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Reduction Effect of Reductive Soil Disinfestation on Soil Biological
Co-contamination in Different Farmland Soils

YU Wenhao', YANG Zhiyi', ZHANG Jingqing', LIU Liangliang', HUANG Xingi"*?, ZHANG Jinbo"*? CAI Zucong"*?,
ZHAO Jun"*?

(1. School of Geography, Nanjing Normal University, Nanjing 210023, China; 2. Jiangsu Engineering Research Center for Soil Utilization &
Sustainable Agriculture, Nanjing 210023, China; 3. Jiangsu Center for Collaborative Innovation in Geographical Information Resource

Development and Application, Nanjing 210023, China)

Abstract: [ Objective ] In recent years, the enrichment of soil-borne pathogens and antibiotic resistance genes (ARGs) has led to
biological co-contamination of soil, posing a serious threat to agricultural product safety and human health. [ Method ] To
investigate the synergistic remediation effect of reductive soil disinfestations (RSD) on soil biological co-contamination, intensive
farmland soils (black soil, red soil and fluvo-aquic soil) with co-contamination of Ralstonia solanacearum, ARGs, and mobile
genetic elements (MGEs) were selected. RSD was applied with 1% ethanol (ET), alfalfa meal (AL, C/N: 21.2), and molasses (MO,
C/N: 12.6), alongside controls of maximum water holding treatment (FCK) and untreated soil (CK). Real-time PCR was used to
analyze the changes of R. solanacearum, major ARGs and MGEs before and after treatment, and the reduction rate of relative
abundance was used to measure the mitigation effect of RSD treatment on soil biological co-contamination. [ Result ] The results
showed that RSD could effectively reduce a variety of ARGs and MGEs, among which AL and MO treatment could decrease the
relative abundance of aadA7, aadA21, tet36, sull, and IS6100 genes in black soil, with a reduction rate of 28.4%-49.9%. After ET
treatment, the relative abundance of aadA47, msrE, tetG, tetM, tet36, intll, IS6100, and IS26 genes in fluvo-aquic soil decreased
significantly, and the reduction rate reached 56.2%-81.6%. Additionally, RSD efficiently reduced the relative abundance of R.
solanacearum in soil, and the decrease in red soil and fluvo-aquic soil was 88.0%-92.3% and 76.1%—-94.2%, respectively.
Correlation analysis showed that there was a certain coupling relationship between the relative abundance of R. solanacearum and
ARGs and MGEs. In fluvo-aquic soil, the relative abundance of R. solanacearum was significantly and positively correlated with
the relative abundances of most ARGs (aadA7, msrE, tetG, tetM, and tet36) and MGEs (int/1, 1S6100, and IS26) genes, indicating
that RSD treatment had a good synergistic reduction effect on the biological co-contamination in fluvo-aquic soil. Furthermore,
there were considerable differences in the correlation results between the relative abundance of R. solanacearum, ARGs, and
MGEs and soil physicochemical properties in different soil types. This indicates that the effectiveness of RSD treatment in
remedying soil biological co-contamination varies depending on soil physicochemical properties. [ Conclusion ] RSD can
synergistically reduce soil biological co-contamination caused by the superposition of soil R. solanacearum, ARGs, and MGEs,
but its reduction effect is affected by soil and organic material types.

Key words: Soil type; Biological co-contamination; Ralstonia solanacearum; Antibiotic resistance genes; Reductive soil

disinfestation; Relative abundance
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( Mobile genetic elements, MGEs ) BJ=£F, M+
e I TR 3 BE RE S A2 i 12438 ARGs )& SR FUK P54
B, I ARGs 4P B RED, Fik, 7E8EY
AR AR BT R R 5t T, DL A% 5
#5 ARGs Fil MGEs & fill HAF Fr 1P sl i) 138 R ) 52
G5 G O R i 29 Ho g 6, AT H5 22 A SR A AT < —1k
et e B RSB S

7] 20 AT AR I TR AN 45T ARGss BT 14 TR P
TR BT 32 B2 2 S B 30 L ARGs H &
HRA BB RO, BRI )F I3 (Reductive
soil disinfestation, RSD ) J&—FMkii K& 5 A
BUBI A B - EAb B T vk, A el I ik
BT ACK AR R . Dk R P T A5 A R
A EIE R BAE R ELZ BT, KRS
W], RSD AbFERRAE T 151k Hb R Kk T T Fusarium
spp. ). 2 ¥ W ( Rhizoctonia spp. ). 3¢5k 1l %
( Alternaria spp.). HHiE (R. solanacearum ) 55 1
e 9vs I EL TR RN AN TR, A Wl 38 A1 it o 7 2k W e 7
A7 O S R, A — e ST R B, RSD Ak
FRAEAZE o I 2 ARGs BYESE 3, Mmiscsl
+3Eh ARGs HE ', {HJE, RSD AbHIIEAHE
il 3 T A ARGs BOBTIER, Mk RSD Ak
X+ ARGs BYIH I/ E HAEAR KA B T3
i ERA, WAL, RIS EA VLY EHETT ) RSD 40
P A 0K S 522 AL ) 3o R st ok
B RSD 4k 3% ARGs fi 3 40 il 4 1 i w] g 5 i )
AHL R . Frlh, RSD AbFRAE S P3[RV I
+ %R S5 ARGs Fl MGEs & ¥ i) B E &
154, LIS RSD AbBEXT + 1A ) 5 615 L B AL
OB 5P HA VR EE G, HENE AR

FoR RN, S B A PR A
Jir ¥  ARGs Flil it & &2 rh T St RS
TEMAEY AR ARGs JE 1 ARGs 1 2k
U5, B & & 2 s A5 i A HLIE XS 138 ARGs fiff
JE FIAL A8 5™ HAY 5 i 5 - 398 2 0 g P AR e
Song ZEUFSE & L, A HLEEIR A 45 A LR
it X L1 TR 2 2525 ARGs AR =F B A0 88 e A 4
SRR R, ERRN R 21 o AR P R
B . A, TSR] e A b GR i A W
T LU SE AR 22 5, DN L 2SI it ) 7] — ARG
FEAR ]+ e (1 ol B 25 U 25
b, RIS A TS YRR S B 2SR R

