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Abstract: [ Objective ] Atrazine is a chlorotriazine herbicide, which interferes with photosynthesis in some broadleaf plants and
is widely used on corn, sorghum, and sugarcane. Residual atrazine may persist in agricultural soil for an extended period due to its
long half-life, posing threats to succeeding crops and human health. The fate of atrazine in the environment is normally regulated
by lots of pedological and microbial factors. However, the biodegradability of atrazine across soil types as well as the underlying

microbial mechanisms remains elusive. In this study, it is aimed to compare the mineralization dynamics of atrazine and bacterial
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community responses in three typic agricultural soils. [ Method ] Three upland soils classified as black soil (BS), fluvo-aquic soil
(FA) and red soil (RS), were collected from corn fields located in geographically distinct areas of China. Soil microcosms spiked
with a '*C tracer were established and mineralization of atrazine to CO, was monitored during an 56-days incubation. In parallel,
the soil bacterial communities in atrazine-added or clean soil (as a control) microcosms were examined using quantitative PCR
and 16S rRNA gene sequencing. [ Result ] The fastest mineralization of atrazine occurred in the FA soil, while the RS showed
minimal mineralization activity. The accumulative mineralization over 56 d was 75.2%, 35.5%, and 0.810% of the initially added
tracer in the FA, BS, and RS, respectively. Fitting the CO, curves with the Gompertz model obtained distinct parameters of
accumulative mineralization, maximal rate, and lag time for the three soils. Atrazine markedly increased the abundance of the
triazine hydrolase (z7zN) gene in the FA and BS soils, and caused significant enrichment of Paenarthrobacter in FA. In light of the
well-documented degradation capacity of Paenarthrobacter-related bacteria, this genus perhaps played a major role in atrazine
mineralization in the FA soil. Nevertheless, it was impossible to link any taxon to atrazine degradation in the BS microcosms. An
acidic pH (4.16) might account for the particularly low mineralization in the RS. Moreover, the three soils displayed contrasting
bacterial community responses to atrazine contamination. In the FA, atrazine was used as a growth substrate, enhancing
interspecies cooperation as indicated by increased positive correlation in the co-occurrence network whereas the BS community
was less sensitive to atrazine. Residual atrazine severely impacted the structure and diversity of the bacterial community in RS,
implicating potential ecological risks to this acidic soil. [ Conclusion ] These findings highlight the substantial differences in
atrazine mineralization and resultant bacterial community responses in different soils, indicating an association between herbicide
residue and soil type, thus providing a scientific basis for the safe use and pollution control of herbicides.

Key words: Atrazine; Soil type; Mineralization; Biodegradation; Ecological risk
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S+ (37°27' N, 114°32'E, T2+, i FA ).
~HE BT HALE (24°27' N, 99°38'E, i+,
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Table 1 Physicochemical properties of the soils

—
e WRTIIE f soM 2 TN BB AN, SBTP 41005 AP SH TK/ HH AK)
Soil code Soil type ot v (gkg') (gkg') (mgkg') (mgkg') (mgkeg') (gkeg') (mgkg")
(cmolkg ™)
BS A 591 28.2 22.8 1.15 105 384 29.3 14.3 167
FA i+ 8.59 9.42 23.7 0913 148 889 19.3 27.0 114
RS 213 4.16 9.16 13.8 0.984 62.0 481 44.5 21.3 101

1.2 #FiLH

HC FRIiCBT R W 1 American Radiolabeled
Chemicals, Inc., "“C-PHsfi (4B KT 97%)
FHARPEZ ( i) (R Tk & JRaBR AR, HoAb T
I8 B B T 4 O
1.3 Rt

WE AT, SR T R R E
RIE = b - 8 v BT AR R 0 B A A S H A A
B o SBE—RE (IRE8 1) T B e
FRERAE, 35 B R Rl 50 pgeg !, MC-
BTRERLEE N 2.0x10° DPM ( DPM 7R 5434 P S
P b e A AR R SR AR ), A ORI
“COo, WyrE A B TR (IR 1) WALE I
50 pg-g ! 1 C-BTARRIHE (ATZ), IR AR E AN
B[RRI A 28 X R (CK), FEEFREE 28 KFIE 56
RIEATWEIRPERURE T 9 G2k % BT e )
WA 7 o~ AT i A0 15 VR BT e i e A i AL T2
FESCHRIEA T, TR AR 3 AN A, T 25 CF
WEOGRE SR, WA
1.4 PUHERLEH WHME

g [ rh, U LB T BHA 1 EA
1 mol-L ™" NaOH I 1 2 mL /MAE R CO, i 4% .
BB CO, H4ERS, JFRBEERY) NaOH B4, []
38 S 15 mino i F VR TN BRIH B es (LSC,
Beckman-Coulter, 5 ) % NaOH ¥ & P A9 5
P A NaOH V6 V4G 1) 9 i 1 o 8 e
B[R (2.0 10° DPM ) (19 4 b 33 Bl4
PLEEafe, BIa kA "4CO, By B4R &

