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Hy0, 89 & R A AR AT S B S 4548 X KB (gfp. mCherry. trfA #= trbB) &) ¥ &
T, [ER] AL RAHENEELR, FHBLES 2 ROH. O A2 H,0, " ERk &, 4#
4 0.684. 0.988. 6.371 umol/L, B & & FHAws 3R, TERHAZIK. KM IHFRFLHFMAA K
AP —F FEMEASILRR >R BRA> LR, FAEAT ofp. tfAd. bB KR FEAEL
MER G, 54 H 3.47<10° 6.73x10°. 7.86x10° copies/ng DNA #= 8.9x107*, Z & 40 Z Ak, &
BREMEE S L EAGEEIRFE Y L FE T 73%-92%. Mantel TR T, ZEAHHALHEA
B prfd Ao trbB WIAB AR A RF, RAHEL G ORI BB G SER BT, MATH AR
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Impact of reactive oxygen species on the dissemination of
antibiotic resistance genes in earthworm intestines

GAO Zeping"?, YUAN Guiying'?, LI Shunshun'?, HUANG Zunwei'?, WU Yun®, SUN Qingye'?,
ZHENG Liugen'**, ZHOU Guowei"*"

1 School of Resources and Environmental Engineering, Anhui University, Hefei, Anhui, China

2 Anhui Province Key Laboratory of Wetland Ecosystem Protection and Restoration, Anhui University,
Hefei, Anhui, China

3 Huaibei Comprehensive Treatment Center for Coal Mining Subsidence Areas, Huaibei, Anhui, China

4 Anhui Provincial Laboratory for Mine Ecological Restoration Engineering, Hefei, Anhui, China

Abstract: [Objective] Earthworm intestines, rich in carbohydrates and organic acids, are
considered potential hotspots for the horizontal transfer of antibiotic resistance genes (ARGs).
However, direct evidence is lacking regarding whether reactive oxygen species (ROS) are produced
under anaerobic conditions in earthworm intestines and how ROS regulate plasmid conjugation.
This study aimed to investigate the contribution of organic matter metabolism to ROS generation in
earthworm intestines and how ROS affected the conjugative transfer of plasmids.
[Methods] Pheretima guillelmi was used as a model organism to establish the anaerobic
microcosm systems simulating in-sifu substrate concentrations of earthworm intestines. Four
treatments with glucose, lactate, acetate, and amino acids as sole carbon sources were set up. The
role of ROS was verified by adding ROS scavengers. Using the fluorescent probe technology, ion
chromatography, and qPCR, we determined the production levels of *OH, O,"", and H,0,, the
consumption of organic substrates, and the abundance changes of the conjugation-related genes
gfp, mCherry, trfA, and trbB, respectively. [Results] ROS was detected in all the treatments. The
glucose group showed the highest *OH, O,"", and H,0, yields (0.684, 0.988, and 6.371 pumol/L,
respectively) on day 2, which were significantly higher than those in other groups, while the acetate
group showed the lowest yields. The substrate consumption rate followed the trend of glucose>
lactate>amino acids>acetate, which was consistent with the ROS generation trend. Correspondingly,
the glucose group exhibited the highest abundance of gfp, #f4, and trbB (3.47x10°, 6.73x10°, and
7.86x10° copies/ug DNA) and conjugation frequency (8.9x107%), which were the lowest in the
acetate group. After ROS scavenging, the conjugation frequencies in all the treatments significantly
decreased by 73% — 92%. Mantel analysis revealed that hydroxyl radical showed the most
significant correlation with conjugation frequency and abundance of #f4 and #bB, indicating that
*OH was the core ROS driving conjugative transfer. Unclassified FEnterobacteriaceae and
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Clostridium sensu stricto 10 were identified as the core microbial taxa coupling ROS generation
and conjugation. [Conclusion] Organic matter metabolism in the anaerobic earthworm intestine

can significantly promote ROS generation. ROS further regulates the conjugative transfer of ARGs
among microbial strains by altering the abundance of conjugation-related genes.

