~115.23 mg-kg ™",
LB EENBERE AT A & TS B &AL
C. S MR - P50 Ak FH b 4 3975 e XU A s b
HECIRFT)) (GB 15618-2018) FUHLAE, Cd. Cu, Ni,
Pb il Zn (4RSS 5 16 {53 5124 0. 8, 100, 190, 170
1300 mg-kg~'. Cd F1 Pb # i AH R AE, 43 B bR
34 ~66 f5H11.5 ~2.32 %, R FZ N Cd F1 Pb 75
o X+ DTPA $EBUS UK A E L8 4T T I
SELEERINE 1 R,

®1 TEIEZBYMERNESEIE)

Table 1  Main chemical characteristics and heavy metal contents of soil samples
B T P A P B fii C
pH {8 8.16 0. 14ab 8.25+0.1b 8.02 +0.24a
(TN)/ g-kg™! 1.64 +0.45 1.16 +0.45 1.67 +0.84
w(NH] -N)/ mg-kg ™" 1.80 +0.32 1.74 £0.31 1.79 £0.35
@(NO;j -N)/ mg-kg™! 10.35 +0.36 12.56 +0.48 11.67 £0.43 ="
o(TP)/ mg-kg ™" 317.14 +36.11b 211.82 +42.64 258. 86 £60. 27ab
©(AP)/ mg-kg ! 19.5226.08b 6.88 +4.16a 1017240857 L
w(TK)/ g-kg™' 2.71 £0.59% 1.59 £0°321 3.17 £0.58a
w(S0C)/ g-kg™! 924,35 £2.31b 14“.'48..,1 2.430 ) 22.05 ;_}-2%89..-"' i
(T-Cd)/ mg-kg ™! ~ 53.06 +9.66a 30.05,£7.33b| 27.35+5.88b . »
o(T-Cu)/ mg-kg™' % 74.35.+15.54p 43.18 £15.06a 86.21 £38e115~ 1
o(T-Ni)/mg-kg ™' . 2,3‘f79_:12.26b 163728 £11,204 W 59.01 £22. 1724
w(“:F'_'Pb)./mg-k.g.._;r . /8 .“;"/,A"S'gft__é"ﬁ +47.46b 213..9‘7 £46. 894 258.38 £85.77a ‘.
o(T:Zn)/mg-Kgtt | W _AT15773 £03.84b 72.78 +8. 6a 74.91 +43:853
o[ DTPA 4212 Cd( DTPA-C) ] /mg kg " 309 £1.55h ; "1.}@ £0.454 %) 2.91 +0:93h
o[ DTPA I Cu(DFPA-Cu) ] /mg-kg ™! I BN ¥ AR 5.76 +1.86a 2.68+0.91b"
@[ DTPA$REUZS Ni( PBPA-Ni) ]/mg-kg ™! ! S 4131 +]1.64 166 £0. 69 1.79 +0.48
;)[BTPA JEHUZS Ph(DTPA-Pb) |/mg-kg ™' | 14. 1_;.-3". 95 9.37 +3.19a 12.59 +2.97ab
o DTPA 4247 (DTPALZn) /mg-kg ™' A 53a8 3 4.58 +2.04 6.69 +2
o[ KA Cd(W-Cd))/mg kg ™! “0.15 £0.03ab 0.12 +0.04a 0.17 £0.01b
o KRS Cu(W-Cu) ]/mg kg ™! 1.44 +0.36h 0.71 +0.28a 1.09 +0.26b
o[ KA Ni(W-Ni) ]/mg-kg ™! 0.16 +0.05a 0.98 +1.07b 0.34 +0.02ab
o[ /KIEEZS Ph(W-Pb) ]/mg-kg ™ 0.66 +0.17a 0.84 +0.47a 1.23 +0.09b
W[ KIEZS Zn(W-Zn) ] /mg-kg ™! 0.22 +0. 14b 0.10 +0.03a 0.11 £0.01a

1) B P8+ bRz, I/l —A7 A RVNG FRER SR BEAE P <0. 05 KPR R34

2.2 YIRS

el A R R LA AL B C R
i AN BA H1 40 AT 946 4@ B 40 B AL, 17K F
. ZFF R '] ( Proteobacteria, 5 . 18.72% ~
23.72%, FIA]) | BCEL R [T ( Actinobacteria, 21.46%
~26.80% ). %72 B '] ( Chloroflexi, 15.03% ~
22.78%) . & FF B '] ( Acidobacteria, 9.20% ~
12.60% ) #11 J& BE % ] ( Firmicutes, 6.76% ~
10.20% ) ARG T]; I8 K b ZF AT s
(Bacillus) . ¥ H & (Arthrobacter) . iR K H &
( Nocardioides ) . # 2 I5 ¥. }d 7 J& ( Sphingomonas ) |
T W ICH B ( Gaiella) ML AT 5 J& ( Rubrobacter ) 55
15 L@ b &7 51 1Y 19. 43% ~ 22. 04% ( K
1). EREBEE TR 15 AT TR 343 DN E 4R,
Horp, 9 4% B ] ( Olpidiomycota ) . ¥ % B []

( Ascomycota ) FIHEFE ] ( Mortierellomycota ) (i 4=
FEF Y 91.28% ~ 95.72% . J@& /K F . il 4% i )&
( Olpidium ) | INANEEER T R ( Plectosphaerella ) |
Gibellulopsis J& . B¢ )& ( Chaetomium) | kA5 &
( Cephaliophora) . Lophotrichus J& Fl Paramyrothecium
JEAE 19 AR 5 TP 51.45% ~70. 42%
(K2).

RS2 5 5 B PCR X 4 38 41 1 A AL
JEBEATIE , (768 AL B A C b HEARTE 4= B 705
1.28 x10°, 5.73 x 10° F14. 07 x 10* #5 1 %-o ™" (LU
I, R H R AR50 3. 03 x 107 1. 45 x
10° F12. 18 x 10° #5 UL ¢ ™" I BT A B
THLA B I C .