RUEDIR G, LA RSD Ab BN - 3EAE W) 52 645 Y i
BEEMCRATREW S R R . BT, A5
EHC 3 AR LAY - HERAY (R4 2N ) BIT,
LRA R FEAE I Dy L HE i 5 ARGs il
MGEs 2 & 15 4™ #1948 29 {4k T 38 S F 52
4, W EA AP RSD ZRBH, 58 H
AE LR MR SIS RNBERCR, BTES
SR—BHRERS U R ol IR A S5 BTk,
R Bt HE 2 Wy At B R S B 2 A A Y R A T
K JRARME—RE MUK SCHE

1 MRSk

1.1 i TIERESETHSE

Bk R 1 (BS ), £03E (RS) A+
(FS), ilREAHFHRAEKEFET (44°25N,
125°9'E ), T.PEE FH L (26°57'N, 114°14'E)
LB (32°66'N, 120°70'E ) EA Z4EZE0E
T DT s A |, Hih BS Hi RS B HZEAE A5
FS At B J 3 2% o {4k 4 B b B 7™ 5 A 75 A o
5 ARGs Ml MGEs & & 15HFEIE, Hd BS
ARGs \MGEs FIH i B ) 446 % = B 4301 4 8.53x10°
2.01x10° F1 1.39x10” copies-g ' T 1; RS #1 ARGs.,
MGEs 17 i 1 A9 45 %t 3 B 4 518 9.96x10°
2.91x10° #1 2.40x107 copies-g ' T +.; FS 1 ARGs.
MGEs 17 i 8 A9 45 %t 3 B 4> 51 6.96x10°
1.42x10° Fi1 2.34x107 copies-g ' T+ (& 1), s,
P T R AR BV B TE— € 2 5%, BS: pH
7.55, S 1992 uS-.em™, AL 63.1 gkg', 4
A 7.65 gkg'; RS: pH 7.00, HL 53 447.0 uS-cm™',
FHHL 154 gkg', &% 1.73 gkg'; FS: pH 7.65,
HS % 335.0 pS-em', ALK 112 gkg', &A
1.41 gkg IO R AN H35d 2 mm TR IR ), 4 C
A4 H
1.2 KBt R T IEERRE

3FP R HERAK L S NG FRAN AL, 1) £HER
AL AT IE (CK )5 2) S KFFKE A (FCK);
3) I 1% % RSD 4bHE (ET); 4) N 1%09
EfE#k (C/N: 21.2) RSD 4B (AL ); 5) %N 1%
HBE% (C/N: 12.6) RSD A4bHE (MO ), H4abH
B3 ANAEYFEL . BARERENT . FREC 100 g
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0.0 0.0 < 0.0
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(127)  (115) (138) 26) (23) (30) < L HEEH Soil type
1R Soil type + 1A Soil type
0 A IEBETTSE Aminoglycoside [l 2252 Multidrug M % T Transposase [l %44 T Integrase W ZE X 24525 MLSB

B VUFFZE3E Tetracycline fifi e Sulfonamide

4 : BS.RS Ml FS 3 /m BB+ ardefnim £ . 565

B k7 Plasmid KGN

J¥:%1) Insertional [ At Others

PR 3R ARGs B MGEs %& [ i % i . T [F]. Note: BS, RS, and FS represent

black soil, red soil, and fluvo-aquic soil, respectively. The numbers in brackets indicate the number of ARGs or MGEs genes. The same

below.

B 1 - 8h % ARGs (a). MGEs (b) FIHHE (c) M2AREE

Fig. 1 Distribution characteristics of major ARGs (a), MGEs (b ), and R. solanacearum (¢ ) in the tested soils

e A ALY E T 20 2209 3 BH48 T, FE0R
AlJR K B RF KR (CK BRAM), HERSEH SR
JEB O, B TR AN 35 CHEFE 30 do Ab
PREE S SR AL PR HERE S IR RIF T4 C

T AT BRI E , AR ORAF T-80 C
T 11 DNA $2 S8 it PCR 4017
1.3 11 DNA ZE

FREC 0.5 g {#7F T-80 CHYy T IERES,, i
FastDNA™SPIN Kit for Soil ( MP Biomedicals, USA )
$EEC 1+ DNA, Fifi DNA B2 DS-11 B
43 T DeNovix, USA) R 5 5 f£ 47 T-20 C
-
1.4 TEHTEE PCR S

KPS GE R PCR BORX b 4ied . A
W . F% ARGs fl MGEs WXt £ 00r, 37
AR WA QuanStudio 3 Real-Time PCR system( Applied
Biosystems, USA) b#47, RMWAKFR (20 uL) £
}% 2x SYBR®Green Pro Tag HS Premix ( 3FiRHEY),
FEWIEE ) 10uL, 1E. K514 (10 pmol L) 45 1 uL,
DNA it 1 puL Al dd H,O 7pL. AT 40
16S rRNA ( Eub338F/518R ), # it fliC ( fliC-f/fliC-r ).
AEREZRPIIEIER aadA7 (aadA7-flaadA7-r) F
aadA21( aadA21-flaadA21-r ), Z2528Pi I A gacH
( qacH-f/ qacH-r ) fl msrE ( msrE-f/msrE-r ), PUIFE
K HilE N terG( tetG-f/tetG-r ). tetM( tetM-f/tetM-r )

