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Keystone Species of Soil Indigenous Flora and Earthworm Intestinal Flora Help to Resist

Mirex Stress

ZHU Guofan', YING Rongrong”, DENG Shaopo?, KONG Lingya?, QIAN Jiazhong'*, SUN Mingming®, ZHU Yu*, YE Mao®"

(1 School of Resources and Environmental Engineering, Hefei University of Technology, Hefei 230009, China; 2 Nanjing
Institute of Environmental Science, Ministry of Ecology and Environment, Nanjing 210042, China; 3 College of Resources
and Environmental Sciences, Nanjing Agricultural University, Nanjing 210095, China; 4 School of Politics & Public
Administration, Hainan University, Haikou 570208, China; 5 Institute of Soil Science, Chinese Academy of Sciences,
Nanjing 210008, China)

Abstract: In this study, soils with different mirex concentrations (0-27mg/kg) were collected to set up earthworm inoculation
trials. High-throughput sequencing was used to analyze the structure and function of earthworm intestinal and soil indigenous
microbial communities. Meanwhile, the keystone microbial taxa were identified through network analysis. The results obtained
here found that 1) The structure and composition of the earthworm intestinal bacteria varied more significantly than those of the
soil indigenous bacteria (P<0.05); 2) The keystone bacteria remained stable in the worm gut and the soil despite varying mirex
concentration, which was mainly consisted of Aeromonas, Flavobacterium, Gallerella, Microvirga, Pedobacter, Ramlibacter,
Zavarzinella; 3) The keystone bacteria had higher network connectivity than the rest bacteria, whose mean degree centrality,
closeness centrality, eigenvector centrality values were 136.7, 0.44 and 0.52, respectively, clearly higher than those in the rest
bacteria (91.52, 0.42 and 0.33, respectively). In addition, the keystone bacteria were closely involved in the carbon/nitrogen

transformation and pesticide degradation, which not only protect the keystone bacteria from mirex toxicity, but might also assist
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other bacteria in relieving pesticide toxicity.

Key words: Mirex; Soil indigenous flora; Earthworm intestinal flora; Keystone taxa
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O FPRE B A RO
AT L A 25 TR A R ke 151 B 38 TR A B 9T X
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I8N A SR W5 7 1 AR R IR ST R B
TR BT, 3 TR R W51 fi7 T8 AR A v AR ok
s 3 PGt M )% . MetagenomeSeq 73
#r. LefSe (linear discriminant analysis effect size)
53 Hr FBEHL AR AR (random forests) 74T, 2R HIFEAT]
#EAE 43 28 P JT (operational taxonomic units, OTU)
LR A 2 G S AR, O 0 ELAT 4 SRR
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B ERE AT IRE . AW RES R AT IR
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3ANKEAT), By TR 10 4575 I 0 BB I A B 1]
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FReE, dEAT M 14 d i EEHREE . K86 01 A] A KR
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1.3 SE=ENF

(DDNA [1J4#2H¢. F DNeasy PowerSoil ififl &
(QIAGEN ) Hit - 8 e 151 i 316 P4 25490 h 2 o A i
) DNA, —80 CF¥%#; Q@7¥ixit: WIEHEY
PR RNA R 568 7 B33 b AR SF X, &
A Barcode YRR GIYIXFEAR) 16S TRNA V4
XA T 18, midm 514 S15F (5'-GTGCCAGCM
GCCGCGGTAA-3"), m5I¥ R 806R (5'-CCG
TCAATTCMTTTRAGTTT-3"); @ XUl ¥ : %]
Ilumina 2 A A9 TruSeq Nano DNA LT Library Prep
Kt 5] 48 0 5 SCHE , 48 7] MiSeq I ASGHEA T XU 1 5
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Table I Changes of soil physical and chemical properties, pesticide concentration and enrichment factor of earthworm gut
R E{=ga i Kiva TO Tl T2 T3
14 NO; (L) mg/kg 5.5 6.3 6.5 5.8
NO; (ZH /=) 55 6.2 6.5 5.7
NHj (S25 i) mg/kg 1.4 9.4 10.3 112
NH; (5 5) 1.4 9.5 10.2 11
iR L (L BT mg/kg 62.1 69.9 70.3 71.5
oA R (L) 63.0 68.6 71.2 71.4
A R (CL YT mg/kg 16.1 18.7 17.4 17.4
AR LY 15.7 18.3 16.9 18.1
A B (LR g/kg 30 36.8 35.7 36.5
HHUR (LR 30.3 35.8 36.1 35.8
AR LR glkg 1.8 1.7 1.8 1.7
LREERE) 1.6 1.7 1.7 1.6
EXHER ) glkg 0.6 0.6 0.6 0.6
EXHER ) 0.6 0.5 0.7 0.6
CEC(ZEH 1) cmol/kg 15.6 15.3 16.3 15.8
CEC(Z557) 16.3 16.2 16.5 15.9
pH(SEHEH) 7 6.9 6.9 6.6
pH(EEHS) 6.8 6.9 6.8 6.7
KR (SRR 0.2 0.2 0.2 0.2
FKFEELRIR) 0.2 0.2 0.2 0.2
TR e BE (T2 i) mg/kg 0 12 5.4 27.7
KR FE (R 7)) 0 1.3 5.1 223
e 351 B 3 P A KR BE (T35 mg/kg 0 12 5.5 232
LW E R % 0 92.3 107.8 104.5