N T AN [a) SRA: s TR AR 7 4 1 110 22 S, R
FAFAEAR I (PCoA ) BEAT 734, 45 2R AN 1K 3 7.
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C '
i—N— ,
7 BB Clostridium sensu stricto | 02 r :
S Intrasporangium
Marmoricola o1 | '
20 EEEER Streptomyces ' * '
[ Blastococcus '
= B3 Rubrobacter S
iﬂ 15 F BB Nitrospira 3 h
-y S MNDI = A !
il Nocardioides =01 i
3 10 EEEE} Craiella =,
E e [N Micromonospora 3 ~02
B3 Sphingomonas -
BEE Arthrobacter
5 == RB4l =03
acillus ® fi%A
: -0.4 A fiLp5B A
fisA  fmB fLgC & figic !
_0‘5 1
E1 BAELAEENEESS P U S S S S S
Fie. 1 Relati bund f -06 <05 -04 =03 =02 -0.1 0 01 02 03 04 05
ig. elative abundance of sequences PC1(44.00%)
at the genus level of bacterial communities . .
B4 TRFEREHEEEZARK PCoA 1
100 others Fig. 4 PCoA results of fungal community diversity
Bz Solicoccozyma
BEEE Cladosporium -
[ Pseudenrotium ﬁ%ﬂ(qz‘( P <0.01 ) o 3
E= Aspergillus P
60 | “’

BB Cephaliophora
Emericellopsis
Chaetomium

e
@ 50 EEE Humicola

# 40 D Paramyrathecium
boy E= Lophotrichus

= BB Fusarium

Kernia
E Coprinellus
BEER Neocosmospora

20 mm Gibberela &
10 A B Gibelilopis
/////- Plectosphaerella
0 LE 4 4 Olpidium
‘ kLA AERIB fir i€ .
4, |m2 J%7J<—'FJ:ET§T$EXT$F%$ I v
H - I‘l-'.. Fig. 2 -'R.‘elatlve abundan(‘e of ﬁequenqes . 4
i i a2 b A
4 I at t > genus Lacel of fungal (’ommumhe% .r".,A _-f"_"_u_.--"
%%ﬁ%%P%Aﬁﬁ*ﬂ e N
BB TR T RIS C AT TR 3). 5=

AL, D28 AL B Fl C Y E RIS 8 PCoA AHH .73
TE o T2 BRE L AR ERA B (R 4) . R
AR 3 M (analysis of similarities, ANOSIM ) L) f&
Adonis Z3 B X5 BCHE 4T 4 18] 2% 5 50 By, 45 SR 2R B A
AL B DGR 2 TR M R AR v 2 [R] 22 St 420 8 B A

0.20
® {Is5A
0.15 . A fifxiB
S Se— ¢ fiufic
0.10 E
0.05

o
T
:
:
:
:
R
:
:
-
j
.
.

PC2(14.79%)

=005 ¢
-0.10 }
[ ]
=015 ¢ .
-0.20 | '
L L 1 L L L
-0.25 -0.15 =005 0 005 0.15 0.25 0.35

PC1(35.94%)

B3 FERERAE R RARE PCoA 5317

Fig. 3 PCoA results of bacterial community diversity

GG | S TR A

SR | ) |
FIH Canoqﬂ-4 5 §Aﬁ:ﬁ'éﬂilﬂﬁ$g 'ﬁﬂ .%
11T RDA/ 537 RDAl,éﬂ)ﬁ%‘c@J i ﬁuﬁﬁ 35
%*%T,ule&ﬂtéﬁxss 19% F1 10. 29%, W\ﬁﬁ%%ﬁ’
45. 48% (Ej 5)‘ RDA éﬂﬁ &k TK;éR
0.6932, Pw; 0001) BCu (R = 0.7509/ P_=
0.021) . DTPA Cu(R = 0 9997, P =0. 0017%HWP4;”
(R =0. 9465 P =0. 00‘6) 5451 HEF Eﬂaiﬁ{gm
x, pH{E(R_ 20.8773 ,P=0.023) 545 1 HEFE 4
T 5 R 40 T A 4L Y
FEMNE(ES). 380 17 B R S S PE /3 Ak 2k i
S50 I 240 DA 7 A R I TR 5 A TR B I 30
B S PR S, 45 SR 2 B DTPA-Cu A1 TK 5 40 1 A1
KME T 45 R MR, 5 R R R
(Intrasporangium) | norank JG30-KF-CM45 F1 norank
AKYGI722 ¥ W % IE M K, 5 Gaiella,
norank MB-A2- 108, MNDI #i

2.3

norank

Gemmatimonadaceae .

40

35 | @ BLATA

30 | A fLAB hd

25 | # fEmiC .

20+ TK
15

DTPA-Cu
W-Pb

RDA2 (10.29%)
L

-10 +

sl pH N : + ¢
=20 + A

-25 :

_30 -

1 L L L Il L L L L L
=25 =20 -15 -10 -5 0 5 10 15 20 25
RDAI (35.19%)

B 5 HMEEESHEREFH RDA 247

Fig. 5 RDA analysis of bacterial communities

L
30 35

and physicochemical characteristics of soil



8 Ve A A% - T ey 0 00 R 2L 2 i A < i 15 SRR A T ol 2B 9 2L B S BE Y 52 ) 4337

WAIE AT R ( Microvirga ) Yol A& (P <
0.05). DTPA-Pb Y5 5% % W J& ( Streptomyces ) |
Solirubrobacter 1 norank Microtrichales ﬁ%ﬁ*ﬁﬂé,
5 norank TKI0 1.3 1FAH 5. T-Cu 5 /N P70 1 &
( Micromonospora ) i 35 1E #H 3¢, 5 41 (8 FF W &
( Rubrobacter) 1 norank MB-A2-108 o EM A,
HEREE GBI T CCA S BT il 6 iR,
HiI P A~ Bl 23 ) i R T R MR AR A B9 19. 619 AN
11.33%, ML R T 30.94% . CCA 43 H7 45 S = W]
AP (R = -0.8982, P =0.005), T-Cd (R =
-0.9797,P =0.001), T-Ni(R = -0.9941,P =
0.003) ., T-Pb(R= -0.9935,P =0.003) #1 T-Zn(R
= -0.9634,P =0.002) 555 1 HF /¥l & MG,
DTPA-Cu(R = 0.860, P = 0.001) #1 W-Pb (R =
0.9999,P =0.021) 555 1 HE/F4 & IEAHC, ixX 4k
PR DR -2 S i) L T RV 2 E R (8T 6).
SE LT B 2 R AR ST I B BRI PR 5 o
30 #EAYRA R, 45 H& W] DTPA-Cu F1 W-Ph 5
FOMFR B TRI T X LR ¥4 1 0 1 I 1 35 x
*E%?E ( Cephaliop';qu) BRI ( Chaetomubm) —
J Albifimbria | J‘i /j@ !E
( Cladospormm-) *ﬂ@%@ﬁ ( Corynespora) 'ﬁ T-Cd', =
Ph , T-Zn A T-Ni b3 5015 0 5 DTPASGH 2
%"Eﬂ‘ﬁﬂé &R (Glbberella) %ﬂﬁ%*ﬁf@}%

Paramyrpthecw’m i

(Altemarla) 'ﬁ,}é 7 Cd . Pb, Zn  Ni ﬁ%ﬁ*ﬂ‘i’éﬁ-@ﬂ =

5 DTPA L804S Cu, W-Pb 535 TEAH . SRR R
(F usaridm) . Solicoccozyma , Lophotrichus F1{H4% 14 J&
5 T-Cd, T-Pb, T-Zn I T-Ni &3 iEAH Y[R B 5
DTPA-Cu 3 HAHK.
2.4 {45