[U-ring-"*C]-Bl 457 it 8 2t (1 43 L .
1.5 FHhiEy W RREREHESH AT

i F Gompertz FELE AR RIS} A fb it it
LA, 15 MR A S BN AR THE LS R (R
i )o Gompertz ALY K

y =axexp[—exp(b—cx)] (1)

X, y MERTILER, %; x NBFE, d; a. b, ¢
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e CECRF LR, %-d') F1 A CHFJERHE, d) XF
JrRRATAL, 158 B R y (% ) XFEEIRR
] ¢ (d) MR (2):

y:Axexp{—exp{%(ﬂ—t)+l}} (2)
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FES AT IUE W RE o3BT . BRI 0.50 g H3E, (A
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Biomedicals ) # LU HET DNA MR, 1.5%1)
T W R I i, T K ) DNA Ji &t , NanoDrop ND-1000
S CCEE T E DNA Ve B FI20 R | vy 38 i 7 2546
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Qiime 2 PAMERIANSECEBRIRTREFA], HT 99%
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1.7 ZHE 16S rRNA KEMBINEEERRAEES

PCR 1

K H PCR (qPCR) EZ B 16S rRNA Fl
R GEK AR BEIE N rzN 148 DIE, 16S rRNA
g1 ¥ . 338F-ACTCCTACGGGAGGCAGCAG ;
518R-ATTACCGCGGCTGCTGG, #4514 % 95 °C
S 3 min, 95 CAEME: 305, 56 CiBk 305,72 °C
FEfH 30 s, d 30 PNMEF . trzN 5194 : trzZN-F- CACC
AGCACCTGTACGAAGG; trzN-R-GATTCGAACCA
TTCCAAACG, ¥ #4454 0 94 CHIZEM: 4 min 94 C
Sk 308, 53 CiBA 1 min, 72 CHEMf 455, kit
40 MG,

il 5 qPCR FRfEN:, 2o B AR R ] 45 A vf i 28
(¥ DB 102~10° copies'pl ™" ). R JH SYBR
PremixExTag'” & 7 & ( TaKaRa Biomedical
Technology ) 7£SEHT2¢ ) # PCR 344X (HR&,
TEE) LTy, AR ER Sk, DG
B KA R BAERT I . 405 16S rRNA JEK f 9 385K
K 112.8%, R* M 0.997; trzN K[ AT HE 3K 85.4%,
R* 470999, R4k i i LR DEAN D18 (0 S S 4
1.8 #HiELE

8 SPSS 26 X[ 4b BEHEAT B K 5 25 0 B
( ANOVA ), IR HIX5+5 ( Duncan ) £ 1 MLk 2 Wt
25 WENE (P<0.05), KM R 4.3.3 ) vegan fif
EE Y ZREERE SO T 5 ( Bray-Curtis ); i
VEAHXT 42 B A T 0.5% . FERES T i BB T
4 19 ASV, f#iH igraph SHE1TAH SRR BB, 6
PEAHC R ELr>0.8 H & PE P<0.001 () ASV #E17
oM SR limma @R T 22 R Rk 00, R
ggplot2 A2 I M Rh AL S S K 45, 4R+
ey ma W A A 0

2 4 R

2.1 FISSFhET W

[l ZR B o, =R 39 P R R B 1k
ASFEWRZES (E 1), 38 4 Ay bk 5
fb, #3721 d N R0 R 2R K, 7
21d BB ERIE 73.2%, ZIRA%, HEFRLGHR
WALER 75.2%, St P BTReh - s AR
SRR R K, BRI b

35.5%, £I3E NG = R R AL AE )T, RN R
e BRI AR, 5597 56 d ]/ LT
7 0.810%.

100 -
L m FA e BS ARS
80
60
40

20

B4k Mineralization rate/%

0 7 14 21 28 35 42 49 56
msfE] Time/d

. FA NI+ BS MM+ RS ML, FIH. Note: FA

is fluvo-aquic soil; BS is black soil; RS is red soil. The same below.