Keywords: reactive oxygen species; antibiotic resistance genes; microbiota in earthworm
intestines; anaerobic environment; conjugative transfer

P14 E Hi 1k 3 K (antibiotic resistance genes,
ARGS)VEN—FiFi BRI ET 5 4 W), TE4 3R EE
HIERE 598 XA e AR A Rl T ™
2l 3R ARGs OB BHAE R, R CHER
AR, IS R R A SRS 232 rER 4, K
- St A #; #% (horizontal gene transfer, HGT) J&
ARGs TEAN[AE W1 R HO i £ 2R R,
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WO P ER o AR08 355 T 7 A= 0% 40 i P9 35 4 4R
(reactive oxygen species, ROS), #{ UL & 1% %
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recA)-LexA PH i 25 H (IexA repressor, LexA)/)
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41345 % DNA FR0 (HAR R, ZHLH DT
AL T A ARG, U AF 7 e 4] gy 3 A A v
G 1) 2 B IR G A 15 R AP B SR A R AT
17EAS L3 E NN 7 S A SR T ok = W 1554 91 A 23
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T AP A R 0., X R O,
A3 o il e L — 2P A AL A O, Ho0,
(~OH JE MR A) 2427,
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AR RN BRI, 155 A A R AR FE AR T
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AV M et ik SOS W LS|, 2251
AR B S RS R, AT SRSl ARGs
TEZIR IR L 22 R O 25 5 .
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B AW, RS 1 IR A G SR A R
B It s fi 3 N B e s O R AR L LR . £
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SRR A T ALE], U TR AR IR AR A
SIEEH ARGs 15 4% 1 3R S AL $2 BURT (14 52 56
TR 5 BB HUA

1 M5 r=E

1.1 HARERR,. FRAFIBURINE D

KIG 545 B (Escherichia coli) MG1655::1aclg-
pLpp-mCherry-KmR YA PUER =G HERE A AR
¥k, #E5 IncP-1e )15 F 50K pKIKS:: gfpmut3b;
R RGBS TR IETHE T I bRIC BRI
HOB A 5 M f0 5 52 lacq 300 Y 3 R EE Y
gfpmut3 FEH 23 PR 4 5 4 €85 G B 1 (green
fluorescence protein, GFP); IHAb, T2 HLA F #k YL
kb RE A T AU RIX laclq FHEE 1Y
SR R 38 & DA S g b 21 €8 98 6 2 1 B mCherry
B EETizase it AR g iFRIA
AT RPARAS W0 OB D 2 6 5 2 2 K
ML), laclq AOFE SRIMEIRE LR, gfp FERAS DA
Wenh F AP, L, AT A 5 A A
Pk AT MR 7, DA AE S Bk 35
SRS LR RS

FHRAFET-80 CURAF IR TR 1E 1b J5 Rl Ze 42
FftF2 PUFRZE (50 pg/mL)AY LB A -, 37 °CH;
Frid o PRIBCH PRV el TS A R BT A R
) LB WA #2569, 37 °C. 180 r/min K FEid
W, FJEHEUERCT 4 °C. 8 000xg B> 5 min Y
WA, B, HICREIRE PBS 2Pk vk i
AR 3 U, FEIFRHE ODgoo £ 1.0, %5

2 TIEYIMEREFR 3 d W RUIRFR B 15 (Pheretima
guillelmiVE R APIREAS 303 TG T e f 4R U 1
WY, HilniE N A B o 50k 20%. TG
SRR £8 22 v AR AR 0 HCh 80% 1Y LU R 2]
JE%E A 50 mL IMLEIRA . SR HARFLL 80:20 MY
AR S R ARIR A, 4 0.22 pm CRIEAY
BRI, X IGFR SR e B R 4R, AR T
W< 20 min, WAAPBES 40 min, FI T AR %
MR TR EHE D, RIS TEE IR IRAE 30 °CoRMF