FR PG AR ) VIP {8 57 2 W 7E s ik

2.0
1.5
1.0 F
05 [ T-
@ 05 F
= tA
= -0t '
< '
g -1st ' 2
! A
-2.0 - '
25 @ fLRA
A B !
BOF ¢ fkC P A
-35 | :
20 -15 -10 -05 0 05 10 15 20

CCAl (19.61%)

E6 HEMESHEETH CCANH
Fig. 6 CCA analysis of fungal communities

and physicochemical characteristics of soil

A 3 B AN [ AR i ) 2L ST L2 S R i [ ) 2 5
WIS, PCA 12 U5 22 70 fift | ¥ 20 20 B0 1) 2% S S ik
TE —HEAR R IR L, A brdh S RE A5 i R AR BE S 5 22
PSR AE(EL. S FH B 1 A B 2 ALY PCA 15
SrantE 7 FE 8 B, e AR 1] 23 28 B s LU 5 b
AR A A T B AR B A T RS

15 C oA T2, FEAS 2 Z 8] A 7= B
E5.
100
® fipiA
80 1 A fir4B
+ fipicC

60

PC2 (17.10%)

'
L | I I L ! Il L 1 1 I L

=120 -100 -80 -60 -40 -20 O 20 40 60 80 100
PC1(2SSD%

a7 ,:tL%BEI;ﬁ%Ph%T% PCA 43477

Fig. 7 PCA score -&‘hart of soil cation metabolites..—

o

120
100 | @ LA

A LB
801 o filc

PC2 (21.70%)

—8:0 —GIO —2;0 —2IO 0 ZIO alll} (;0
PCI (23.30%)
B8 TEABEFRIEY PCA 57

Fig. 8 PCA score chart of soil anion metabolites

FENL AL AL B A C AR iy o SR AG I 217 615
FAC Y, i VIP > 1 F1 TS5 P <0. 05 1Y
TR g 22 S AR . 45 3R I A A S0 i
B A 245 Fh 22 AW, £ N 2-Methyl-5-( 1-
propenyl ) pyrazine, 7-Methoxyflavone FI (S)- 2-
Aceto-2-hydroxybutanoic acid 4. Vi s, A 50 4, B
FHEE , AR ™y L B A 102 B, 8 98 19 A 143
Fi A A SR C A 285 Bl AR, £ N
Cinncassiol D1 glucoside , Armillane . Ganoderiol I 1
Hydroxyhomodestruxin B 55, i s A 5475 C ML,
R0 LA 104 B, T IREA 181 Fh. {7k



4338 w 1%

B 43 %

B 5081 C A 242 P2z AR , 2 R 2-Methyl-
5-(1-propenyl) pyrazine ., Heliocide H3 Fl 8 -Hydroxy-
2-methoxy-6-methyl- 1, 4-naphthoquinone 5%, 1\ 55 B
AL CHE A=Y B A A 104 B, T Y
4 138 Fi.

i AR TR X 2 2 AR Y 2 5 U
A% 15 ( amino acid metabolism ) . A& 5 A8 i ( lipid
metabolism) . #ZFR {18 ( nucleotide metabolism) | ¥X
LA = P14 06 . ( biosynthesis of other secondary
metabolites ) 1 fk 2% 45 # % 1k ( chemical structure
transformation maps ) ZECHT T2, I L R 48 (digestive
system) | fH1£5 2R 4 (nervous system ) Fll N3 R 47
(endocrine system ) %5 4= W) K & 4t ( organismal

(LA AL B

systems) I A2 | {55 4% 5 (signal transduction ) Z5 3 55
{5 B AL # (environmental information processing ) , &l
PRI AL 15 BN I ( genetic information processing )
AR LA SR B 2% S i AHE B 27
A AL A S0 C R 22 S I AREHE B 26 1,
i B 500m8 C W35 22 S i ARiE 26 o 13 4~ (A
9). Horp g B RN R B G W ED S L
( biosynthesis of phenylpropanoids) , H#IEE Y&
A% ( biosynthesis of plant hormones ) . & BE X i
(pyrimidine metabolism ) . B[ 4 $i7 ¥ [ f# ( atrazine
degradation ) F14: YK R 45 ( organismal Systems) A
%IJ&L[&( mineral absorption) 14 AMCEHEIRAE 2 4
PLEREsh s 225 (E19).

{ir A R C {iE B A A C

Hams. 22 st Fn oy EmeRis

G 5§24 Y 2

B AR AL

HAb

AN AR

R

HlEmis

o il

FEARES R mE e A i A £ B
T AR A A 0 1

45 [ Y fie

He F R R R A B A
g3

Pl el e

FUP I A S &

ERERNA 445 1

EN BRI G ED A

el

HH A 6 ok
4R 5 Bl A AR AR

AP EE B R
A AL i

D- 7+ B FD- 2 AR fRIM
ER FERR SRR A
e

ANSERE T 47
B = R

SRR A A A

FoxOff 451 i

AL EIERE ISR

0 A A B A

ERL A

@

L 1

@ P

@ @ 0.05

-0.04

@ -0.03
0.02

-0.01

0 02 04 06

WA T

L 1 1 1
0 02 04 06
WHRAT

1 L 1 1
0 02 04 06
WARET

9 ARMIREREERRGFERSIT

Fig. 9 Significantly differential metabolic pathways identified between samples

3 itig

PRSI B (155 ) + /08U, AR R
TR WX BRI B A SRR BE A TR A 2 R 7
Gen] e S fol A 1y ) o 26 2 BRI = 38 2 A A kA
k. ZRIARZHTIE E R W 0 4 Ja ¥ e oo 2%
DAL - SRR TR R 7 45 R 2R, < i TS A 4 A
SO ARG I, iR B G R 15 Qe PREE P A I S A
BET O TRIOR & K 43 SR i Y L e AN A RY
v 2H BB H A DR 2R SR P el 0 e 1) O 3k 3

AR REVE L, R BRI RE AT R ) | TR T
VSRR PR T], 2 AT R R | 5 FF R
TR R R S e (18 1) | X Se L S it
o) ZAFAET Li 5| Luo 451 A1 Ren 452 A5
(A Jm Vo Y R D RIS KB B 4 Jm iha
B o HEETGYLIEE S ES BN, K
PR AT T8 2 | AT R R L e B
HEP | BERER M ]ntrasporangium[zs] P e
EHA AW E | e A AT SR BE T, e i L
4 I REIE SR S R, 4 v B R ARTE D)