VIBRIF A5 100 B, 3 BRI ELS [ e 5, SE
qiime dada2 denoise-paired 5 DADA2 i47 i fs |
e BHE . B AR, 135 50 943 ~ 81 094 55)7 51
OIATYR AR BB Greengenes U4 4R
Hl QIIME2 f classify-sklearn B3%U'Y, BIxd 414
OTU MR EFFI, 75 QUIME2 Yt FHER NS 5L,
i FHFSE I 254709 Naive Bayes 4328 #v it PRt B
©OTU #li°F-: Kb (Rarefaction) iy i, @i A
B EAS 3l B AL U AR AS P 51 519 95%, 1
BYIRh e AR
1.4 ThegEeern

O BT E RN ALY 16S rRNA FE[H 751
BEATRE ST, RO, DT HEWT e A3 W AH S i
KIhAERS ; @ 16S rRNA $EHEFFF1 525 2% 7 51 %)
3, MR EERT A #EAE AR s B Castor FRECR A
T, AR AR b 225 5 30 B %k 107 18 B PRl K
JEFE VUL, HEMRRAE 550 0 B )3 9 R, T 3
PR FIE PR K545 DU @S5 & & FEA B RRIE T 51

JE, THE AR I B R I P8 VUK (N 3 IR 5
“BLit” #] MetaCyc Ml KEGG #(#E &, {4 H

MinPath H#EWTCIHE B AU FAAE, BRAS B AEA AR
T % 618 R R
1.5 MetagenomeSeq 7 #T

fd FHARICT) OTU %idls , ARSI, P
Be Xk, V&M fitFeatureModel pR%LfdFH zero-inflated
log-normal model X 4:1 OTU WA A THL5 , H-fi
FHAZASERY 400G 235 SR 0 ) - =2 81 R ke | fi 18 DT
HORRIIRN R 22 7 W EME . e R B)phifif T
(metagenomeSeq 1)
1.6 LEfSe 4347

AR OTU #idii, #AEZ 4 Kruskal-
Wallis DA N Wilcoxon BRAKG S, 5451 73
(linear discriminant analysis, LDA)UW i (effect size)
(ERREDONIR SRkl eay) & = =3 A il B = o i Vi
TR A R R e 5] A 1 AR R AR M 25 R
AT TE R B P h #E1 T (ggplot2 ).
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1.9 WEARFESH

FJH SPSS(IBM SPSS statistics 24)Fl R ¥
(Version 3.5.0)% 88t 17481 150#H71, P<0.05 NA G
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R EERE Y
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2.1 AERE R R BB T 1 2 5 & F0 g5 i7iE

BRI S HFNAE R
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1)o 383 i SN PR 2 A 1 2 TR R 45 R AT
B, PRI T PR B (SRR R s
TEPRTFES A S 5 (B 1) B TR LA
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NI BERR EE K WCR AT , e s A LA 12
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A A PR T A Bl R T A Y
2.2 T EEBNAEIIE AR TR E T
- 2 TR R 451 7 B R AFFE MetaCyce 55 —)2IK
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G190 60.9% I 61.1%; 5 " JRUCHEEELL “EIERR
)4 i (amino acid biosynthesis)” i} 3F F fic 5
G3h 14.3% 1 15.6%(18] 2). 3 BEREFIL ] ) 18
HFTE KEGG 55— 2 UGHE %35 L) AR (metabolism)
WK R, M0 81.7% Ml 81.5%; )Rk
WELL “Bi KA P (carbohydrate metabolism)”
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HEELA ALY D R I B o A R

) ® o0
0'2 [ B L a t Y
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Table 2 Diversity indexes of soil indigenous flora and earthworm intestinal flora

A Chaol Simpson Shannon Pielou’s evenness Observed_species Faith’s PD Goods_coverage
E_TO 35774 0.978 9.128 0.781 3288.6 174.8 0.988
E Tl 29435 0.981 8.915 0.779 2789.1 161.9 0.992
E T2 3044.5 0.978 8.958 0.779 2910.0 171.8 0.993
E T3 3 006.2 0.985 9.046 0.789 2812.6 152.4 0.992
S_TO 3 740.7 0.992 9.649 0.815 3 666.4 175.1 0.993
S T1 43289 0.993 9.977 0.831 41219 187.3 0.987
S T2 45343 0.990 9.763 0.809 4300.0 199.2 0.986
S T3 4 607.0 0.989 9.368 0.782 40459 189.1 0.981
tRNA charging
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Chlorinated Compound Degradation
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C1 Compound Utilization and Assimilation
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Amino Acid Degradation