BT BaRERL A E =Fh erh iy R feth £
Fig. 1 The mineralization dynamics of atrazine in three types of
soils

i Gompertz E £8P AR Y XT £ 18 o B R iy
1) BT IL IR TS, S HNE 2 R,
=R EEMIATLE (R?) #9355 0.90 DL, i+
FEE LA RO el . A S 5T A, i
FTERRBFGIE (4) A B 2 5, Lk
) 74 £, THRERERTREWE; W0 w i
L, MR 10.6 %, MILTHERY w, U 0.0185,
WAL R L2218 ; WSt (4) B, B
R HE S SE AR I, T 2T S B A
YRR 4565, R 1.5 65,

F2 TELTIEPMFRET CHEENESY

Table 2 Gompertz model parameters of atrazine mineralization in
the three types of soils

+ 4 R Z% Model Parameters

Soil A% e (%ord™) /d R
FA 74.7 9.96 5.33 0.997
BS 36.6 0.939 1.76 0.979
RS 1.01 0.018 5 7.93 0.907

H: A NEKBBETUR, w HERKTIER, 1 WS
WHa], R*{H LS4 . Note: A is the maximum cumulative
mineralization rate, i, is the maximum mineralization rate, A is the

lag time, and R? value is the model fitting goodness.
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22 16SrRNA 5N EEEE

K H qPCR 43 5% A [A] 35 52 81 ] 16S rRNA
Ml trzN FER VAT 2, DLITAS A 39 40 1 K BT
PrEFEfE B RS (B 2), =FMEHEd,
W R HA SR 16S TRNA JE K #5 01 %k,
BYE 56 d Ay 357 30 )3 e BN R i AE 2R 1
MR, 2837 5 16S rRNA HE K #4501 %007 &
Hahn (K 2a).

5 16S rRNA B BYE ML, a8 FRIF LA
(0d) v trzN A3 50 512 2 4 2T 3 1Y
20 {5 A1 38 43 . T+ A FA-ATZ (3 5 fim ny 4 o
AL FE ) AbBRAR 2N BE ] SE 38 N5 08>, HL7E 28
d i} FA-ATZ ( 1.10x10° copies'g ™' ) 5 FA-CK ( 1.02x
10° copies-g™' ) LW EXS, HFE 56d I FA-ATZ
( 7.97x10° copies-g ' ) i F MK T FA-CK ( 9.56x
10° copies-g ' ). M+ ZHFR)E vzN A KIEH N, H
BS-ATZ ( 2+ S N BT fir HE A Ab B ) 7 AS [R5 % Bisf
) 4R 2 0 3 5 T BS-CK (B A AR TS in B fir e ) ==
FXTRE ), MFELLsErh, W RiRIG vzN £ 5 E
1, {H RS-CK ( ZLERAS BT AFHIE 1 25 6
FI RS-ATZ ( £LEESS BT RER A AL ) P4~ 4b 2 2
[ JC % 22 5% (& 2b ),

trzN 5 16S rRNA A>3 [F 45 D1 Lt A
(trzN: 16S rRNA ) 7] Il M S B B3 fifk 77 76 o 14 24
PP E . AR v, B R A B X L (E
(R0 B I ) ¢ A= A2 Ak, HE 9755 28 KIEF, FA-ATZ
Ab B 3 T FA-CK, Ti%8 56 KM 0 i 3% 2
5, HIMET 28 d Y FA-ATZ. 2+ BS-ATZ kb B
FZ A4 /T BS-CK,  H B 5% 35 i ] 8 fin i
FEARNWIIN K . 203, 5537 5 % U E 300 4R (E
AR @B, {H RS-CK Ml RS-ATZ kb B 2 ] JG
x5 (K 2c).