8 Ve A A% - T ey 0 00 R 2L 2 i A < i 15 SRR A T ol 2B 9 2L B S BE Y 52 ) 4339

XESRRBZNME M, BREH S EERIT Y
AP S A R TR AT R Gl A X 5 AL B
H1C AN B TR Z2 AR P48 BOR 32 A8 45 20 BT ( PCoA)
ATRLR IR A s Z A A B v 22 e i . R b 4
J& B A W AN IR F B FEAR R T
B T4 @I RS2 R ] DTPA Fiuk
YERRBER T T LIEESEABOES S &, R
RDA #— 2 st B s M &R, KB T-Cu 5
DTPA-Cu X 4 PRV 2H B2 — B0, 8 i 255 M 240
FREIE L. R DTPA-Cu F1 W-Ph X 41 14 £ 7% 41
L R AR L, R BEA RDA 2 B e &7k T 1)
— A AR/ S) . X5 Sullivan 4 B 5E %
RS T 4R (Zn Fl Cu) S 52 W21 29 M PE 58 B
I UL 05 8 A o A 4 R A s 2 ) T R R A — B
[ A, 5 AR E 2oL, B3 K F- (TK Fil pH {H) B
JERZ T £ 4 B 5 Y - AN B VR 1Y B 2
%[30]. i
TR 9 LS, O T A 1
TR TR A ], AL I s . RN R

BEE L, 2 iy a4 5 Bt B4R (T-Cd | T-
Ni, T-Pb il T-Zn) # ).

FI AR A 27 R AR B G AE 0t 4 T Jilp 6 i
et AP AR 09 28 ARG DL, A S AR K- i 42
- T P A A e 7 o4 i A AL 5T L B 2
BN REFEH I FEED . Tian 21 K A4
S0 T ARG Y N SRR PR A Y, &
it FH A AR RE R B SR/ S AR K M 3
/N AELRE I 35 38 DA RO | R 7 R RN A /N J3
A HLRRAEACH =4, 8B e 1.3 ~66.9 f5. 5
Z AL, AT L AR 2 o M R B SRR 2
AR = A B d 2 5, o) i AR ™ g 1 4
SRR BRI SR, MUY ES R
JoM3E T S A oy A AEE 2, IR 2 R
A BT 48 Xﬁ%‘(i%E‘J%‘ﬁ.g%ﬁiﬁfi@é
A G T AR AR A G
PR A1t woRS 22 A il 2 182 1 X 1t (arginine @Yild p;oline
metabolism ) 141 %4 iz 1 Qi ( histidine metak:qﬁsr;;) 1
02 4 2 ) 255 350 S P 2 R A i e 2

FEIRAN Gibellulopsis J8 50 I H Al I 2 R 35 T e
PR AL R W S R B A T
HW ¥ ﬂ.,';'ﬁ\: EF‘ i # gL 5!{. E}Mi‘

S 7 5 T ) N R G I if B i
57 Pearee/ 50 HOBF R, LR MR AR HERE
W Saccharomyges \cerevisiae Z%f# Cu ., Co 1 Ni 1 Eg-}
Neocasmospord ™ Ml Mortierella ™ RERAH A B0 - ik, T4 RYS UMM SRl 12 10 1 0 VB 4 2k
YTLBR 2 (R b T 5 00 75 e H S PURE )RR 2 |\ e £ e AR R M S, DA T 5 I i 4
R 4 A A1) 2 B 1 S 0 o Gt b SR S B 50055 AR o 55 P

(A, JOLETAD) L 2Oy (S0 ) X0 T 4 TR
JECH ARSI R RV A 2 ) BT B A 2 S
e TN T R RN A T R R R RE R
B R B MY 35 25 5 | [R) I EL T 1E PCoA 43 #r &l
N7 A A A . A B DR A B R 22 R S
SR e RA T I | e w = - EN Ll A P NS
AR 5. Babin %G A [RIBEAE 7 2 i I o S
AR AE PR it ) A SR AR B B R 25 S R, AU
AL BB A7 TR 8 5 LA T 81. 5% ~ 97. 0%, # di 3
T B 0. 90% ~ 25. 2% , & WM a5 7 )8 2 Ak 2
HR gl A8 PR B 2L 48 b, A7 B 5 AR A
KA RIS AP W3 IEAE, M A H 5
R AT BB 5 2R AV A 2 W v A RS A
X%, [FII B E 4 JE (T-Cd . T-Ni, T-Pb 1 T-Zn) 5
T R B RO A S E 4 & DTPA-Cu il
W-Pb 551t 04 @ 535 67 AH O | e WA 1 s 32 2] E
& BT AR 0 25 5 . TR R VR 2L N 4 i 1Y) g
N5 AN TR A T 22 5, B 4| (T-Cd ., T-Ni, T-Pb
FT-Zn) RS B A EE N R, X 5 Lin 57 (1)
PRI S T 4 JE W A AR 2L A AL
AE 4B T DTPA-Cu Hl W-Ph 1 BE & 25 5% Wi B

)46 h ( steroid hormone biosynthesis ) | 7|N 5§ Fl #i
W) R (cutin, suberine and wax biosynthesis ) F1H
THBEIR LI ( glycerophospholipid metabolism ) 7E {3 55
Z 8255 3 WETE R AR M A= W) AR AR W)
Joipat 3t A v e 21 F BV . Kanwar 450 B9 AF 58 3%
WS AT R A — SR PR ™ ), e 22 il T 5
SE A AL B0 VE A A SRR Y
B IR R 53, PR I T % fie P 055 b 3 B0 1
B EA AR . Zhang % SR HIAERE m AR 412 43
Mr 7 R 2 ( Ganoderma lucidum) ANIF) Cd il 2444 F
AUARIE 1, e IR R 2 e s 4R HHm B IR AR 4, A
TR A% Cd W JBE 5 7. A B A ) R S IR AR,
B YRR R By A O 1 SR AR P 0 S S
OF7IN BT T P A AL 7/ /s 0 As e v L SRR |- L7
R YA YR A A& IAE A 2
) 4 3 2% 5. AU AT A BT (glucosinolate ) 1E 4 & %
S WIIR AR =4 ,E@E%( Thlaspi caerulescen’) g1
L FE IF (Arabidopsis thaliana ) 2% i 6 4 J& 5 2009 B
PR EERYS FEALS AR C PR RE.
AR AT BETE AR ) G2 i R T B ha A
PRI N PR AR .