THIRESRE 3 d, IRASEE G S T A2 R R A -
S T FH R A M| 0 L R AR S A A
BRAW, Y@l aiik, B BAE, 1
A A (10.040.5) cm, A (5.05£0.21) g + 3%
SR 3 d A, TEIRFEAR G TOK CBERRIE, E
it 5 R TCRK e KRR ERMEY . TH
e TAE G PN R FH TR i B A 71 i 8 4L B0, B
WY 5 REA PR PBS IR, 1E 30 CCIRAFR
Ferp iR 3 d DM THFERR B A UK. I
LR TG IR 5 RS TR WA S Y A2 AR
BRI
1.2 BREFARS LRI

FLAh B IR LA A RN B B i 2 B S 2 S0k 21]
SERN, AWFIERE T 4 NMEEA, BAYLIAR
[ A HLYIVE R — I, BRI . A
4 30 mmol/L %k ; FLERZ1 A 7 mmol/L FLIR
By ZRR 6 mmol/L Z R4 ; 2 LR K
1 mmol/L iR & &R . WRIEBES BT 15
e 5] i 3 A L e R A Y, H AR AR i i
BREAE, U LA SR TR AR

W Z R . AR 25189 2 10° CFU/mL
Jo, % L ARBURAIE R TAERE W . il T
BRI Y LA R 3 b CRVAR R 40 mL), K
WiFeHm pH M E 6.8-72 )5, RAEM L
80:20 Hy Al A A AR A, 4 0.22 pm
TCHIEAR PR G, X SR I R e RR A, M
THBREMB R EERO, SJaEERERE R
FE 30 CCAAMF R IEFR, JFEERGFHRMSE 00 2. 4,
6 REFTEhZSRAE; 59 A% B AR A W5 iR 2 0
B0 P A A DL (R U 2% 310 308 1 480 B9 A i) o
HERGIAGE ARG AL R EH,
T R S50 A 2R H N T P AT BRI R A T
N = R N 1IN <) Sl VA o s it | TR NE
HROIm A 23k B R 10 mmol/L A9 A% AR (7 & «OH
WBRFNEY L 1500 U/L 8 A Ak W EL Ak i (F 3
Bk 0,77) & 150 mg/L i & Ak & W (FH T B i
HzOz)[32]o T A HEYA 3 N YRR
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1.3 REShZESH
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[FER IR B (P DA BRA /e, B
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AG23 PRYEE, B SHAT AR R B R IR S AR S
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HREERHEAARA R G, Bk
P I A

