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Abstract: [ Objective ] Soil bacterial community characteristics are important indicators of soil quality, however, little is known
about the effects of facility cultivation on soil microbiological properties. Thus, clarifying the responses of soil bacterial
community and functions to facility cultivation is of significance for the sustainable utilization of facility soil.[ Method ] To reveal
the change of soil bacterial community under intensive cultivation and its main influencing factors, this study collected and
analyzed 67 facility-open field paired soil samples in Ningxia region. Based on amplicon sequencing technology, the effects of
facility cultivation on soil bacterial community diversity, composition, interspecific interaction, and assembly process were
investigated. [ Result ] The results showed that compared with the open field soil, the number of bacteria, Shannon, ACE, and
Pielou indices of the bacterial community increased by 63.3%, 3.20%, 11.4%, and 1.69%, respectively. The facility cultivation
significantly changed the soil bacterial community structure. Redundancy analysis (RDA) showed that the content of available
phosphorus, pH, and electrical conductivity were the main environmental factors determining bacterial community structure.
Physicochemical parameters such as pH and soil available nutrient contents significantly affected the bacterial community
composition of the facility soil, and the climatic factors including annual average precipitation and annual average temperature
significantly affected the bacterial community composition of the open field soil. At the phylum level, the relative abundances of
Planctomycetota and Firmicutes increased significantly, while the relative abundances of Gemmatimonadota and Myxococcota
decreased significantly in the facility soil. At the genus level, the dominant genera such as Bacillus and Pseudomonas were
enriched in the facility soil. Co-occurrence network analysis showed that the edge, average degree, clustering coefficient, and
modularization degree of the bacterial network in the open field soil increased by 10.8 times, 11.0 times, 36.8%, and 1.78 times
compared to those in the facility soil, respectively. Also, facility cultivation significantly reduced the complexity and
modularization degree of the soil bacterial network. Functional prediction using the Functional Annotation of Prokaryotic Taxa
(FAPROTAX) database showed that facility cultivation significantly increased the relative abundance of carbon, nitrogen, and
other element cycles and bacterial functional groups related to pathogenic bacteria. The distance decay relationship of the
bacterial community in the facility soil was weaker than that in the open field soil. The community assembly was greatly affected
by the deterministic process and the diffusion limitation was higher in the facility soil compared to that in the open field soil.
[ Conclusion ] Collectively, facility cultivation in Ningxia region significantly changed multiple properties of the soil bacterial
community. These results can provide theoretical guidance for the sustainable utilization of local facility soil.

Key words: Facility cultivation; Open field soil; Soil bacterial community; Soil ecological function; Soil physicochemical

properties
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Fig. 1 Location of sampling sites
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Biomedicals, %[ ) M+ 8 DNA, $#EHUS
DS-11 it 46EEE T ( DeNovix, 3 ) 60 i
# DNA FES B E R4 . R QuantStudio 3
Real-Time PCR System ( Applied Biosystems, 32[E )
X -3 P A AR 16S rRNA JE[HI k17 5E 1 PCR P34,
FOWAARZ ($£20 uL ) f0dE: 2 uL DNA #idk, 10 pL
SYBR® Premix Ex Taq™ ( 2x, Takara, Ki%), 1F.
JFESEHER Y (10 pmol' L") £ 1 uL J2 6 uL W
Ko MBEME R AM: 95 C 2 min FARHE,
95 °C 10 s fithi, 53 °C 20s3iBk,72 C 30s FEfi,
40 MER . LERAIEI I T BOR FEZOLE S,
J N4 HE 2l i £k o Al RS YR A
Eub338F Al Eub518R ( % 1), 4 Huang %55
DA ApRAERT LR

F1 AREEMNF54

Table 1 Primers used in microbial quantifications and sequencing

519 3 (5°-37) 22 30k
Primer Sequence (5°-3”) Reference
Eub338F ACTCCTACGGGAGGCAGCAG [14]
Eub518R ATTACCGCGGCTGCTGG [15]
515F GTGCCAGCMGCCGCGG [13]
907R CCGTCAATTCMTTTRAGTTT [13]

K38 FH 5149 S1SF/907R Xt +- 34N 16S rRNA
FER VA~V5 XY 8 . K PCR =i 5 2
S BT ERRE , AiAk S J#E%E, SR llumina MiSeq
FRGEHEAT O n] i e ( EHESER ). fEH] QIIME
(v1.9.1) BRAx v 0 P Hal A T 20 BT, X S 4
BRI T PR A BT R AR, 7E 97%MUE ERZEN
PefE4325 550 ( Operational taxonomic units, OTU ),
h WA e TR o 9 2 R A T A s, o i
o %o S FEAR T AR AR OTU Jii , #TA FE i R 85/
Feo%L (48 038) BEATHIAE, fHH SILVA 138 %idls
PEXF A OTU #E4T 40 Py R i R
1.4 HuRsE