4340 7O R - T 43 &
N SERFGEHEIR )], AHIVER, 2020, 42(6) ; 678-685.
4 Z5ig Yao X D, FuJH, Xu T,

(1) & MR A: P2 B 5% 3 R s
GJE SR E LW, o (T-Cd) AT 27.35 ~53.06
mg-kg ' il @ (T-Pb) /T 258. 38 ~394. 17 mg-kg ™',
O3 I AR SRR TE 34 ~ 66 151 1.5 ~2. 32 1%,

(2) {38 = ) e
JER] . T ] Fisk=
IR

AR R, SR KLY A R R
B TSR, 2 AT
TORT B A2 v T 8 2 3 Jm 4, L

BRI AR B ] ) AR R TSRO0 5T, il

A 1 JA
iV

INAEEBR ST B F Gibellulopsis J& S5 &

(3) M REIE S EE N T 74T T RDA /3 Hr 3%

AH, T-Cu.

DTPA-Cu 1 W-Pb i 35 52 Wi 40 B8 B V4 2

Y, B RS 5 PREE I T CCA 43 #r 0 T-Cd ., T-

Ni, T-Pb, T-Zn,

DTPA-Cu, W-Pb {25 i) EL 1A BF

AR, ™
(4) PRI 57 R 21 2 AR = B A

%%E&ﬁlﬁi Eabﬁﬁlﬁiffﬁiﬁbifn ?%4%%%\ 1“13-'
92%%#%%%?
Y IR =

S K B AR RN L ke s S AR BRI

FORCT ﬁ%ﬁﬂ#ﬂ DE’L
'ﬁ%fm/ j]l]I R & i Nl -

ﬁ%iﬁi L

Fau
“J

(2]

[4]

[6]

[7]

TRE, HR, XA, 5 &Eli?l}]j:ﬁtéié?%{gﬁé%{n ‘

153
159 ) | ; y b
" XuJ M, MengJ, Liu X M,

‘?*ﬂﬁipé%ﬁ"[] SRR BB T, 2008, 3(2);

et al. Control of heavy metal

pqﬁulion in farmland of China in terms of food security [ J].

Bulletin of Chinese Academy of Sciences, 2018, 33(2) . 153-
159.
Pacwa-Plociniczak M, Plociniczak T, Yu D, et al. Effect of

silene wvulgaris and heavy metal pollution on soil microbial
diversity in long-term contaminated soil[ J]. Water, Air, & Soil
Pollution, 2017, 229(1), doi; 10.1007/s11270-017-3655-3.

Chen Z J, Tian W, Li Y J,
their

et al. Responses of rhizosphere

bacterial communities, functions and their network
interactions to Cd stress under phytostabilization by Miscanthus
spp. [ J]. Environmental Pollution, 2021, 287, doi; 10. 1016/
j. envpol.2021. 117663.

Liu J, He X X, Lin X R, et al. Ecological effects of combined
pollution associated with e-waste recycling on the composition and
diversity of soil microbial communities [ J ]. Environmental
Science & Technology, 2015, 49(11) . 6438-6447.

Chen Y, Jiang Y M, Huang H Y,

concentration heavy-metal contamination strongly influences the

et al. Long-term and high-

microbiome and functional genes in Yellow River sediments[ J].

Science of the Total Environment, 2018, 637-638: 1400-1412.
EfE, BRBHBA, skfg, 5. AR R EE 4 15 Yo R+

HEHARETR AR )], L, 2018, 50(3) : 513-521.
Yan H, Ouyang M, Zhang X H, et al. Effects of different
gradients of heavy metal contamination on soil fungi community
structure in paddy soils[ J]. Soils, 2018, 50(3): 513-521.

WETPE, ATERLL, K, S5 WA RN T AR A

LY

(9]

[10]

[11]

[12]

[16]

[17]

[18]

et al. Metabolomics of microorganisms

in response to heavy metal stress[ J]. Biotic Resources, 2020,
42(6) ; 678-685.
Wang M, Zhao S W, Wang L F,

changes in microbial

et al. Salt stress-induced

community structures and metabolic
processes result in increased soil cadmium availability [ J ].
Science of the Total Environment, 2021, 782, doi: 10. 1016/]j.
scitotenv. 2021. 147125.

Jiang Y L, Ma J H, Ruan X L,
assessment of cumulative heavy metal exposure: a case study of a
village near a battery factory in Henan Province, China[J].

2020, 22(6):

et al. Compound health risk

Environmental Science ;
1408-1422.
Cheng C, Wang R, Sun L J,

arginine decarboxylase-producing endophytic Sphingomonas sp.

Processes & Impacts,

et al. Cadmium-resistant and
C40 decreases cadmium accumulation in host rice ( Oryza sativa
Cliangyou 513) [ J]. Chemosphere, 2021, 275, doi: 10.1016/
j. chemosphere. 2021. 130109.

FEI, oy, Dgk ?ﬁéﬁiiﬂ(ﬁrmﬁﬁ(ﬁﬁkﬂﬂﬁ
SIRIG YRGB, IR B R 3&’ &020 40
(2): 645-654.

Jiang Y L, Ruan X Ly Ma J H. Heavy mPta}’ po]_l tion and
classification imanagement of sewage irrigation {arml.pﬁd aroynd a
battery factory in Xinxiang, Henan Province[ J]. %cta‘,Smer}t-lae
Clrrumatantlaf-;‘ 2020 40(2) : 645-654. F =
E g 0, Rk AR
ﬁlﬁlm%lﬂﬁ%%ﬁﬁi&ﬁﬁﬁ U], FRBLRLY, 2019,
40(11)"; 5133-5141. =
Wang'T J4#Su N N, WeilP, et al. Community structure of heavy
metal immobilized bacteria in| the lettuce ( Lactuca satiba L )
rthizosphere in Soil polluted by heavy metals and its effects on
reducing heavy metal accumulation in lettuce[ J]. Environmental
Science, 2019, 40(11) ; 5133-5141.

BRIBIE, 2305, BRVE, S5, BT & T ER TS Y o RN R R v 2
BRI RO [J]. FRBERLSE, 2020, 41(6) : 2889-
2897.

Chen Z J, Li Y J, Shao Y,

composition in cadmium-contaminated soils in Xinxiang City and

et al. Bacterial community
its ability to reduce cadmium bioaccumulation in pak choi
( Brassica chinensis L. ) [J].
(6) : 2889-2897.

BB LA M].
Mkt 2000.

Chen Y, Tian W, Shao Y,

thizosphere microbial community structure and function as

Environmental Science, 2020, 41

(BE=R). deat: hERL 5

et al. Miscanthus cultivation shapes

assessed by Illumina MiSeq sequencing combined with PICRUSt
and FUNGUIId analyses[ J]. Archives of Microbiology, 2020,
202(5): 1157-1171.

Tian L Y, Shen J P, Sun G X, et al. Foliar application of SiO,
nanoparticles alters soil metabolite profiles and microbial
community composition in the pakchoi ( Brassica chinensis L. )
rhizosphere grown in contaminated mine soil[ J]. Environmental
Science & Technology, 2020, 54(20) . 13137-13146.