1 tet36 ( tet36-f/tet36-r ). Ff 2Pt FE I sull
(sull-f/sull-r ), MGEs J&[H intl] (intll-f/intl1-r ),
186100 (1S6100-f/1S6100-r ) #il 1526 ( 1S26-f/1S26-1 )
MG By B4R 1. £ FERBRUE I & 31
BN 97.26%~102.61%, HIFFAIE TR
1.5 B

SR AR = B FE IR R PEAG RSD Ab BEXT 75 A
. ARGs fil MGEs 52", Hor A xg =F i J2 45
AR EFER AP DR 16S rRNA FE[H 5 DUEH)
P, FT AL b7 B 40 S R A A5 T 0k
SRR AL R S — e LR R AR, A
EoMIEEL, WA HAT W IAE R, Ao T,
D)2 W A B I 92 A e BE DR ARG = B3 . HL R
JHEE

X FHE R = (1)

@|o

w

X FEEREE = L—Lx 100% (2)

L, O N HE—FF5E ARGs 5 MGEs 3£ K 195 D15,
Cy 49 16S IRNA FE KI5 DU ; Ry Fphd B S
PIFARXT SRR, R WA A PRS2 R A 2
AR K ) Z 08T (One-way ANOVA) it &
Duncan #rE# 2:%= ( Duncan’s multiple range test )
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Table 1 Primers and PCR conditions used in real-time PCR
B DK AL 5l H AR AR
H 3 519 ElEgdl P44 SO S E =T
Type of gene or target
‘ ) Target gene Primer set Sequence (5-3") Thermal profile Reference
microorganism
g2l Bacterial ~ Eub338F ACTCCTACGGGAGGCAGCAG 95 CHIAEM: 1 min, 95 Cfiftdk [17]
Bacteria 16S rRNA  Eub518R ATTACCGCGGCTGCTGG 5s, 60 CARMHIEKIEM 305,
HAHE flic flic-f GAACGCCAACGGTGCGAACT 39 AMEER [18]
R. solanacearum fliC-r GGCGGCCTTCAGGGAGGTC
T %2 sulfonamide sull sull-f CACCGGAAACATCGCTGCA [19]
sull-r AAGTTCCGCCGCAAGGCT
(RS atiEs aadA7 aadA7-f CACTCCGCGCCTTGGA 95 CHWIAEM: | min, 95 CfRsE [20]
Aminoglycoside aadA7-r TGTGGCGGGCTCGAAG 10s, 58 CAKIELE K ZEM 20 s,
aadA21l  aadA21-f ACGGCTCCGCAGTGGAT 35 AMEFR
aadA21-r  GGCCACAGTAACCAACAAATCA
EZIES gacH qacH-f ~ GTCGGTGTTGCTTATGCAGTCT
Multidrug qacH-r CAACCAGGCAATGGCTGTAA
msrE mstE-f  CGGCAGATGGTCTGAGCTTAAA
mstE-r - CGCACTCTTCCTGCATAAAGGA
PUFR 252 Tetracycline tetG tetG-f GCTCGGTGGTATCTCTGCTC
tetG-r AGCAACAGAATCGGGAACAC
tetM tetM-f  GGAGCGATTACAGAATTAGGAAGC
tetM-r TCCATATGTCCTGGCGTGTC
tet36 tet36-f AGAATACTCAGCAGAGGTCAGTTCC
tet36-r  TGGTAGGTCGATAACCCGAAAAT
A # st fL ook MGEs intll intl1-f GCCTTGATGTTACCCGAGAG
intl1-r GATCGGTCGAATGCGTGT
IS6100  1S6100-f CGCACCGGCTTGATCAGTA
1S6100-r CTGCCACGCTCAATACCGA
1826 1S26-f  ATGGATGAAACCTACGTGAAGGTC
1S26-r  CGGTACTTAATCTGTCGGTGTTCA

oz B[] — 4 AN [A) b B ] A (E 2 00 W E M
(P<0.05 ). R XN ZRTr 220 Hrksc o 508 | 4b
W7 A A HAR XS AT . ARGs Hil MGEs A
X 2 BE RS 22 S (0 0 3 . AR BRI ( Principal
coordinate analysis, PCoA ) FT FL#EA ] Ab # 5
i . ARGs Fl MGEs #HXf & E#Y22 5% ( Bray-
Curtis FEES ), JFR & 2077 22 73 Ak S A [\] 4k

I=A
57

P 2 [ T A e DRAR G = B 25 S 1 W . SR
Pearson AH J&ME A3 T 72 X6 4% 4 1 S 70 v R T B AR
X5 ARGs Fl MGEs (UMY £ . ARGs A%}
F 5 MGEs X5 | LA E M . ARGs . MGEs
B4 A X 3 B A 3 AR S5 2 18] A AR Sk AT
55 A it o AT R 4 (v4.3.2 )il IBM SPSS
Statistics 26 Gt 11458 il o
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2 4 R ARGs qacH [AX TR ZE R (£ 2 FE

2.1 RSD AEXNELHREME. ARGs 1 MGEs

3 EEMNRI

PCoA 7Hr4h it (&l 2a) KW, ANFEALLHEXT BS
M . ARGs Fl MGEs (1975 YL FRF B AT 1 3%
( P<0.001) §¢0, H:rh RSD 4b¥ (ET. AL F1 MO)
MIPEHI# FCK Zb ¥ 2%, H ET. AL 1 MO AbBiZ
EFEE—EMES ., 5 CK A, ET Ml AL kb3
fiE % ( P<0.05) R&AIR BS i Al i i AT F2 52, 3
HET AL BRAY W IRIA E] 71.7%, B3 (P<0.05) &
F AL AbFH) 43.3%, 1fif FCK F1 MO &b B X} HJC 8
Exgm (F 2 MK 2b), WFE 2 ATHI, AL il MO
b PR REAE — i TR B L REAIK BS H S ARGs Y AH
FH, HE CK A ERIFAEE, HIHBR
I3 HA 14.8%F1 22.9%( & 2b ). 5 CK #itt, FCK .
AL Fl MO 4bBE¥fiE W3 (P<0.05) FE{% BS 4
FEHEF 2 ARGs (aadA7 Fl aadA21) AN FEJE,
FIH R 5K 34.2%~56.4%F1 28.5%~49.9%
(2 A 2b). KM, AL Fl MO 4b BRI REFEAR
BS F1£242% ARGs msrE BUFER FE, H N Ry
B 19.1%H1 18.1%, {HAN [R] £ 3 4h P X} £ 252

a) 0.151-
adonis: R*=0.65, P<0.001
0.10F
[ ]
@ { ]
% 0.05F+ ° [
o~ [ ]
< 0.00F
‘;é' ©
[ ]