FRAL B b L v B I R R TR
F AT B AP, Bk s B
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JEFERBESME N ASRELL Sh, SRE A 0.25 mL
H S R, 10 000 xg B0 15 min, FEIA
Pk 350 nm, KHHEK 460 nm JE 7-FRIA G
% (7-hydroxycoumarin, 7-hCOU) Ay ¥k &, Fi 1
Pré ZF0 B 3] «OH 175 5 ([7-hCOUY/14.5%);
4B 8 - RN o ST SR B o R TR A P
T R A A S R B AL R K
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SV FIETT
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FH 4 3 5L R 40 DNA $2 B ) & [ K AR 4=
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T qPCR JE #1945 BRI 15 197511 an
T mCherry JEP (¥ H Bt 202 bp), IEMBIY
IF (5-AGCAAGGGCGAGGAGGATAAC-3"), X
1] 51 ¥ 202R (5-ACTGAGGGGACAGGATGTC
C-3); gfp FEH@ 1 Bt 623 bp), 1EM 514 6F
(5-TAGCAGTAAAGGAGAAGAAC-3"), JZ I3l
Y 629R (5-CGAAAGGGCAGATTGTG-3") P*;
16S rRNA &5 |2 BSCHR[36-3 714315 IncP-1e
kL trfA FER 4 7 B 74 bp), 1EM5 ¥ trf4941F
(5-ACGAAGAAATGGTTGTCCTGTTC-3"), Jli]
519 trf41014R (5-CGTCAGCTTGCGGTACTTC
TC-3'); IncP-le JFki trbB FE (P14 A B 137 bp),
1E 18 514 trbBF (5'-GCGCACAAAAACATCCTG
GT-3"), K54 trbBR (5-CATTGGATTTCGC
CGGTGTC-3")P¥, qPCR [ W 1K & (10 uL): 2x
SYBR i i 7] SGExcel FastSYBR Mixture (£
TAEY TR RMBARAR) 10uL, L. F
W51 %10 pmol/L) 4% 0.2 uL, DNA FiAR 2 pL,
TAZTREE /K 2.6 uL. mCherry. gfp. trfA Fll trbB
FEHPPIEA T —EL, qPCR i 4F: 95°C
WA 5 min; 95 °CZE P 30's, 58 °CiEk 30's,
72 °CHEAH 30 s, Fh 40 DFEI; 72 °C LT fif
10 min, 16S rRNA FE[X qPCR % [ 4145 IR ¢
BR[3615E . IrA 44 f iy 415 & TG DNA Hifz
AR XTI, DAIHEBR IS g T 3 ik i & A7
+ HE ) 16S IRNA . gfp. mCherry. trfA .
trbB FE bR AE Bk, it /)N o ORL B B
& [ RAAR AR (b 50 A R 2 7148 BUBURE
i 10 5 Z 910 % B 1 s o R ) 4R A o i
Yo TEIERERE T HERRIE] 1 g, RONRCR
TE 90%—110% Z[8] . gfp H& 5 DB WAty 1%
FE PR ORI, [R)BA7AE F JRE A AR B o A
5T, I mCherry IR $5 DT 2 ook fit
IRTARRIE T 09 mCherry ¥t . HIL, 7EREFT
LR B AR HE T BRI HTEE T, Copies gfp-
Copies mCherry RIURHEGF4E . A 24550
AN (D)FTRP,
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CR=(Copiesgysp—Copiesmchery)/(Copiesies mna/4) (1)
K. CR MR, Copiesqs, N gfp FEHHE VKL,
Copiesmcheny A mCherry JERFENEL; Copiesiesmna
7 16S rRNA HEPA S48 DLEL

FRPEAZ A RNA BAEPER, s A2ty
4/~ 16S TRNA JrfidE[H, [Ktk, Copiesissimna/4
R Wi 15| g AN R B
1.5 16S rRNA EE¥ &, W F#iE
AR

B IEFRAR T, T EEEER 24 DNA $2H
TG R A AR (b 30 A RS w4 R il i
P B2 1998 M $2 L DNA. £ XF 4 3 16S rRNA
FEW) VA-VS KEGHEATY 3, BARG19F 51 Fl
FAFT 2% SCHR[36-37] 58 . PCR )48 1%
TENE W 5 I P UK A S5, SR FH B B o 2 1T oS
7 & (Omega 28 EDHATUIRE RN, #RAVEALTRIK
MRUERA AT, e HICH KT e . XTIl
o=t T DNA R e, JR IR AR %
¥i o 7E Illumina Miseq PE 250 - & (it AR EJR A4
PG BB IR A ) Bk ralifh . &, &I
AU . A QIIME 2 Ab B )10 i) 53 41K okt
A AT 9751, IR UCLUST RZ84
B T A R BN HA 97% LR I ER1E 4>
2K H1. 5T (operational taxonomic unit, OTU), % #
> OTU I £ @ myJF4, Jfilid RDP 433 &%
Xt il P R A T oy
1.6 Zitoth

AT A SR BRI LA 3 IR AE A Sy
32 S0 1) BE bR IfE 22 2R . R A GraphPad
Prism 10.1.2 3K {F#E47 M gt 153 A SRl R 3R
AL, X2 AL, HStidiat Shapiro-Wilk
R 9 R IR A YE, FERAH BN R =00
(one-way ANOVA)%E 4 Tukey’s post-hoc £ 5 if
T, WE P<0.05 MG B EKF-.
TR AN M S M A5 G A DGR PR B ATl HH R
A (vA.3.3) 58 o I AR M 2 A A R dE B (]
Pearson #H 14 {# FH 1inkET::correlate() PR AT 5 ;