Zampieri B D B, Pinto A B, Schultz L,

distribution of heavy metal-resistant bacteria in polluted sediments

et al. Diversity and
of the Araga Bay, Sdo Sebastiio (SP), and the relationship
between heavy metals and organic matter concentrations [ J].
Microbial Ecology, 2016, 72(3) : 582-594.

LiX Q, Meng D L, Li J, et al.

communities and microbial interactions to long-term heavy metal

Response of soil microbial



8 1

Ve A A% - T ey 0 00 R 2L 2 i A < i 15 SRR A T ol 2B 9 2L B S BE Y 52 )

4341

[19]

[20]

[21]

261/

[27]

[28]

[29]

[32]

l..-lalu HL

L

contamination| J ]. Environmental Pollution, 2017, 231 908-
917.

Luo LY, Xie LL, Jin D C, et al. Bacterial community response
to cadmium contamination of agricultural paddy soil[ J]. Applied
Soil Ecology, 2019, 139 100-106.

Ren X M, Guo S J, Tian W,
( PGPB)

Cu uptake,

et al. Effects of plant growth-

promoting bacteria inoculation on the growth,

antioxidant activity, and bacterial community
structure of rape ( Brassica napus L. ) grown in Cu-contaminated
agricultural soil[ J]. Frontiers in Microbiology, 2019, 10, doi:
10.3389/fmich. 2019. 01455.

Colak F, Atar N, Yazictoglu D, et al. Biosorption of lead from
aqueous solutions by Bacillus strains possessing heavy-metal
resistance| J |. Chemical Engineering Journal, 2011, 173(2)
422-428.

Pagnanelli F, Petrangeli Papini M, Trifoni M, et al. Biosorption
of metal ions on Arthrobacter sp. : 7 biomass characterization and
biosorption modeling[ J]. Environmental Science & Technology,
2000, 34(13): 2773-2778.

Pokethitiyook P, Kruatrachue M,
Cadmium biosorption by Sphingomonas paucimobilis biomass[ J].
Bioresource Technology, 2002, 85(1); 103-105.

Ali A, Guo D, Mahar A, et al. Role of Streptomyces “pg.ditm in
phytoremediation of trace elements by Brassica juncea in mine
polluted soils [ J].
2017, 144 387,895,

Huahg J, Zhang S 7., et al. Chromate mferacll.b‘n \{m"n

Tangaromsuk J, et al.

Ecotoxicology and “Environmer‘fla:l Safety,

the, chm.mdte 'reduung actinobacteriup "Intr pomﬂ"-‘ ium

chromanred'yt‘:em QS 1[J]. CPomlcrobfﬁlognyournal 2015 32

| (7). 6165623, | iy

Bhattacharyya P, Trlpalhy S, Chakrabarti K, 'et al Fld@'llonatlon

and (bioavailability of metals and their impacts én mlcmhlal

pr-(,l';erlies iriII sewage irrigated soil [J]. “Chemlos.phere H200§_,-Ji';;_,ﬂ

/ (4)45435550. i —

Pan. X M, Zhang'S R, Zhong Q M, et al. Effects of soil thmlcal
properlles and fractions of Pb, Cd, and Zn on bacterial and
fungal communities [ J ]. Science of the Total Environment,
2020, 715, doi: 10.1016/]. scitotenv. 2020. 136904.

FELLAR, UM, JRIH, 55, SR RN 4 S R A S AL
YRR AR SE [ )], P EFREERLE, 2016, 36 (1) :
197-205.

Cui H B, Fan'Y C, Zhou J, et al. Availability of soil Cu and Cd
and microbial community structure as affected by applications of
amendments[ J]. China Environmental Science, 2016, 36 (1) :
197-205.

Sullivan T S, McBride M B, Thies J E. Soil bacterial and
archaeal community composition reflects high spatial heterogeneity
of pH, bioavailable Zn, and Cu in a metalliferous peat soil[ J].
Soil Biology and Biochemistry, 2013, 66 102-109.

Guo H H, Nasir M, Lv J L, et al. Understanding the variation of
microbial community in heavy metals contaminated soil using high
throughput sequencing [ J ]. Ecotoxicology and Environmental
Safety, 2017, 144 ; 300-306.

Da Silva Janior F M R, Volcdo L M, Hoscha L C, et al. Growth
of the fungus Chaetomium aureum in the presence of lead:
implications in bioremediation [ J ]. Earth
Sciences, 2018, 77(7) : doi; 10.1007/s12665-018-7447 -x.
Dixit R, Wasiullah, Malaviya D, et al.

metals from soil and aquatic environment;

Environmental

Bioremediation of heavy
an overview of

principles and criteria of fundamental processes [ J ].

[34]

[37]

[38]

[39]

[40]

[41]

[42]

[44]

[45]

[46]

[47]

[48]

Sustainability, 2015, 7(2) ; 2189-2212.
Cui Z J, Zhang X, Yang H H,

metal pollution utilizing composite microbial agent of Mucor

et al. Bioremediation of heavy
circinelloides, Actinomucor sp. and Mortierella sp. [ J]. Journal
of Environmental Chemical Engineering, 2017, 5(4). 3616-
3621.

Tang ] Y, Zhang J C, Ren L H,

contamination using microbiological indices:

et al. Diagnosis of soil
a review on heavy
metal pollution [ J]. Journal of Environmental Management,
2019, 242 121-130.

Babin D, Sommermann L, Chowdhury S P, et al. Distinct
rthizomicrobiota assemblages and plant performance in lettuce
grown in soils with different agricultural management histories
[J]. FEMS Microbiology Ecology, 2021, 97 (4), doi: 10.
1093/ femsec/fiab027.

LnY B, YeYM, Hu Y M,

community structure under different heavy metal contamination

et al. The variation in microbial
levels in paddy soils [ J]. Ecotoxicology and Environmental
Safety, 2019, 180 . 557-564.
Bundy J G, Davey M P,
metabolomies: a critical review and future pers;pe{ti‘ves[.]]
Metabolomics,, 2009 5(1); 3-21. Sl o

Garcia- Sevﬂla.na M A, Garcia-Barrera T, Goméz Ariza=y] L,

Viant M R ,E'n"\./-ironmental

Environmental metaboloml'l:s : Biological marker§ fo”pﬂetal toxicity
[J]. Electrophoresis 2015, '36(18) ; 2348-2365. " .:;;f*“
Xie M/D, Chen' W Qg Lail X Cy

et al. Metaboli¢ responses and
their [

ct'JrTelatlons with sphytochelatins ~ in Amaranthus .

hypochondrmcus undeg) Ladr';uum stress [ J ] .. Env1ronmefftal .
Pollutioh 2019, 252 1791-1800. [ &
Pear¢e D A, Sherman ! Toxicity of Copper, Cobalty, and Nickel
salts | is ", dependent on ' histidine metabolism in the“"'d;feast
Saccharomyces E-erevuisiae[ J]. Journal of Bacteriology, 1999, 181
(16) : 4774-4779. g

Prabhakaran P, Ashraf M A, Aqma W S. Microbial stress
response o heavy melals in the environment[ J]. RSC Advances,
2016, 6(111) : 109862-109877.
Kanwar M K, Bhardwaj R, Arora P,

hormones produced under Ni stress are involved in the regulation

et al. Plant steroid
of metal uptake and oxidative stress in Brassica juncea L. []].
Chemosphere, 2012, 86(1) ;. 41-49.