£ _0.05F ¢

-0.10F

1 1 1 1 1 ]
-0.10 =0.05 0.00 0.05 0.10 0.15
PCoAl (48.83%)

Treatment CK

b)

LR RIS ES

» FCK

2b ). 13 2 AIA, AN[E] - HEALBEXS BS P UR R 2
ARGs (tetG. tetM F tet36 ) X} 3= B (1) 5 W 17 7F
%5, Hrp FCK Al MO 4bHRERS B2 ( P<0.05)
FEAG terG FE A AT FE B2, AL A1l MO AbBEXT tet36
FE A X = B A I R B 2 (P<0.05), T A
AR tetM FEPR AT F B TR E M., 5 CK
AHEL, AL Fil MO AbBE¥fE I 2 ( P<0.05) FE{X BS
H 2 ARGs sull BOARXTFE R, HH IR 50 50
28.4%FH1 33.2%, 1fif FCK Al ET AbBEXF HIG i % 5
W, BEAh, A 4 HEAb X BS o' MGEs 3 K AH Xt
FREM 4 5, RSD Ml FCK kb ¥y fE @ 2
( P<0.05) B&AR 3% i 1S6100 JE R F FHXT 3=
fF, Hrh RSD AR FRAYIH ISR 37.6%~43.9%, 1L
T FCK Ab#HH) 25.4%; 5 CK AHLL, ET Ab#HAEHS
3% (P<0.05) ¥hn g rh i i+ 1S26 KLY AH
XPERE, WA AR T inel] S5 A AH X
JEYI B E W (£ 2 M 2b). BRI, RSD
Ab¥E%E BS PG E . ARGs Fl MGEs & 4753 H
H—EmMBEERER, AXMBEEMREYS ARGs.
MGEs HYH:ZEAILL K RSD 43 B A WL L
U YIR G .

0/ _
§ 100% : ARGs : MGEs
5 L
—g 75% % : :
£ s0%} %: &) :
4 1 g g 1 !
2% e 848 |
] K | § 4 § |
S 0% ;! ! '
) ‘ ! * ° ® '%
= L I
E o5l ¢ .
5 | 1 %
8 ' I I
= | I
g 1 1 %
& -150% ! !
TP AW S SRV
NGCEARR
© A Gene
e ET e AL e MO

TE: CK, MM ; FCK, fAFKEI; ET, WM 1%WK5H RSD 43 ; AL, Wi 1%E #4319 RSD AHE; MO, ¥R 1%
N RSD AbB, RZELLFIRIRIEIR (n=3), TR, Note: CK, control; FCK, maximum water holding capacity treatment; ET, RSD
incorporated with 1% ethanol; AL: RSD incorporated with 1% alfalfa; MO, RSD incorporated with 1% molasses. Error bars indicate the

standard error of the means of three replicates. The same below.

& 2

ANTR] - HEAL BT B A AN TR . ARGs Il MGEs 15 J4FIE (a) KIHHER (b) A2

Fig. 2 Effects of different soil treatments on the contamination characteristics (‘a) and reduction rates (b ) of R. solanacearum, ARGs,
and MGEs in black soil
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Table 2  Effects of different soil treatments on the relative abundance of R. solanacearum, ARGs, and MGE:s in black soil

YA RPIERE ARGs

aadA21

qacH

4.9x107+1.4x10"a
3.5%x10°£2.9x10 *be
3.9x10°+8.3x10 *ab
2.4x107°£1.9x10 %

2.7x107°+£7.2x10%¢

3.3x10 %£1.6x10°°
3.3x1072£1.2x10°°
3.4x1072+£2.6x10°°
3.4x1072£2.7x10°°

2.7x1072%£2.1x1073

tet36

sull

A
Qb
R. solanacearum
Treatment
flic Total ARGs aadA7
CK 3.3x10 *+4.5x10 %a 7.8x107%+£2.7x107° 1.2x102+2.0x10%a
FCK 3.1x107+£1.4x10a 7.0x107%£1.9x107° 5.3x107°+1.4x10 ¢
ET 9.2x107°+2.8x10 ¢ 7.9x107%£9.1x107° 1.1x10%£6.2x10 ‘ab
AL 1.9x10*+3.8x107°b 6.7x102£1.7x10° 7.2x107°+3.8x10 *c
MO 3.6x107*£2.7x10°a 6.0x1072+3.1x10°° 8.0x107°+£4.0x10 “be
fib 3 BiAERBUERN ARGs
Treatment msrE tetG tetM
CK 3.6x10°£3.7x10 *ab  5.0x10°+5.6x10 *a 1.6x10%+2.0x10°°
FCK 4.1x107°+3.1x10"a 4.1x107°+2.4x10*be 1.6x102+8.2x10™*
ET 4.4x107°+2.7x10"a 4.6x107°+3.6x10*ab 1.6x10°+3.6x10°°
AL 2.9x107°+2.6x10~*b 5.1x107°£9.1x10°a 1.2x10%+6.9x10°*
MO 2.9x107°+1.7x10~*b 3.8x10°+1.3x10 *c 1.3x1072£1.0x10°°
Qb A BBt ot MGEs
Treatment intll 1S6100 1526
CK 1.9x10°+1.6x10°* 2.8x10242.3x10 *a 3.3x107°+5.0x10 *be
FCK 1.5x10°+8.8x10°° 2.1x102£1.7x10°b 4.4x107°£9.3x10 *bc
ET 2.2x107°+2.7x10°* 1.8x102+1.7x10 be 9.0x107+1.2x10 %a
AL 1.4x107°+4.2x10™* 1.6x1072+4.1x10 ¢ 5.4x10°£1.0x10°b
MO 1.4x107+3.0x10°° 1.7x102+£1.3x10 b 3.0x10°+4.1x10 *¢

