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Abstract: The gut microbiota of animals plays a crucial role in bridging host and ecosystem
functions. [Objective] We aimed at assessing the effects of ryegrass application and different
sampling periods of rice growth stages on the composition and structure of soil bacterial and
nematode gut bacterial communities and exploring their potential linkages. [Methods] Based
on a pot experiment, soil bacterial and nematode gut bacterial communities in the early (green
returning period) and later (harvest period) stages of rice growth under ryegrass application and
control treatments were analyzed by using 16S rRNA gene high-throughput sequencing
technology. The potential impact of soil bacterial interactions on nematode gut bacterial
communities was further studied with the network analysis. [Results] Ryegrass application did
not significantly affect the composition and structure of soil and nematode gut bacterial
communities (P>0.05). The later samples had higher alpha diversity than earlier ones.
Extensive and significant correlations between soil bacterial and nematode gut bacterial
biomarkers were obtained based on random forest machine learning, providing strong evidence
that soil bacterial community changes regulate intestinal bacterial community composition of
nematodes. Co-occurrence network-based analysis showed that positive interactions among soil
bacteria were significantly (P<0.01) positively correlated with positive interactions between
soil and nematode gut bacteria, thereby influencing network interactions among nematode gut
bacteria. Structural equation modeling (SEM) further showed that the reduction of soil nutrients
indirectly affected the network interactions among nematode gut bacteria mainly by reducing
the positive network interactions among soil bacteria. [Conclusion] Soil bacterial interactions
may play important roles in regulating network interactions and community composition of
nematode gut bacteria.

Keywords: soil bacteria; nematode gut bacteria; network interaction; ryegrass; structural equation
modeling
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A A 5 R RS R A BEAR ] . PR SZ R
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IKFE R R W) A A BRI, 0wk 4R+
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ORI KA
1.2 HIEBUHERNE

IR BRI (s A A= A My
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1.3 TIEMAE S DNA 125

HERAFRI 0.5 g T HEFEN , 20 AR VR
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Laboratories, Inc., Carlsbad)#2Ht +3% & DNA,
PEHLY) DNA M SR A48 5, T80 °C 444
TGRS . DNA FESRIN = (1) A
NEBHEE I LK SC IR A DNA 2% 20715 M
Al L, JCHH B R (2) NanoDrop 2000 KL R 2]
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T EEREA, TR ACUS I AGE R 2RI K,
e LR . HHERMIRTETE 20 °C #E
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Table 1

48 h, 2 d JGWRER AT IR, LB aE
RN R KA 3) B —B BRI+
FEE T ELOE A 100 mL ZEBK I RE 45T,
3 000 r/min £5.0> 5 min, % FIHRK, JEHIA 100 mL
FERA (1 LK InALE 165 454 g, B8 75 ER
Vi), AR R, 1 300 r/min &0
5 min, WAk BB (4) # 2 4> 500 HfT
Y RLE N, HUT G A WA AV R L O, KRR
HP R £ R AR ZE ORI, B - SRR AR Bl AL e
50 FREHAME L AT, F TR R iE T
AV (5) BIRERNZLRET 2% AR
TWALFE 10 s, JCPERERREE 2 whiR B 4 1, HF
A — IR AE LB A | 28 °C JLEH: IR
24 h, HARUEBIRE T, WKL dR R G
Yo gt e bk, SEL BiRE R,

B rErahkRRABENERERE
PowerBead Tube, %/ Power Soil DNA H2HUR;
F G PR AR GRUEY) . $RIY) DNA B 5L 2
G4 J5, T80 °C fIRIRPRAF. DNA kil 7
%) R A
1.5 TEMEMEHFEARESBEENF

DLEHS BOLE M) 3 R 2 DNA AR, FIIE
514 515F (GTGCCAGCMGCCGCGG) I I
5% 907R (CCGTCAATTCMTTTRAGTTT)Y 1
16S rRNA JE[H i V4-V5 528 2 X P i ] ABI
GeneAmp® 9700 (ABI, Foster City, CA)#£17 PCR

Determination method of physico-chemical properties in paddy soil

Properties of paddy soil Determination method

pH Standard electrode
NH,"-N

NO; -N

Total nitrogen Kjeldahl method
Total phosphorus Olsen-P method
Available phosphorus
Soil organic carbon