Mantel test fifi /| vegan:: mantel() P& %X (method=
“pearson”, permutations=999), FET4:¥) Bray-
Curtis #5E5RE P4 AL IRIH 5 IR FRRE S AR . AT
At K 1inkET::qcorrplot()F1 ggplot2 £ 3EL

ARWETEITAT I K IR sh Wy ) 55 . 24
VEFNAL Xy 7 SREANE 1] o 3 4 552 46 3 ) A A4S
P ) K B T ) AR fE GB/T 35892—2018 (5%
WS YE A IR A5 ) . AR T R E kA
LR SR S YME P S P2 Dot S'sr
51 IACUC(AHU)- 2026-001, ASHFFE8; 4% T
HAFEOKR, ISR A

2 BERE5AM

2.1 HEBIBAEBNEIMKEIESIEE R ERK
A SR, W T R AR
o3 B R EEMEE (< OH ., Oyl HyO) YA 11
OL(E ). S55ERM, AV R Re NS A
TEPESEL, HIAIHEL «OH 1E55 2 KU A B
0.684 pumol/L. AL (1) «OH ¥ FEAR U N FLER 41
0.394 umol/L, ZFERZ4 0.390 pmol/L, Z.MR 4 fi%
i, & 0.112 umol/L (& 1A). #jZGHE4l 0, Hk
JEAESS 2 KM 0.988 umol/L, W& & THLARAH
0.604 umol/L . ZFERRZH 0.515 umol/L Fl L FR4H
0.487 umol/L (K] 1B). gL HoOp MREETESS 2 K
4 6.371 pmol/L, 25 TFLIRZ 3.215 pmol/L,
IR 2H 2.998 umol/L il Z, iR 41 1.456 pmol/L
(¥ 1C).
2.2 HrHS|RAE R S BRSNS
BT S AR R IS T R B FE AR
Py A A DL 1AL 2, 25 A L2 1 G T AR
P, W HR M B R 30.00 mmol/L F4 i %4 b 7E 45
6 KIEZEZ 0.85 mmol/L, JLTHE/R; bl
EWEREAE, CRRIERN =AW g
2, mH 2 KK 9.06 mmol/L T & 6 K
21.41 mmol/L . LR A1 P4 i 2 th 78 27 2 K3k 3|
I {H (7.29 mmol/L I 2.99 mmol/L), F/5Z#
R 2A), 3% I A 280 Wl 20 M T A a4 A2 32 3 1)
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Figure 1

Reactive oxygen species concentration dynamics during the anaerobic digestion in earthworm gut.

Hydroxyl radical; B: Superoxide anion; C: Hydrogen peroxide. Data are presented as mean+=SD (n=3).
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Figure 2 Concentration dynamics of organic substrates during anaerobic digestion in earthworm gut. A: Glucose
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WERR . FLIRF MR . FLEREh AN PR 1Y It
7.00 mmol/L FEZE5E 6 K 0.31 mmol/L; ZFR[A
A E D 2.15 mmol/L ¥4 & 3.89 mmol/L
(K 2B). ZTRELACHA YN FERZE, PIURHk
J&°k 6.00 mmol/L BIJE W 7E 6 d JG S 4 +5 24
5.50 mmol/L ([ 2C). 23R Ak #L4H nY IS ) th
1.00 mmol/L f¥% 0.16 mmol/L (%] 2D).
2.3 HEEIFEBVKEEIEP R EE
XEH®
23.1 WEYIFEE KBRS

mE 3A. 3B, 3C Ffian, A ZIRE R
F DR $5 DL BOFE 45 B YR Ak B TR) 22 53 B 25 (P<0.05).
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FLIR 2H (4.48%10°, 2.26x10° copies/ug DNA), &
1% 2 F% % (2.68x10°, 1.92x10° copies/ug DNA);
FRiC AT 1 mCherry 3R =F Ji 40 6] JC W 2% 22
F(P>0.05).