1.9x107°+2.1x10 %
1.6x107°+1.2x10 %ab
2.1x107°+3.3x10 %a
1.2x107°+8.6x10"b

1.1x107°+1.1x10 b

4.0x107°+8.9x10 ’ab
4.3x107+1.0x10*a
3.2x10°+3.0x10 *be
2.9x107°+9.1x10%¢

2.7x107°£5.7x10¢

W FHPBIRE N £ AR ER (n=3), [Fl—F A [ 1) 32 7R Ab B B) 25 5 1 3 ( P<0.05), FIAl. Note: Values are mean + SE

(n=3) . Different letters within the same column mean significant difference between treatments at 0.05 level. The same below.

2.2 RSD AEXLTIFEHERE. ARGs 1 MGEs

RO E YA

AN[E] A BEXT RS i Al TR . ARGs Al MGEs
15 Y AE B2 i 3% ( P<0.001 ), HAS[E AL BE A 1E
FRAFfE— 25 ([ 3a), 5 CK Lk, RSD
il FCK AbFRIGAE W% ( P<0.05) F#AK RS A
AR 2 B2, Hirh RSD AR B A4 71 Ik % AT 15 88.0%~
92.3%, W& (P<0.05) =T FCK 4bFH (59.5% ),
H ET.AL 1 MO 4b#[a] Jg i 25 22 (3R 3 FIIE 3b ),
2 3 AT, AT CK AbFE, AL AbFfghs B 2%
( P<0.05 )} RS i ARGs [AHX F R 1.1x107"),
177 H At b B TG (8 3 52 RSD R FCK Ab 44 g
W3 (P<0.05) FEAIK RS ' aadA7 FEH B AHXTFE 1,
Hor BT AL 309 T VR FH dcak G IR Gk )

90.2%, AL. MO Fl FCK AYiH I8R5 3N 76.3% .

51.3%%1 34.5% (3% 3 Ff1l8l 3b ). 5 CK AL, AN
AEHXT RS W aadA21 F WA XS F BT B35
W, {H ET f1 AL ZbPR)5 aadA21 FEH R EE B
# (P<0.05) BT FCK FI MO 43 (£3), h#£ 3
AN AR AR BT RS H 2 2525 ARGS( gacH il msrE )
X m A, Hrh AL 4b 3 fE 6% B 2
( P<0.05) ¥4I gacH FEP W AXT F2 B, 1 ET F1 MO
AL BRREAS 2 ( P<0.05 )B4 msrE 3 KA AR F 1 .
5 CK Mk, RSD AbFEYRE 23 ( P<0.05) 34/ RS
o terM FERIAEXTEEE, I ET AL BB RN terG
i tet36 P AYAHXT B2, HXT tet36 e PRAHXT 4 B2
B T DA R B B 2 (P<0.05), HIHE N 80.8%
(3 3 fI 3b). MbAHh, AL £bFERER.2 (P<0.05)
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TOICEESE: RIS AN R Ak H 43 A= W

w‘,‘i‘-‘}

USOREI T €S

1397

HAhn RS T sull | intl] F IS26 KPR AH X T2 5,
Hoftb kb FEX; = F A X £ R CK B W%
(£ 3), B2, RSD AbHHRENS A S RS o 75 Al A

IS
2 HR

a) 04 R

adonis: R*=0.79, P<0.001
9 0.2r °
N
N
A °
3 LIS

+ °
<o: 0.0 -,
g o

-0.2
-0.2 0.0 0.2 0.4
PCoALl (72.07%)
Treatment CK
” 3

FIFAXT 2, fHXT ARGs Al MGEs %t 3= BE 9 71 s
U] YERT55 ,Jﬁ AL ZLPEXF ZFh ARGs BYAFHXT =B
W HAWIER .
by 200%r ARG | MGEs
_§ 100%F @ ! e !
5 o%l :§’°§‘8 IRE
g; ~100% | i. ¢, iii{';
SE e ’ @
ET 300%F | \
=2 | [
EE 400%r % .
2 -500%F i i
2 600%) !
o4 | |
—700% .
4 A >0
SC?& 0&: ?@ ‘3‘ \m"\\ o & % N
<& FEH Gene
eFCK @ET e AL e MO

ANIE - R FE T LTI 4GB . ARGs il MGEs 5 Z445E (a) KIHIZE (b) 52

Fig. 3  Effects of different soil treatments on the contamination characteristics( a )and reduction rates( b )of R. solanacearum, ARGs, and MGEs

Table 3 Effects of different soil treatments on the relative abundance of R. solanacearum,

K3 AELELEMOEFSFHE. ARGs #1 MGEs B3 EE 8

in red soil

E} ul‘-]