AEEDE (MAT) FIAERIEEK (MAP) i i
RS EEHEFE ( www.worldclim.org ) “F- 5 3 HL
B LR SR AR AP, AR

MR 5 B S TR AL, BARTEAL S AL
T M AR P IR S AR A A
TR IEAT logl0 4k, ffiH R 1 vegan 15T
AFEAN o ZFMEFE%; BT OTU A9 Bray-Curtis
FE R, ] vegan 4T AL FR4Hr ( Principal
co-ordinates analysis, PCoA ). U443 #7( Redundancy
analysis, RDA ), £ E # 7 ZK: % ( Permutational
multivariate analysis of variance, PERMANOVA ),

7 227 f# 0 1 ( Variance partitioning analysis, VPA ),
fii ] vegan 1 dplyr 0 47 2 4¢ KK 55 73 BT ( Mantel
test ), K50 PRI A - FI A0 TRV B R 5 ] circlize
A AT R BRI A AS 40 B ) R 2R 22 S 0 #r s
FHBEDL AR AR A S5 B % R FH R0 35 it 2 8] 22 5 B A &
BETTRRAY N OR B AN P AR SRR T
0.05%M OTU, f#i [ psych f3it3& 405 OTU 2 [a] 1)
Wr iz /K& ( Spearman ) AHICHEREL, JFLAMICHREL
[r[>0.7 H. P<0.01 Ay i A4) 2 4 T ) oy 2k 0 o 2%

fifi 1 Gephi ( 10.1 ) 4 X8 248 0 I 2 i 1 F MM T 44 7
St Al A4k, {# F vegan Al dplyr 62XF P85 K 1 F11
W AR AT Mantel test /565 8 FH R AZ A ¥ Dh g
TEREUE  (FAPROTAX ) #EATH A DIRE T , ¢
P OTU 432K 5 FAPROTAX B EHHATX 1L,

A python I A 4 AN T FF Y 2 BE TR USSR 5

K HI Z-score Jy X D RE 0 45 SR AT hR HEAL AL B
i/l complexheatmap L%l #4&]; FEF Hmisc,

minpack.Im I stats4 £ R F A PR RE R B S B AL
P 2 P R o P 3 R X 20 T A T 2 2B R X DT ik

2 4 AR

20 TEBEAMR. AEREN o SN

AT R 398, kit R 3o | AR AL
BT, AR . B B3 (P<0.05) XN,
Sy3EINT 87.0% . 1.92 % . 26.7%. 5.47 % . 63.0%
(%£2), pH & FF& (P<0.001), FFET 4.9%. L
ISR, 7R b X AR R T
AT

T RH 58, Wit R P A . 24
PEFE%L (Shannon ), FEEHEE (ACE) FI4A
F8%0 (Pielou) ¥ E (P<0.05) B, JrHltEn T
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Table 2 Effects of physicochemical factors on the open field and the facility soils
B S5 s EC**%/ NH;-N/ NO;-N*#/ OM?*/ AP#*%/ AK**%/
Cultivation pattern ort (ps-em™) (mgkg™) (mgkg™") (gkeg!) (mgkg™) (mgkg™)
K H Open field 8.34+0.06 269.5+50.1 3.45+0.05 41.8+11.9 23.3+1.48 37.7£5.76 192.8+17.4
& Jiti Facility 7.93+0.04 503.9427.2 3.63+0.05 121.9+11.2 29.6+1.21 243.7£19.9  314.3+22.4

e RPEIE N EARER . R test M3 R A S5 LR 2= R B, =, **,
NO;-N HAZA, OM NEHLEL, AP NARH:, AK N#Z4, Note: Means + SE. r-test was

Tl EC A&, NHy-N HEEA,

used to test the difference between the open field and the facility soil. *, **,

sk B SR P<0.05. 0.01 F10.001,

*** indicate P<0.05, 0.01, and 0.001, respectively. The same

as below. EC is electrical conductivity, NHi-N is ammonium nitrogen, NOj3-N is nitrate nitrogen, OM is organic matter, AP is available

phosphorus, AK is available potassium.
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Fig.2 Comparison of bacterial abundance and alpha diversity between the open field and the facility soil

BN LB 82.7% , FHHE I H 5.99%10° copies-g '
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FeBh 73.1%, P34 0.19; &)t +3% ACE
FEBOHE T R A EL B 84.6%, T
Bk 3215 Biti 3% Pielou H5BUMI%: Tk H 135
BEANE BN 61.5%, FIMmiEh 0.01, kg
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e W a, KHEFSM A0 RIS AR VR 45 M 50T ( PCoA, T Bray-Curtis BE % ), R Adonis BR %K 56 < H A1 jits 1 39 20
WREVEL R 22 R B3R 18 b, K ABOE LM AR SN T RITRHT (RDA); K ¢, KB L A0 e % 5 30 05
T 007 2203 A3 HT (VPA), S HFRIGTR AT (Mantel test).  VPA S3#frh, +HIEHLH R pH, EC. NHi-N, NO;-N. OM.
AP Fil AK, SR £ G IF4EYE ( MAT) FI4E %7K (MAP ), Note: Figure a, analysis of bacterial community structure in the open field
and the facility soils ( Principal coordinates analysis, PcoA, based on the Bray-Curtis distance ) . The Adonis function was used to test the
significant difference in bacterial community structure between the open field and the facility soils. Figure b, redundancy analysis ( RDA )
of bacterial communities and environmental factors in the open field and the facility soils. Figure ¢, variance partitioning analysis ( VPA ) and
Mantel test analysis of bacterial communities and environmental factors in the open field and the facility soils. In VPA analysis, soil
physicochemical factors included pH, EC, NH3-N, NO;-N, OM, AP and AK, and climatic factors included mean annual temperature ( MAT )