V& 235 10 Bl AT L4 A3 d 25 531k (K] 3D).
WA T REPY) LUMBUF I 1 & (Pseudomonas) 5 46 %}
F95.54%). FEFRas i a M S w AT
Bl K 43 25 J& (unclassified Enterobacteriaceae,
57.02%). & AR JE 12 4 (Clostridium sensu
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Unclassified Clostridiaceae
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Figure 3 Abundances of 16S rRNA, gfp and mCherry genes and microbial community composition under

different carbon source treatments during anaerobic process in earthworm gut. A: Total microbial 16S rRNA gene

abundance; B: Abundance of gfp gene-containing community; C: Donor bacteria mCherry abundance; D:

Relative abundance of microorganisms at the genus level. PY, Ac, Am, Glu, and La represent the in situ intestinal,

acetate, amino acid, glucose, and lactate treatment groups, respectively; Data are presented as mean+SD (n=3);
Bars with different lowercase letters indicate that the same index is significantly different (£<0.05).
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stricto 12,15.23%) . B AR W& 1 2 (Clostridium
sensu stricto 1, 7.35%). 3% A K& K& B
(Escherichia—Shigella, 3.57%); FLIR VI HE
(Lysinibacillus, 29.78%). f5iFT & JE(Cetobacterium,
11.19%) F1 8 X W & )& 12 4H (Clostridium sensu
stricto 12, 10.34%) i £ 5 £ R 4L W
Lysinibacillus (27.15%). Pseudomonas (12.03%)
F1 Cetobacterium (6.58%); 424 F& W2 41 W K
Lysinibacillus (24.06%). Clostridium sensu stricto
13 (16.34%) & unclassified Enterobacteriaceae
(16.16%).
232 MEIEAIE

WIE 4 Fros, 4 Rl YA B e 5 3 25 5+
3% (P<0.05). HZE M4 Fem, 5 8.9x107Y, &
LR SRR 9 4.3x107 F1 5.2x1074, =
W RE ST LA 2.5<10%, Rk — £ 1IE

20
—: No scavenger
— +: ROS scavenger
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= i
g 05 "4 ¢
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Ac La  Am Glu

E4 dhBFEREAIEAFRFELETHES
Figure 4 Conjugation ratio under different carbon
source treatments during anaerobic process in
earthworm gut. —: Without scavenger; +: With ROS
scavenger; Data are presented as mean+SD (n=3);
Bars with different lowercase letters indicate
significant differences among groups for the same
index (P<0.05); * indicates significant difference
between with and without scavenger in the same

treatment (**P<0.01, ***P<0.001).
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ROS 7EiZid B e, ABF9EiE T ROS
BRXF AR 25 ROR, T6 RS PR AR o B
MR CRERA, HAWMETRET 2 92%, M
2.5x107 FE 2 2.0x107°, 545 BHAL B 4H B AR 448 Xif
TRRER K, (HAXFEIRZ A 73%, M 8.9x107*
B2 2.5x107%, T BRFAG IR I 45 Ak B i) Fry 42
G MR B AR AR B ARKOE, RITE M AR AR
IR B G A3 25 S R O 2R
233 EEMEXEEFEE

WmE s o, G HBHCER o4 F
trbB 1) FEAE N [A) ilk J5 A B (R A7 A B 2 22 57
(P<0.05). trfA Fl trbB JER F= B4 LUE A AL PREH
JEE, 5505 6.73x10°, 7.86x10° copies/ug DNA,
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Figure 5 Abundance of conjugation-related genes
under different carbon source treatments during
anaerobic process in earthworm gut. A: trf4 gene
abundance; B: #bB gene abundance. Data are
presented as meantSD (n=3). Bars with different
lowercase letters indicate that the same index is

significantly different (P<0.05).
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H W Em THRSH, BIKNT, o4 R FEAE
FURREhA . EIRRRALA L RER MR N 4.25%10°,
4.38x10°, 2.19x10° copies/ng DNA; trbB FE[F &
RS, Eik 3 4135550k 4.52x10°,
4.83x10°, 3.70x10° copies/ug DNA,
24 JEMEIKE. MEDFEESEXE
FRXBAX R