23 TEAEREEESHMN

X T A RE S TR E 16S rRNA BEPH e 1 0 5
ILARAF 271 AIFH, K53k 35 138 4~ ASVs, HE
T AT AR Z VR PT o BEAAR I, AHTRAETE
f) o-ZFEPEGR 2 TR L (& 3), [al—
75 4¢ (Shannon ) $5%X (& 3a) Fl Chaol #5%X (&1 3b )
AR, (HRE RIERIAAAE 22 5 .
FA-ATZ Ab BRI A ) AR B Ms hn, 255 56 K
ST FA-CK AbBE . ZI3ENIAMIZ, 7656 28 K,
B RE R AL BN UE W Z MR T X IR, 7R+

rhr, 28 d B} BS-ATZ % BS-CK #:A%, 56 d B kb
P A TG 5 R

a) s a o CK
TOD 9-;[_1 ™ c E_cbc s ATZ
3

=

g 85t bb apy

H o0 ] a

K%/ b b ab

2 3 c c

< S

Z 2

<2

8« 715}

- Z
~
%

O 7 1 1 1
- 0d 28d 56d 0d 28d 56d 0d 28d 56d
L J L J L J
FA BS RS
b)
b
6_(131 ab a Cd
a
55+ b aa
c d bab

TrzNFEH £
TrzN abundance/(Ig copies'g ™)
N

e

Old 28d 56|d Old 28d 56|d Old 2§‘§d 56|d

FA BS RS
0 s}
a a a
~ b b a = a a
<Zz T b = b b T
7 -3t ¢
S
3 d d
= b
T
& =35
s
-4 ||

0d 28d 56d 0d 28d 356d 0d 28d 56d
| I I |
FA BS RS
[ [8] 5 43 Time and soil

s CK AR INBTRFRLHE A X BAL S . ATZ S 5 e 4
Frdtpgabe; 0d. 28 d F1 56 d RIEFERT ], B PORRE/NG A
F7R A A 1 HEA R 4 IR AL A7 /E 12 22 5#( P<0.05 ). T [l  Note:
CK is the control without atrazine addition, and ATZ represents the
treatment of 50 pg-g ' atrazine. Time is 0d, 28d, and 56d
respectively. Different lowercase letters indicated significant
differences at the P<0.05 level among different treatments of the

same soil. The same below.

Fl2 =P +3Er 16S rRNA BRI (a) 5 o2V BEH
JE (b) MHIE (c)
Fig.2  The abundances of 16S rRNA genes( a )and t7zN genes( b ),

and their ratio ( ¢ ) in the three types of soils
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| . =0d ) . =0d
be o b = — CK 3000 abi —CK
570l S - = ATZ 5 b é mm ATZ
< A 2 2500-% ¢
= b =
£ 65) Bexrk | S 2000} @ a
g = = b b
< @) al al
6.0} 1500} ab
2 2.2k = 5_'$éaa
ﬁs.s- = = = 1000 i'i"i‘
X Od CK ATZCK ATZ OdCK ATZCK ATZ Od CK ATZCK ATZ 2 OdCKATZCK ATZ Od CKATZCK ATZ OdCK ATZCK ATZ
\.EI L1 1 | I— L1 | I @) | I— | I— 1 | E— [ I—
0d 28d 56d 0d 33d 56d 0d 28d 56d 0d 28d 56d 0d 28d 356d 0d ®d 56d
FA BS RS FA BS RS
AbFR Treatment AbFR Treatment

K3 =R AR ) o 2R (o BRAEELG b, Chaol F5%0)

Fig. 3 a-diversity of the bacterial community in the three types of soils ( a. Shannon index; b. Chao 1 index )

K 3T Bray-Curtis M85 09 FE AR PCoAl, PCoA2 i B 25/ Reik 51.6%, &Rk
(PCoA ) AL LI RFA LM (K 4), Xt ARIEEEFREEIR A M2E, {H BS-CK 1 BS-ATZ Ab#l >
7K, PCoAl Fll PCoA2 1 BTy 2 BERN 33.5%, (] () BE B A/ ([ 4b ), 2146 PCoAl 55 PCoA2
Hige % 28 d ) FA-CK., FA-ATZ J: 56 d ) FA-CK M AIFERESRIE 63.4%, HEFEm R 5+, &
YR, 1 56 d BY FA-ATZ 5 =& RE i, Rk TR AR, BUARIERTRF R BN 5 B8 A
FFRLAA AR 28 d O - PR E A S5 TC B2 P28, RS-CK 5 RS-ATZ 7l i, Farehn et
SN, HAE 56 d BN IR (18 4a), XFFREEREE,  SUEBEESS R B (& 4c ),