ARGs, and MGEs in red soil

JOBL

Treatment

T

R. solanacearum

HiARBiPEHEE ARGs

Sic

Total ARGs

aadA7

aadA21

qacH

CK
FCK
ET
AL

MO

1.0x10°+5.8x10°a
4.2x10%£3.3x10°b
8.4x107° £ 6.5x10 % ¢
8.0x10°+9.6x10 ¢

1.3x10* +8.5x10° ¢

7.2x107%+ 1.4x107b
5.5x10%+4.2x107b
7.4x107%+ 1.3x107%b
1.1x10"' £3.8x107a

7.5x107% +3.2x10°b

2.0x102+1.0x103a
1.3x10%£3.9x10°b
2.0x10° £5.8x10*d
4.8x107° £5.0x10*cd

9.9x107°% + 5.3x10* be

4.2x107° £5.3x10 % ab
3.3x10° £ 1.3x10*b
6.4x10° £ 1.7x107a
6.7x10° £ 8.0x10*a

3.4x107° +1.9x10%b

2.7x1072+£4.9x10* b
2.2x10%2+7.8x10*b
3.5x102+8.9x10° b
5.4x102+3.6x10° a

2.8x102+2.7x10° b

b3

Treatment

b EHitEIE R ARGs

msrE

tetG

tetM

tet36

sull

CK
FCK
ET
AL

MO

3.1x10°£4.2x10°b
2.1x10° £2.1x10°b
2.0x10*+£2.9x107 a
8.4x10°+7.3x10°b

1.6x10*+3.2x107 a

1.5x102 £ 7.3x10* ab
1.1x102 £ 5.5x10 b
9.9x107 + 1.8x107 b
2.1x102+3.8x107 a

1.4x107% +7.1x10™ ab

3.5x107° £3.2x10* b
3.0x107 £ 1.3x10* b
1.7x10%£3.3x10° a
1.7x10% £ 3.0x10° a

1.5x102+£1.6x107 a

b3

Treatment

il # Bl f ek MGEs

intll

186100

1826

CK
FCK
ET
AL

MO

2.0x10°+£59x10° b
1.7x10° £1.9x10* b
1.6x10° £3.2x10“b
3.7x10°3 £ 4.0x10“ a

2.2x10° +£2.6x10* b

1.7x1072 £ 1.1x107°
1.1x10%£2.8x10°
2.5x10% £ 7.4x10°
3.0x1072+4.8x107°

1.7x107% + 1.3x107

7.2x107° £5.9x10* b
7.2x10° +£3.5x10%b
7.2x107 £ 1.5x10° b
2.2x102£2.2x107 a

8.0x107° £4.9x10* b
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1.9x107° + 1.4x10°° ab
1.2x107° £ 4.6x10°° be
3.7x10°+ 1.9x10 % ¢
3.0x10° +7.9x10° a

9.8x10°+ 1.1x107 be

3.0x107° £9.7x107° be
1.8x107° £ 1.1x10* ¢
3.9x107° £ 1.1x10° ab
52x10°+7.6x10"a

3.0x107% +£2.3x107 be
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e 62 4

2,
¥

2.3 RSD REXETHEHE. ARGs #1 MGEs

GRS E R 0b- A

WE 4a frn, 5 CK AHEL, RSD Ab P HE D 3
( P<0.001) k7% FS &4l . ARGs Fil MGEs B &
AT YRR, Hrh B G PR (AL A1 MO ) 14
MRS T AG IR (ET) FEHEZES., hi#k
4 AL, AFEAPLYE RSD ABEXT FS b AL
ARGs fll MGEs #IXT M fF7E2: 5%, 1 FCK
AT H I TE 52 . 5 CK AHLG, RSD 4b#ity
AEWE (P<0.05) F&AK FS thi A RO AHXT £, H
BT ARSI R ey, 185 94.2%, T AL &b
B 76.1%F1 MO AbEERY 80.9% (% 4, K 4b ), AL
Al MO AbFHEEGZREAE FS Wi ARGs BYAHXTFE R,
TR A 15.0%F1 20.6%, Hb MO AZbF )Y
WO B (P<0.05), 1M ET AbFHJS + 38
ARGs FUFIXTE R CK B3 ( P<0.05) #m ( % 4,
4b). W 4 Fix, BT M5, FS i aadA7 3
AT R 2 1.7x107°, B3 (P<0.05) KT
CK FHAbARRE, FIHRAREIA 81.6%, H aadd21
L AIAR R B 2 (P<0.05) BHNZE 9.6x107°,
I AL F1 MO AL FIREREAR FS o aadA7 F aadA21
FER AR B IR0 22.0%~29.8% Fl
50.5%~57.9%, (HWFRTCEE 25 (K 4b), 2K
I, BT AbPEEENS 3% ( P<0.05) H4 FS ' qacH
TP AT ERE, JER3E (P<0.05) KK msrE HEH
FORHRT 2, IR A Ik 80.9%, 1 AL Al MO 4b

a) 0.2 adonis: R*=0.95, P<0.001 b)

0.1 ‘;

0.0 o,

PCoA2 (16.65%)

0.00 0.25
PCoALl (80.64%)

0.50

Treatment « CK

ARXS =F BT8R

B REMEAR gacH 1 msrE FEFERUAAXTERE, (HE
CK 2% AN B3E, qacH F msrE K A TE R 435
8.6%~20.5%F1 44.1%~45.6% (% 4, & 4b), 5
CK H#ilt, ET 4bHfFEW W% (P<0.05) F#fK FS
tetG ., tetM I tet36 FEPAYAIXT F B, HWH R 5
ikF] 78.3%. 66.9% Fl 79.4%; i AL Fl MO bR
X tetG I ter36 KPR 45 BE B IH SR AL ET Ab 3t
59 (% 4, K 4b). AL Fil MO 4ZbFEX} FS H sull %
(ARG = B T B 2552 ), T ET Ab B4R CK R 3%
(P<0.05) $EmAHXTER (£ 4). HFE 4 7]H,
RSD A HHHIBE B ( P<0.05) F&AK FS  1S6100 F
1S26 B AT B, IH R 72.5% ~
76.2%F1 38.4%~56.2%, H ET ZbPEXT 1S26 KA
X = BE A T IR 2 3 (P<0.05) fit T MO Ab 3 (&
4b, F 4). AN, 5 CK ML, ET Al AL 4bHYHE
W3 (P<0.05) FEAK FS W intl1 B A AHXT 352,
Hr ET Zb 3 ATH IR R 59.0%, 35T AL &iiﬂ
(30.5%), 1 MO AbHEXf HIC R E - (£ 4,
4b). ZEAT . RSD AT FS Ak . ARGs
Fl MGEs & & 15 %« 1B S RO %L BS Fl RS 5
24 TEXIMLEFAWNEHE. ARGs 0
MGEs 1834 3 E #J 52 1
WHEEF 20 En (% 5), BRabE U
IS6100 FEFAXS F T B Fwmsh, i, +
B A R H AR HAE Y RE W% (P<0.05) &M+ 15
AT . ARGs fil MGEs UAHXTERE . Hidr, Kk