Mantel Z3H7 &1 (&l 6), H,0, 5 O0,"", *OH
I 2 IEAOG(P<0.05), 43 55 A A
PRI 58 (|r=0.81, P<0.01), Fit& b AW 5 3EIE
FH G (P<0.05); trfd 57256 A H R AR OGP 55 o
(I1=0.81, P<0.01); trf4 Fl trbB 534 2 4%
L A (P<0.001), [EN o4 5 trbB [a)HL 5
W 5 35 1E A0 6 (=0.95, P<0.001). fhEY) 21,
unclassified Enterobacteriaceae 5 +OH & i & IF
K (P<0.05), HHESFE . ufd. vbB ¥ 2R

5 F E A 54 (P<0.01); Escherichia-Shigella 5 4%
A trfA. obB 2 3 IE AH OC (P<0.01);
Lysinibacillus .

Cetobacterium . Clostridium

sensu stricto 13. Clostridium sensu stricto 10,
Clostridium sensu stricto 8 M
unclassified Lachnospiraceae ] 553 . trfA.
trbB 1t B IE MG (P<0.01); Mo Clostridium
sensu stricto 10 A FF5 O,"” . «OH g 2 1E A%
(P<0.05), JeAlETHMEAlE T S IIRER) Kkt
FHE; others JEHHV S R [ M AL 2 A & 2 IEAH
K(P<0.01), G RE KK, &k
Frigk, i A RIS M AR R T O R A
T, AR E H R A T R OGN T
unclassified  Enterobacteriaceae.
sensu stricto 10 5/ ROS H#E A o ##
A% O RUEZERE, BIRIK Sl T /YR PR i

Anaerostignum .

Clostridium

o,- H0, «OH CR trfA trbB
I : I ' ' ' Pearson’s P
1.00 || 0.81 || [ 051|059 ||]|0.51 || 0.54 : 1.0
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Figure 6 Mantel test correlation analysis of microbial taxa, reactive oxygen species and conjugation-related

indicators. CR: Conjugation ratio; Color intensity reflects Pearson correlation coefficient; Network lines depict
Mantel associations; Significance: *P<0.05, **P<0.01, ***P<0.001.

http://journals.im.ac.cn/actamicrocn



2316

GAO Zeping et al. | Acta Microbiologica Sinica, 2026, 66(5)