Cation exchange capacity

Potassium chloride extraction colorimetric method

Phenol disulfonic acid colorimetric method

Amonium acetate extraction method
Potassium dichromate oxidation spectrophotometric method

Amonium acetate saturation method
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B w0 SCPEWR T . R J5 R MiSeq -
£, 2x250 bp YRk Fr 56 0 X SC % R AT
JF, R AR T PR & B i R g s, A
Fi UPARSE %k {4 %t 97% # {8l /K *F- 4 OTU
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Table 2 Soil properties under different periods and treatments

Soil properties Early Later
CK Ryegrass CK Ryegrass

SOC (g/kg) 25.11+1.94Aa 24.52+1.25Aa 24.03+1.04Aa 23.27+1.96Aa
TN (g/kg) 1.78+0.15Aa 1.7+0.05Aa 1.44+0.04Ba 1.47+0.04Ba
NO; -N (mg/kg) 11.67+0.36Aa 9.74+0.31Ab 0.17+0.25Bb 4.124+0.52Ba
NH,"-N (mg/kg) 124.65+21.27Aa 103.93+3.17Aa 20.13+0.22Ba 25.7443.89Ba
TP (g/kg) 0.81+0.07Aa 0.78+0.05Aa 0.85+0.02Aa 0.88+0.02Aa
AP (mg/kg) 86.25+8.45Aa 82.67+13.64Aa 73.25+1.82Aa 73.25+1.82Aa
pH 7.58+0.23Aa 7.44+0.16Aa 7.62+0.04Aa 7.54+0.16Aa
CEC (mol/kg) 17.1340.32Aa 17.2+0.60Aa 17.77+£0.40Aa 18.33+0.21Ba

Meansstandard deviation; Different lowercase letters represent significant differences between control and treatment in the same
period; Different capital letters represent significant differences between periods within treatments; Differences were calculated
using Tukey HSD post hoc test.

A Soil bacterial communities B Nematode gut bacterial communities
0.4r Treatment
031 ® CK
S | X W Ryegrass
8 0-2 (?! 0.2 |
— o
< 0.1+t = * Period
2 - g | Early
§ 0.0} P i § 0.0F o m— ”'\\ ® Later
e
—0.1+
Il 1 I 1 1 1 70‘2 _. 1 1 1
-03 -02 -0.1 0.0 0.1 02 -0.25 0.00 0.25
PCoAL1 (42.84%) PCoAL1 (29.77%)
C . . D .
Soil bacteria Nematode gut bacteria
Aa a
Aa Treatment

7.00} * a4t A, B
§ Ba F * B3 Ryegrass
= 6.5} 401 Aa
2 == Aa
7z Ba
2 650t 3.6+t
a

6.25 : ' 32 : ;

Early Later Early Later
Period

1 TEMRNLBRGEAERENELRSN

Figure 1 Principal coordinate analysis (A: Soil bacteria. B: Nematode gut bacteria) and alpha diversity
analysis (C: Soil bacteria. D: Nematode gut bacteria) of soil bacterial and nematode gut bacterial communities.
Different capital letters represent significant differences between different periods under the same treatment,
and different lowercase letters represent significant differences between different treatments under the same
period.
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R3 BEXEHELEMREFX LIRMERABEAREEZWNEZ TEHEZ7HT(PERMANOVA)

Table 3  Permutational multivariate analysis of variance (PERMANOVA) for the effects of ryegrass
application and sampling period on soil and nematode gut bacterial communities
Habitats Factors df R’ Fvalue P
Soil Treatment 1 0.06 1.06 0.34
Period 1 0.41 7.04 <0.01
Treatmentxperiod 1 0.06 1.10 0.31
Nematode gut Treatment 1 0.07 0.84 0.58
Period 1 0.14 1.62 0.08
Treatmentxperiod 1 0.09 1.05 0.31

dfis the degree of freedom; R’ is the goodness of fit; F value is the F value; P is the significance.