a) T b) T C) T
FA \ BS ‘ RS |
02t A o1t CO% 01t 2B o od
e | ; s | = | O 28CK
= & LA E 00y~ - A - 2 00 @ A N ® 28ATZ
COO‘Q‘——"—"—:— _______ 3 | = A A\ 56CK
: e % 01l I 370 1 I A 56ATZ
5 | p 1 s o
& 02+ : C oa | Q |
| &~ il I 02+ I
I | |
1 1 1 1 1 1 1 1 1 1 1 1
—04 02 0.0 0.2 —04 —02 00 0.2 —04 -02 00 02
PCoA 1 (22.63%) PCoA 1 (42.49%) PCoA 1 (51.48%)

e 0d 103 0 d #fdl; 28CK fURIEFEZE 28 d BERUS NPT AR 00 %) REAb B, 28ATZ fREKEFE E 28 d WS TR BT Re R A AL 3L 5
S6CK fRFEHTIRE 56 d WARR NPT HERL A %) BRALHE ;. S6ATZ FUFRIEEIRE 56 d WHESIBTRARA AL T . IR RN 95% B F XA, T
[i] . Note: 0d indicates the sample of 0 day; 28CK indicates the control without atrazine addition for 28 days; 28ATZ indicates the treatment
of 50 pg-g ' atrazine for 28 days; 56CK indicates the control without atrazine addition for 56 days; S6ATZ indicates the treatment of 50 pg-g '
atrazine for 56 days. Ellipse represents 95% confidence intervals. The same below.

K4 =Rl RA H e rh A i E AR 0T (o Wt b Bt e 200E)

Fig. 4 Principal coordinates analysis of bacterial communities in the three types of soils ( a. fluvo-aquic soil, b. black soil, c. red soil )

24 TEAEHEIINE AL FR ) 258 R AR OGO R I 64.7%, BOR Ry

SRy T — 2 5 B AR X A0 TR R T 4G A 55.3%FA W I N . ZUHE b, B AR I AR
AIFZI , AT X 3 i A ek R I 2%, I 2% 4 b T RS-ATZ M 2% P () S8R 2 B8, 55500 BROAH T
FROEANZR 3 TR o 45 538 WY B AR r % sk 26 4 10 I 2% 2% ¥4 A5 £5 1 . 2B+ ) BS-ATZ 5 BS-CK ¥
KRN E A T ORE sZ g, ELASE e [N 1 4 éﬁ*ﬁth, R34 B YA B b, (B AR AR FE /N
M. XF T+, FA-ATZ [ 2 M % T FA-CK K T4r3, R BS-ATZ M 4% (1) 1E A1 5¢ R B A ir
R APPSR AR M, (HBRR AL .
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Table 3 Topological characteristics of microbial networks in the

three soils
IEAHSG UIVi:BS
U3 I D SR ] SRR
Positive Negative
Treatment Node Edge Average degree
correlation  correlation
FA-CK 246 434 3.53 55.3% 44.7%
FA-ATZ 239 431 3.61 64.7% 353%
BS-CK 288 1759 12.2 56.5% 43.5%
BS-ATZ 296 1532 10.4 59.1% 40.9%
RS-CK 260 1831 14.1 56.9% 43.2%
RS-ATZ 258 1393 10.8 53.8% 46.2%

TE + FA-CK S b AR VR 0 BT Rz o 4 B AL B FA-ATZ
S N BT RLEE A AR B s BS-CK i 2 4 TPOR BN B 4L
HERYXT IR AL T | BS-ATZ 4 28 A tP s bR it Y 4L B ;- RS-CK
SR ETE ORGSR A 4 X B AR B RS-ATZ Sy 21358 s g
FRPIELAY AL H . Note: FA-CK is the control without atrazine
addition in fluvo-aquic soil; FA-ATZ represents the treatment of
50 ug-g ' atrazine in fluvo-aquic soil. BS-CK is the control without
atrazine addition in black soil; BS-ATZ represents the treatment of
50 ug-g' atrazine in black soil. RS-CK is the control without
atrazine addition in red soil; RS-ATZ represents the treatment of

50 ug-g ' atrazine in red soil.

2.5 TEARANRER

TR TETET KR R a8l 5 B, 46
—EHE T N IEE ) ( Proteobacteria ), Ji] + 122
S CKOH ATZ 76 8.3 22 5 ( P>0.05 ); T 7EZL4E

i, G 28d iHE 56d, ATZ EFRFERT CK
(P<0.05 ), HUCHIRFFHIT (Acidobacteriota ), H
e R E 2R (P>0.05); B4 28d M/ CK
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Fig. 5 Soil bacteria community composition at the phylum level in the three soils
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Fig. 6 The bubble plot of bacterial communities in the three soils at the genus level
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