TR o PTG UK, 2 A A
YA AR
3 i
3.1 Hn¥S|RAEE M S E B KIR
12 558 W TN Sy 35 P A — Pl 3 2 2 vy
A (RS i T AL T IR AUIRAS, 2 iy
IS N K AR SR A T R L R (R Fe
( II)+O,—Fe( M) +0,""; Fe( 1)+0,™ —Fe( ) +
H,0,; Fe( Il )+H,0,—Fe(Ill)+~OH ++OH; 2Fe( Il )+
H,0,—2Fe( I1)+O,+2H ) MELA & AEEH ) 9kifif, A<
WEFEAEAS [F] b By e AT G I 3 A [] K SF- 19 « OH
0,7, H,O, W FE( 1), X RBHIR I GE T AFAE
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I3 U P A BR B R LA 7 AR R R Y fE
3PN G e S R R A S s R AT 3 o T
A RS (ANOL +H4e —4NO+0,4+2N,0), A
5 AT BEAAAE SR I A Py SR Sl AL . Mantel
S M i 78, unclassified Enterobacteriaceae Fl
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W E TEAISC(E] 6), PRI, X Lefi A9yl AE
R A VUSSR B p P AR i, 2
5 i SRR A BUESARE A T P AR TR ) o A O
o BN, e U0l W A g — 2P A
20 HL 51 O, Fll HoO, (<OH JE A 11 Aif 44) 4270,
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s OH™MBH TE O, FETEMIIR LT, ST
PLif 1k Fenton BY, Fenton A 2 W 45 kS AL i Ji
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ST M A S B AR IR 2 KRB BIEHE T
e, XAlgeEh TR ERY R FE ., MED
P A AR, HL % 188 0 BR - B - ik D
s, AR RCR R E R . SR ES
WP EP o R A M R R
X EZIHE TP LS. (1) #EEE N )
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REI 9 1 HL % 3 of PR A 0E BR AR BE R
SR SR E T AR ) UE I REE
SRR, EAEELPE L E 4L T unclassified
Enterobacteriaceae (57.02%) %5 28 (K 3D), H
H 5 «OH KV 52 12 3 IEAH G (K 6), 47s HAETS
PEE A P RE R AT B IIRE . R, A
P8 e 9 e AR e LD A A 1 5 e T R
LFEEREER . EBTERNZE, REILRMY
WILR E Yo B B2 TR AR, [HH -OH " 4
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(K 1A), X — /I 3 i) 22 S D VA AU IR P ik
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PR b ] 7 AR ) S P00 B R AR
— 5, FLRRAVE M ACEIE Y, i R ) Kk
Gt )i gy, SR TR ARG
— 71, FLRR > T A B 2 — A S N IR P
AT, o BRR IR 25 4 fif L AR A8 3 ) &
TFHREFALH], AROAEK OH M O, W1 g 1A%
A TEVEBAR B 7 o FRATHED , 7EABF5E 55
ET, FLRR A AR 06 P ) i 2 5 oo 7 1
K ROS WA AT IR B T —MRRIR (14~ 5
A5 H ROS BUR AN HAK . LFRA ROS 7K
AR 32 A BT A W R TR I R R L A
IR, FEOLA AR B8 (8 2C), MARA I
BIR ] 1 P, 3k R P AR A Y 2R O T 5 R
HAR B BE (Lysinibacillus Fl Pseudomonas)5 1%
PEAATC R FARSCAE(E] 6), BV = R 7= 35 1
ATRERHE

TG PR SEUUR B R B S T %, vl RE S ik
Yt A AL B ZR 58 (s S AL W B A . 484k
Al ADEH ORISR AT I, LA AL
HAEFEAA ARSI, eAh, R8T pH 7B fL
LT BE S M 6 P R R PR, A T R
Wz&H HyOp 4b FHuOMif, B REE Oy Ik
(B PE), MR OH A i SE BT IR, A
R 25 R 5 AT . Ho0, YRR BKF [F] B 32
| 3 Oy A N FI T Ui « OH S AL BRI,
ARG R T 1 S1E 6 LN EI Y H.0, 5
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5 Ozl = B AR, R
i SR R HoO, RSB, ARG Z il
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(Bl 6), x5 FiRPLHIAEST. [FIEE, 352 E K
(R 1) 2 « OH) 5 3 L4245 A DG 56 PR Y 32 B2 Al 1
M (K 6), <OH PHLH A7 # 5% 1) Ak fig
A BB A 100 A0 M RS i iE M, sE R RS
A3 TR R G N G %, AT B9 o4 . obB
SRR MG RIL, Sy ROk A SR A A

(53 7 5 4 B4 PO iAh, unclassified
Enterobacteriaceae. Lysinibacillus. Clostridium
sensu stricto 12 55 B ¥ 5 H2 5 46 b5 1 3 1EAH G
(¥l 6), FWIHIEN ARGs LA EA T+
RS o XS B TR AR AT G I i oy R 2
Ok S8 AL 52 VA 40 0 TR] 0 1 Al ME 3, DA A )
iR, (HHEAAERIFUEA 5 — R

Zi LRIk, W] A e o A QA )
AHUERY), 225 PEb R 1P A AR UK
EPESEAE MO fESrT, ATRBE e BRRES
FEROAHOCIHE I Y 3k, B AAle dE ORI 5 74 75
WA X — R AR T AR AR R BT R AR
N ARGs 7K-V-AL4E IR E) K (1 B SR H

4 &

AT R T DR e 5] g 38 o8 7%
A A s AR S X R 2 B e A I RS L
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