LG IEA R R, 75 PCoA Yty
FEIW R T HAE (ot A R ST S B S AR SR A A
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SEEVTA K R A K st 09 0 B S 0 Ak B
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J Ak B VR 2 NG B 35 I (P=0.34) . K FF
A K TR 4 R T A R T 2R S T A 55
(P=0.08), 7 Bl 1 Ab FIAS 52 W figy 18 4N oA B
&40 M (P=0.58).
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Figure 2 Variation in the accuracy of bacterial prediction with increasing numbers of bacterial order.

A Soil bacteria Nematode gut bacteria
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Cytophagales
Chromatiales - HIOPRag I

Enterobacteriales

3
Methanobacteriales | l
i

Candidatus brocadiales i
03

Spirochaetales |
6 2 4 3.0 4‘0 5‘0 6‘0
Relative abundance (%) Relative abundance (%)
y Pseudomonadales - \:| Correlation
Enterobacteriales - _ q
Cytophagales -

Clostridiales -

Candidatus brocadiales -

) 0\@5 X O«\Q’S X 0\@5 y 0\@5 " O«W’S 0\@5
o et o i ¢ o
o w0 o R

B3 TREMIREY G B RREZ A FEQ)MEMIREY < 8 8948 X 1E®B)
Figure 3 Relative abundance of different biomarkers to the overall community (A) and correlation between
biomarkers (B).
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Table 4 Topological properties of networks
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WLOBEE R BB TS DIEANE AR
AEALPE . TSN Z [ E G (A EAE D) .
$5E 240 T A 2kt Y A TR 2 (8] DE DG K AR B
TE 20 TR 22 8] 1F G IR 14 45 44 7 B A B (structural
equation modeling, SEM) (&l 5B). 5L BHFE
g3 i (ORI B &5 i) 32 2208 2o 52 ) 4 S AN TR
22 8] B TE DG B DA T 52 W] - 338 240 T4 1 £ 1 g 3
G T 22 ) 1 1 G 3K LA K 2k M 38 A 1 =2 1) OE
KK 5B). 534, SEM RMFHS &R Y
- M 2 A A v 22 ) A AR AL 2 R O T
AN R B B IE G R BE A OG . X E R
A BE I ) A2 Ak 4 3 3R 4 R KRR AT B8
20 T 22 (8] A GORE AR T, DT S W) L 8 2 T
B 2k g TE AN TR )Y OG AR, T e 2 e
Jo T8 AN 22 1B G &R o g — 2B o A A W] R
FA) Gk 52 W] 2 BH 52 0] - 398 41 T 22 8] 1E SCHK Y 32
TR R W s SR L N T A2k R g
0 TR 2 1) E SR 1 3 B AR AN R (]
Y TE QIR 5 52 e £ H iy 18 A 1 = TA] OE G HK Y
T2 TR R A T RN Rl T A T 22 (R Y
IERER (B 5C).

Networks Edge Average Average clustering  Network
Node Positive  Negative connections coefficient density
Total network 1059 9245 3538 26.19 0.36 0.03
Soil bacterial network 912 9078 3417 29.56 0.40 0.04
Nematode gut bacterial network 147 53 13 2.77 0.30 0.23
Network between soil bacteria and gut bacteria 341 114 108 6.85 0.34 0.03
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Figure 4 Network linkages between soil bacteria and nematode gut bacteria. A: Network linkage between soil
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represent the number of links, edges with different colors represent the positive or negative associations
between nodes, circular nodes represent soil bacteria, and square nodes represent nematode gut bacteria. B, C
and D: Linear fit analysis of positive associations between different networks. E, F and G: Linear fit analysis of
negative associations between different networks.
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Figure 5 Relationships between soil properties, soil bacteria, and nematode gut bacteria. A: Redundancy
analysis (RDA) between soil properties and soil bacterial communities. B: Structural equation modeling (SEM)
of the direct and indirect effects of soil properties, soil bacterial community similarity, positive links among soil
bacteria, and positive links between soil bacteria and nematode gut bacteria on positive links among nematode
gut bacteria; y°=1.48, P=0.69, df=3; Bootstrap P=0.74; GFI=0.99; RMSEA<0.001, P=0.74. C: Standard overall
effects of different factors on positive links among soil bacteria, positive links between soil bacteria and
nematode gut bacteria, and positive links among nematode gut bacteria.
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