150%

3 : ARGs | MGEs
S 100% ¢! I
° 9! ° L) ® [ ]
g o | 8 L4 )
% 50/0‘ | ! [ ] . i I‘ :
I e
% e ll! s L I
(3
2 S0%F g I
S ol | '
2 -100% 1 I
= | |
& -150% | & %:
2 I |
S =200%F 1 % I
~ I |
I I

-250%

3}:\ ?:L L)c’ \"\ Q/w\w\q} s\\ \\\\ \QQ @'b
o & \%

LA Gene

» FCK @ ET e AL e MO

Bl 4 A6 S TXTE A+ P E AR . ARGs Fl MGEs 15 2 454FE (a) KO (b) M52

Fig. 4 Effects of different soil treatments on the contamination characteristics( a )and reduction rates( b )of R. solanacearum, ARGs, and MGEs

in fluvo-aquic soil
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PUEZEPIEILH ARGs

aadA21

qacH

3.2x107°£1.4x10*b
3.0x10°+4.2x10°b
9.6x10 '+8.5x10 *a
1.3x107°+9.4x10 ¢

1.6x107°£1.9x10¢

2.1x1072£3.0x10~*b
2.0x10°+6.6x10 *b
5.2x107%£1.4x10%a
1.9x10°+3.3x10 b

1.7x1072+7.3x10"*b

tet36

sull

7.0x10°£5.7x10 ‘a
6.4x10°+4.6x10 ®ab
1.4x107°£5.7x10 %
4.9x107+2.2x10°b

5.1x107°£1.0x10ab

3.6x10°+6.8x10 b
3.8x10°+3.8x10 b
8.9x10°+£7.8x10 *a
3.7x10°+4.9x10 b

3.5x107°+1.2x10™*b

51 TCEEAE: MR JFEAN AN R A H AR W 25T e T DR R
F4 ARTIELEMFHLPERE. ARGs 1 MGEs 23 £ E 87800
Table 4 Effects of different soil treatments on the relative abundance of R. solanacearum, ARGs, and MGEs in fluvo-aquic soil
e A
R. solanacearum
Treatment
flic Total ARGs aadA7
CK 7.4x107£8.4x10a 4.6x1072£2.1x107°b 9.1x107°+1.2x10%a
FCK 8.7x107*£1.0x10a 4.6x1072+2.4x107°b 8.9x107°+1.1x10%a
ET 4.3x107°+1.1x10°b 7.4x1024£8.6x10 *a 1.7x10°+3.0x10 *c
AL 1.8x10*+1.4x10%b 3.9x107%+3.5x10 b 6.4x10+4.2x10 b
MO 1.4x10*+2.3x107°b 3.6x107%£1.8x10 ¢ 7.1x107°+8.5%10 *ab
Ab B BiAERBIEIR ARGs
Treatment msrE tetG tetM
CK 2.9x107°+5.2x10 %ab 4.0x10°+9.9x10 %a 5.0x10+8.6x10 *a
FCK 4.3x107°+9.8x10%a 4.1x107+1.4x10*a 5.7x10 +4.0x10 *a
ET 5.4x107°£2.6x10 ¢ 8.7x10 *£4.0x10 ¢ 1.7x107°£1.8x10 b
AL 1.6x107°+8.2x10 "be 3.1x10°+6.3x10°b 5.4x107+3.0x10 *a
MO 1.6x107°+2.0x10 °be 3.1x10°+5.2x10°b 4.5x10°£1.3x10 *a
Qb BBt ook MGEs
Treatment intll 1S6100 1526
CK 1.3x107°+9.1x10 %a 9.0x10+9.4x10 %2 5.7x107+3.1x10 *a
FCK 1.2x107°+3.4x10 ab 1.0x102+8.9x10 *a 6.4x107+2.6x10 *a
ET 5.4x10 *+4.2x10 ¢ 2.1x107°+2.4x10*b 2.5x107°+2.8x10 *c
AL 9.2x107*+2.3x10°b 2.3x10°+2.5x10 b 3.3x10°+3.7x10 *be
MO 1.3x107°+1.7x10*a 2.5x107°+9.5x10 b 3.5x10°+1.0x10 b

#B5r ARGs (msrE. tetG. tetM. tet36 Fl sull ) Fl
MGEs (intl1 . IS6100 F IS26 ) fhAI %42 B 52 1 482k
RIR R 8% ( F=11.4~755.4, P<0.001), i
BT EANE . aadA7 . aadA2]1 F gacH FEFAH
Sof = BE A S T 5 28 ( F=17.1~90.4, P<0.001 X 3 5 ),
XEEEE LRI RSD AbPEXT e A=) 2 A 5 YL T
SR 5 R R R ALY R B B DA DG, U
JEKH4> ARGs Fll MGEs A% 32 5 iy A8 fb A2 1 49826
LALiNEA ) NS
2.5 EHEMEMEES ARGs 1 MGEs X £ &

HIHE K1

FHER 6 AT, AN ] 3 S 70 v 5 Al TR AR O =F i
5 ARGs Fl MGEs A% 3= B B AH OGP 45 A TE 1o 3
Z5. 1€ BS 1, HHiRAHXT RS sull FIS6100
LD B AR B IEARDG, AR W7E RS 1,