Okazaki Y, Saito K. Roles of lipids as signaling molecules and
mitigators during stress response in plants [ J ]. The Plant
Journal, 2014, 79(4) : 584-596.

Zhang B, Zhou J, Li Q, et al. Manganese affects the growth and
metabolism of Ganoderma lucidum based on LC-MS analysis[ J].
Peer], 2019, 7, doi: 10.7717/peerj. 6846.

Bali S, Jamwal V L, Kohli S K, et al. Jasmonic acid application
triggers detoxification of lead (Pb) toxicity in tomato through the
modifications of secondary metabolites and gene expression[ J].
Chemosphere, 2019, 235. 734-748 ;

Ghort N H, Ghori T, Hayat M Q, et al. Heavy metal stress and
responses in plants [ J]. International Journal of Environmental
Science and Technology, 2019, 16(3) : 1807-1828.

Sun X M, Zhang J X, Zhang H J, et al. Glucosinolate profiles of
Arabidopsis thaliana in response to cadmium exposure [ J ].
Water, Air, and Soil Pollution, 2009, 200(1), doi; 10. 1007/
s11270-008-9897-3.

Tolra R P, Poschenrieder C, Alonso R, et al.
hyperaccumulation on glucosinolates in Thlaspi caerulescens[ ] ].

New Phytologist, 2001, 151(3) : 621-626.

Influence of zinc



HUANJING KEXUE Vol.43  No.8

Environmental Science (monthly) Aug. 15, 2022

CONTENTS

Characteristics of PM, s Pollution in Beijing During the Historical Period of the 2022 Olympic Winter Games ++++sessesesresreeresneenneeee LIU Yue-chen, MAN Rui-qi, QIU Yan-ting, et al.
Observation Analyses of Aerosol Size Distribution Properties from February to March, 2019 in Tianjin Urban Area +:esereereeeseserenesieniennens HAO Jian, CAI Zi-ying, LIU Jing-le, et al.
Analysis of Typical Weather Circulation Patterns of Heavy PM, 5 Pollution and the Transport Pattern in the Yangtze River Middle Basin = eeeeoereseeresssnnsennisiiniiniine
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" WANG Ying, ZHI Xie-fei, BAI Yong-qing, et al.
Characteristics of Heavy Metals and Other Elements in Atmospheric Dry and Wet Deposition and Health Risk Assessment of a Typical Industrial and Mining City in Central Yunnan «+++++-+
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" FAN Chen-zi, LIU Yong-hing, YUAN Ji-hai, et al.
Characteristics and Reactivity of VOCs in a Typical Industrial City in Summer «+eeoeseeeeeresensnssnii e QIN Tao, LI Li-ming, WANG Xin-wu, et al.

Chemical Reaction Activity and Source Apportionment of Atmospheric VOCs in Summer in Dalian ZHU Ke-xin, LIU Li-zhong, LIU Huan-wu, et al.
One-year Simulation of Air Pollution in Central China, Characteristics, Distribution, Inner Region Cross-transmission, and Pathway Research in 18 Cities «+reseereereeeeememensenenenennenes

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" LIU Guang-jin, SU Fang-cheng, XU Qi-xiang, et al.
Characteristics of Ozone Pollution, Meteorological Impact, and Evaluation of Forecasting Results Based on a Neural Network Model in Beijing-Tianjin-Hebei Region +:«+sessesseeeneeesueneenees

"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" ZHU Yuan-yuan, LIU Bing, GUI Hai-lin, et al.
Temporal and Spatial Variations in Black Carbon Aerosol in Different Atmospheric Background Stations in China from 2006 to 2020 -+ WANG Hong-lei, YAN Xue, SHEN Li-juan, et al.
Pollution Characteristics and Emission Factors of PCDD/Fs from Iron and Steel Industry +«essesveseesesesesssssenensnneinnnes YANG Yan-yan, XIE Dan-ping, FU Jian-ping, et al.
Community Composition and Assessment of the Aquatic Ecosystem of Periphytic Algae in the Yangize River Basin - ++ HU Yu-xin, CAO Liang, QU Ren-chao, et al.
Evaluation and Source Analysis of Heavy Metal Pollution in Sediments of the Yellow River Basin Based on Monte Carlo Simulation and PMF Model -+ PANG Kuo, LI Min, LIU Lu, et al.
Retention Effect of Heavy Metals in Rivers of a Typical Mountainous City by Cascade Weirs; A Case Study of Liangtan River in Chongging «++++esseserrerseresiemenensimeneninninenn

............................................................................................................................................................ WANG Chao, JIA Bo-yang, PAN Cheng-yong, et dl.
Estimation of Agricultural Non-point Source TN and TP Export Coefficients Based on Soil Loss ««+exsseseeeresessssssiennsinennnnnns WANG You-xiao, HUANG Chong, LIU Gao-huan, et al.

Influence of Land Use and Land Cover Patterns on Water Quality at Different Spatio-temporal Scales in Hehuang Valley LI Hao-hao, HUANG Yi-mei, GUO Wei, et al.

Groundwater Pollution Source Identification by Combination of PMF Model and Stable Isotope Technology «++«+«++xeseeseeesseseeenee ZHANG Han, DU Xin-yu, GAO Fei, et al.
Antibiotic Pollution Characteristics and Ecological Risk Assessment in Jinjiang River Basin, Jiangxi Province ««+sesseseesesessenseeneneneenns 11 Jia-le, WANG Meng, HU Fa-wang, et al.
Screening and Control Measures for New Priority Pollutants in Surface Water of Tianjin ««+«ssessessersresssnnimssnsnsnninnssncnee WU Yan-qi, SONG Shuai, SHI Ya-juan, et al.
Contamination Characteristics and Ecological Risk Assessment of Pharmaceuticals and Personal Care Products (PPCPs) in the Third Drain of Ningxia «+«+ereseereresrsesrscsninssinnsnininens

........................................................................................................................................................................... LI Fu-juan, GAO Li, LI Ling-yun, et al.
Analysis of the Seasonal Changes in Planktonic Microbial Diversity in Urhan River Supplied with Reclaimed Water: A Case Study of the North Canal River

............................................................................................................................................................ YUAN Xun-chao, WANG Min, GUO Xiao-yu,
Spectroscopic and Molecular Characterization of Water Soluble Organic Matter from Sediments in the Macrophyte-dominated and Algae-dominated Zones of Taihu Lake

"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" DU Ying-xun, DAI Jia-tu, ZHANG Qiao-ying, et al.
++ LIU Chao-rong, ZHU Jun-yu, LI Yu-yang, et al.
LEI Xiao-ling, QIU Li-na, WEI Ze-jun, et al.