Amine and Polyamine Degradation
Secondary Metabolite Biosynthesis

Other Biosynthesis
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Metabolic Regulator Biosynthesis
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Cell Structure Biosynthesis
Carbohydrate Biosynthesis
Aromatic Compound Biosynthesis
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Fig.2 Abundance diagram of MetaCyc secondary functional pathway predicted
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fa (22 SF PR, AR PR T X AR TR REAR 4321 P B 41
W FHAT N, AT IR AR RI 434l
BUHE A [R) 4321 e B — B0 S 25 5 B ML AR AR

AT RS IR AZ IR ) 2 6] 52 2 R 4 M AH ELAKR
HOCER , TREXFEA T B LAY . A5
HREIX 3 B A i, bk 51 AZ.OWFr(E),
F 8 JE TAFE ] (Bacteroidetes) . L[]
(Proteobacteria) . {ZEA | J(Acfinobacteria), HH1 7
il oy 2 [F] e A, A3 s KRR (Aero-
monas). BFFHJE(Flavobacterium). %) KE R
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\
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Lipid metabolism [
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Energy metabolism
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Folding, sorting and degradation
Signal transduction
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Organismal Systems

Metabolism

|
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Genetic Information Processing

Environmental Information Processing
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(B A b Sy I B I 0 = B 38 2 8 s AR AR Z2M S KEGG 28 43 28R R B DI REm s, A5 000 Dy 124308 1% BT Jes 1) 35 — )2 U It )
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Fig.3 Abundance diagram of KEGG secondary functional pathway predicted

(Gallerella) . HHIEATH & (Microvirga) . WiAT H )&
(Pedobacter). = K (Ramlibacter) . Zavarzinella., +
35 BE T OAZ O ) Rl DL T 8 (Flavobacterium
22.3%) . SR B (deromonas, 7.1%) . VEFTFHE
(Lysobacter, 1.5%)RLHJE ; Wil iz 8 BEHE A% 0
Yk LS04 1 & (Cupriavidus, 8.0%) . TARTEAT &
(Microvirga, 3.9%). & KHJE(Prevotella, 12.3%).
TR B (Gallerella, 23%)RMEHIEE 4). 1%
A TR R b ) 7 3 PR R AR O A W AR TE T
PLSEAR 2575 0% HIEREE b, B HOR o B A AR
b, (A A LRI A HLBRNE RE , 21
St A MR B A BT R TR B A L R
I rh S TR RN Sk i 18 TR AR O A R AR A
A 25 5). IR L, LERBOFEERE
PG PE I T HARX B R B T RS E TG,
it 5] R T TR AR A P R B 0 8 W B T v L AR X SR
JEZ W

2.4 120 FRE) R & R Th g

Siit TO-T1. TO-T2. TO-T3 AbFHLH iz 15l i 18 74
TR - 25 T S I IR 24 ] v A 0 o 1 R v
(degree centrality), % .00 (closeness centrality) |
HFAIE ) i HhUC P (eigenvector centrality), & IUAZ .4
PR3 B v B O PR RTRRAE 1) B O PR R
Hh 136.72,0.44,0.52, B TARRZ L FPRER 91.52,
0.42. 0.33(3% 3).
25 TEEHMESMEFRENZTEER

X A 2 TR R AR ) fi 2 TR A R AT R) A U R
TrEMHIGER 4), PR bk ) i i R A AE R, T
P>0.05, X AN [6] 2 BRZH rh A MU 3 1) Z R AR
M/ s BB IR R RIPE, H P<0.05, Xf
AR R A MRV 1 Z AR R R i AR s +
S5 TR AR AR 51 g A R TR 1Y) B8 A OGS [ Ak B
PR YRR B9 22 R IR I (235 (P<0.05, 52
HAEHA T FAEZE KT Fai)o
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Fig. 4 Screening of keystone species
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Fig. 5 Chord diagram of keystone species
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Table 3  Centrality of the co-occurrence network of soil indigenous

flora and earthworm intestinal flora

H s fh LANIN T0-T1  TO-T2  TO-T3
O B 135.62 14036  134.15
g i 0.44 0.44 0.43

AR RO 0.52 0.53 0.52

E| AR FErL 91.74 92.38 90.45
E gl I é5 0.41 0.43 0.41

FRAEREE O 033 0.34 0.31

% Bk 25 M AT B JB (Tumebacilly) . <, 0 I8 H &
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FHE (& 1), X S A Yy ar 52 5 3 A AR
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(K2, [ 3), BEMmhE i s ey 1w
W51 i AL E A FLSUAR 2h | G A R
R R R PEIEIMA R, fem T TS RS
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Table 4 Two-way repeated-measures ANOV with duplication
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Fig. 6 The species category of soil indigenous flora and earthworm intestinal flora in different treatments and distribution of added species
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