AN B AR 5 aadA7 A tet36 3 R A AR X 3 5 5
IEAHE, b 5 aadA7 SEPR R E R 2.3 ( P<0.01),
X W] RSD AL #AVAE PRI I8 BS Fl RS T Al A
/b5 ARGs Fll MGEs J&[RJE A & A 155¢ . 7£ FS
o, E A AR R S R 0 ARGs (aadA7 . msrE
tetG . tetM Hl tet36 ) Fl MGEs (intl1 . IS6100 F1 IS26 )
A i 5 38 ( P<0.05 ) IEAH G X, W] RSD
AT FS Hi R E 5 ARGs Hl MGEs & E Y
AW R AT Y B B A U R R . R
aadA7. msrE. tetG M tet36 FEF AN EEF 5
MGEs F:P A B 2 B 2 (P<0.05) IEAHG,
gh & K 4 RSD kb B Hy BE 7 — 2 R b3 I
aadA7. msrE. tetG Fl tet36 FER W AXTFE B, KA
RSD #h# [RIFEBERS A 240k FS ' ARGs F1 MGEs
W E G5
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T 62%

FzS5 HESER LBAXNBREZEERANEHE. ARGs
#0 MGEs #83f £ & 8y 820

Table S Effects of soil types, treatments, and their interaction terms
on the relative abundance of R. solanacearum, ARGs, and MGEs

% H HH + 1 Qb2
ST

Class Gene Soil (S)  Treatment (T)
HHW  fliC 10.56%** 90.42%** 61.28%%*
Total ARGs ~ 49.41%%* 9.50%** 10.13%%
aadA7 8.20%% 20.08%%* 8.96%
aadA2l 6.98%* 20.83%%* 11.06%%*
qacH 9.07** 17.06%** 12.55%%*
ARGs  msrE  755.35%%* 5.66%* 5.5 %
tetG 142.24%%* 6.70%* 4.36%*
tetM 45.35% % 3.13% 8.58 %
tet36 97.3% ¥ 11.66%** 8.67%%*
sull 11.37%%* 9. 74k 10.22%%
intll 37.27%%% 3.61% 8.5k
MGEs  IS6100  53.42%%* 2.30 5.90%
IS26 72.83%%% 18.22% 25.56%%*

Note: *, P<0.05; **, P<0.01; ***, P<0.001

2.6 EHE. ARGs 71 MGEs #a3tF &5+ 1518

HERPEXED T

FHRMES M4 R (E 5), AFEZEA LI
FHAHE . ARGs Fll MGEs BN =F B 55 BRAR A 5 1)
AN RS 78 BS W, +3% pH 5 156100,
aadA21. aadA7 T tet36 Fe[H i AHXT 4 B 5 0 3
(P<0.05) fAHX, 1 +HHER PR (EC) 5HEMAE.
sull F1 IS6100 JEF (A% 3 4 2 B 2% ( P<0.05) IE
G (K Sa). 76 RS 1, +3 pH fil NH;-N &5
A aadA7 FEF AT F 2 B3 (P<0.001)
MAHFE, M5 tetM FN msrE FER AR 323 5 53
(P<0.001) IEAHI (& 5b). il Sc iz, FS %
A PRALME T S5 MG T . ARGs Fl MGEs A% 42
KEEY], Hih+3E EC. AP fl NOy-N & 5%
i . KESr ARGs (aadA7. msrE. tetG. tetM Fl
tet36) Ml MGEs (intll . 1S6100 F1 1S26) HyAHXT
FEYRBE (P<0.05) MR, WiHHE pH Al
NHi-N &5 msrE. 1S26. tetG. aadA7. tet36 Fi
intl] FER AT 42 B b 3 ( P<0.05) TG, h4h,
+3E pH 5EMEM 1S6100 N BN 3= B &

26 AEEBLTIERERE. ARGs F1 MGEs 183t £ g8 £ 1

Table 6 Pearson correlation between the relative abundance of R. solanacearum, ARGs, and MGEs in different soils

flic aadA7 aadA21 qacH msrE tetG tetM tet36 sull
H#1 BS
flic 1.00 -0.01 -0.03 —0.54* -0.42 —-0.37 -0.18 -0.33 0.32
intl] —-0.44 0.37 0.59* 0.46 0.62* 0.28 0.51 0.57* 0.10
1S6100 0.39 0.38 0.75%* 0.24 0.15 0.26 0.51 0.41 0.63*
1526 —0.86%* 0.13 0.18 0.45 0.52* 0.23 0.24 0.51 -0.19
ZLE RS
flic 1.00 0.85%* -0.34 —-0.44 —0.64%* -0.07 —0.75%%* 0.14 -0.34
intll -0.26 -0.16 0.44 0.69%* -0.12 0.86** 0.33 0.81%* 0.49
156100 -0.36 —0.42 0.94%* 0.79%* 0.40 0.61%* 0.55% 0.39 0.75%*
1826 -0.37 -0.36 0.48 0.73%* -0.10 0.80%* 0.42 0.72%* 0.52%*
WL FS
flic 1.00 0.63* -0.28 -0.43 0.82%* 0.75%* 0.57* 0.70** -0.45
intll 0.55* 0.74%* —0.71%* —0.78%* 0.52* 0.81%** 0.68%* 0.66** —0.74%*
156100 0.927%* 0.70* -0.19 -0.35 0.80%** 0.72%* 0.50 0.67** -0.37
1526 0.93%* 0.76%** -0.37 -0.51 0.81%** 0.827%* 0.62* 0.79%** -0.53*

Note: *, P<0.05; **, P<0.01.
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5 1 TOCEEAE: BRI AL P AN R AR H 43084 Wy 25 T A BT DRURSUR 1401
a) b) %
AP pos AP Jos
TOC 0.6 ] o RC 0.6
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