Emission of Nitrous Oxide (N,0) from Lake Taihu and the Corresponding Potential Driving Factors

Pollution Characteristics and Risk Assessment of Heavy Metals in the Bioretention Systems of Sponge Cities

Treatment Effect of Corncob and Rice Straw Enhanced Subsurface Flow Constructed Wetland on Low C/N Ratio Wastewater «+«++:e-eeeseeee HU Man-li, HAO Qing-ju, MA Rong-zhen, et al.
Investigation of the Performance of Organic Contaminant Degradation by Fe? */PDS Under Environmentally Relevant pH Conditions <+ LIU Ying, GUO Yi-wei, QIAO Jun-lian, et al.
Typical Pesticide Residues and Their Risk Assessment in Farmland Environment of Different Plant Types in Shaya County, Xinjiang «t-v+esseeeersresessmsssienisnensininenennneees

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" XIE Xuan-xuan, NUERLA Ailijiang, BALATI Maihemuti, et al.
Distribution Characteristics of Antibiotics and Antibiotic Resistance Genes in Manure and Surrounding Soil of Poultry Farm in Ningxia «+++++-+ SHEN Cong, ZHANG Jun-hua, LIU Ji-li, et al.
Enrichment Factors of Soil-Se in the Farmland in Shizuishan City, Ningxia ««toveoveeseeseesrsssmenennimenennne e WANG Ying, LIU Hai-yan, WANG Ze-jing, et al.
Zoning and Safe Utilization Method of Heavy Metal Contaminated Cultivated Land at Block Scale «++eeeeesesereresimenenininniien WANG Rui, YU Jing, LI Yu, et al.
Spatial Distribution, Source Apportionment, and Ecological Risk Assessment of Soil Heavy Metals in Jianghugongmi Producing Area, Shandong Provinge «+«+s«ssessersereeerenenneincnennnnens

YU Lin-song, WAN Fang, FAN Hai-yin, et al.
Assessing the Lead Accumulation Risks of Wheat Grain by Developing a Source-Specific Accumulation Risk Assessment Model »* YANG Yang, LI Yan-ling, NIU Shuo, et al.
Accumulation Effects and Health Risks of Heavy Metals in Rice in Location-hased Cadmium Anomaly Area in Liuzhou «:+-eeeseeee ZHU Liang-liang, WANG Fu-peng, TANG Le-bin, et al.
REN Chao, XIAO Jian-hui, LI Jing-tian, et al.
Remediation Potential of Taraxacum kok-saghyz Rodin on Lead and Cadmium Contaminated Farmland Soil ZHANG Heng, XIONG Ming-hiao, WANG Qian-xin, et al.
Remediation Potential of Three Dwarf Bamboos on Farmland Soils Contaminated with Mixed Heavy Metals «++xeoveoeeeeseesusenenessennens ZHANG Ying, ZHAO Xin, ZHANG Sheng-hu, et al.
Impacts of Uptake and Accumulation of Cd on Double Rice-Paddy Soil by Silicon Fertilizer Continuous Application PENG Hua, DENG Kai, SHI Yu, et al.
Effect of Modified Chitosan Loaded with Silica on Arsenic Uptake and Transport in Rice -+ YANG Jia-yi, SUN Meng-qiang, XIAO Yu-tang, et al.
Effect of Chelating Agents and Organic Acids on Remediation of Cadmium and Arsenic Complex Contaminated Soil Using Xanthium sibiricum —++++:+++eseereesesererenssienienensninincneinnes

Accumulation and Transport Characteristics of Cd, Pb, Zn, and As in Different Maize Varieties ««+«++=++>+++

++= LI Ming-yuan, ZHANG Xiao-ting, LIU Han-yi, et al.
Effects of Iron Intensity-regulated Root Microbial Community Structure and Function on Cadmium Accumulation in Rige — eeeeeerereererereeeees ZHENG Shen, HUANG Dao-you, LI Bo, et al.
Effects of Mulching and Slow-release Fertilizer Application Reduction on Soil Microbial Community Structure in Rapeseed Field Under Two Different Rainfall Conditions «+++++sesseseereereesesees
FENG Jun, SHI Chao, Hafiz Athar Hussain, et al.
High-Throughput Sequencing Combined with Metabonomics to Analyze the Effect of Heavy Metal Contamination on Farmland Soil Microbial Community and Function «:«+sessesveeesessesneneeees
PANG Fa-hu, LI Xiao-qi, DUAN Li-yang,

........................................................................................................................................................................ CHEN Fen, YU Gao, SUN Yue-bing, e al.
+»+ LENG Meng, JIN Zhen-jiang, XIAO Xiao-yi, et al.
Elevational Pattern and Control Factors of Soil Microbial Carbon Use Efficiency in the Daiyun Mountain LU Kun, WANG Jing-jing, WU Guo-peng, et al.
Effect of Long-term Straw Returning on the Mineralization and Priming Effect of Rice Root-carhon —««+eereeeseesserenesenienenenninenenens LIU Feng, WANG Yun-qiu, ZHANG Yun, et al.

++ BAI Jin-ze, LIU Zhen-yuan, SONG Jia-jie, et al.
QIU Chen-chen, LI Guo-xin, LI Qing-song, et al.
Effect of Microplastics on Soil Water Infiltration and Evaporation —««+:«ssessesseresesensesenemenennsininsnninisss e JANG Zhi-chao, ZHANG Bo-wen, NI Jia-xuan, et al.
Life Cycle Assessment and Key Parameter Comparison of Hydrogen Fuel Cell Vehicles Power Systems «+xereeeeeeeseessesennsiinssisisnn CHEN Yi-song, LAN Li-bo, HAO Zhuo, et al.

Comparison of Bacterial Community Structure in Soil Aggregates Between Natural Karst Wetland and Paddy Field

Effects of Straw Returning and Biochar Application on Summer Maize Yield and Soil N,0 Emission in Guanzhong Plain -
Effects of Polystyrene Nanoplastics (PS-NPs) on the Physiology of Allium sativum L.