and mean annual precipitation ( MAP ) .
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Fig. 3 B diversity of bacterial community in the open field and the facility soils and its correlation with environmental factors
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2 JE W T ( Proteobacteria ) . R AT & []
( Acidobacteria ). XZEH1] ( Actinobacteria ), #LFT
1] ( Bacteroidota ) FIZ¢Z ] ( Chloroflexi ) J&
K AR it - SRR A h e R EE R AT 1S, R
AR EFFIIE 74.6%, 5 BRI 75.1%
(Fl 4a), S5KHTEML, &iEFEHREER]
( Planctomycetota ) FISEEER ] ( Firmicutes ) FAHXT
F R E (P05 ) 3, ZF 5w
( Gemmatimonadota ) F1ZEEK# ] ( Myxococcota ) A%
X B (P<0.05) FEMG. fEAE KT L,
Wit 3 b B3 (P<0.05 ) &£ T F AT EIE
( Bacillus ). R*AMEE & ( Pseudomonas ). f5TLIZE
W& ( Nitrospira ). Woeseia. Dongia 5% )&, 1M
Nocardioides .3V J& I AHXT 3= B 2. 3% ( P<0.05 ) F#AIG
(& 4b ). FEALARAMR AT 45 R BRI ERE ] .
Hydrogenedents . Fibrobacterota 254 2 Ff f& 5 I
K A - S A AR AL 2= R ry F ] (B
dc )o 5 Z ML, SMI1402 . Longimicrobium #l
Parasegetibacter 55 i A7 S & 50 K H A1t 1 158
R A AN 2ZE B2 )E (Kl 4d ).
24 TEMELIERZ

TRt AR 45 A58 2 2 R T A A TR Y S B 4%
B (AT 5a MIE] Sb). K H HSRANR 2% 930 F
VIR RAERE. RYUERESY S TR,
BARE T 10.8 1. 11.0 £, 36.8%. 1.78 %5 ¥
AR AR T80 14 (18] 5¢), BEIRT 51.4%, &
WK HH 4 3 200 T 0 245 1) 5 2 AR R I 3 e T RO -
3 R RN it 8 0 2% v R R DG DG R BT DA TE AR O
S, R H A T I 4 BRRE OGO R L 2
Tt 438, KUK M - AP Z 8] 058 4
SR, IS EEIAR A o R RN 3 [R] A A e
AT TRIALCAR TR (& 5d FE Se ), K +3EHAE

W 2% e R (#Ed 1) s 156 Mivel, Ha
TR 37.8%, EEAFTEILEIT (32.6% ). ik
LRI (19.6% ), BRATEET] (18.3% ) SFKME; &
Jith 38 AR I 2 e R (BiHR 1) Ry 41 A
M, BRI A 9.81%, FEAUFAZIEE]
(39.9%). SFFIET] (18.4% ). BATHETT (15.6%)
AR MR TR 58, i g8 e K rh i
DR T TR BRI TP SERE, Hoh it g 2
LT T TARX B2 5 by K 30 9.41 £, TR
FH - 38 2 BA 00 BT 11 RH X 2 A 5 TG R B 1 S Y
1.66 %, Mantel £:50KW] ( [ 5€ MIE 5g), 43R
KL LR AR A TRRIA A U6 K T - A TR ) 2%
e KB B A B3 (P<0.05) 82, SEAE .
FROWE . A AS R HL S R0 18 it - R A B 0 2 e K
B B EA W (P<0.05) 520,
25 TEMEBEENESEIRE

&t - e A )9 )L T ( Plant pathogen ). 4 fif
N 2 4 MU ( Intracellular parasites ). A it & 47 it
( Ligninolysis ). ¥} f# ( Plastic degradation ). fig
Wi W AE W be 48 B f# ( Aliphatic non methane
hydrocarbon degradation ), J5%&Hk A F#f# ( Aromatic
hydrocarbon degradation ) . 2 fk fE | ( Nitrate
ammonification ), ZkFEW ( Iron respiration ), S {LAH
12 £hiA i ( Dissimilatory arsenate reduction ), 5L
1R Eh &4k ( Dissimilatory arsenite oxidation ) S5 HE
EWERAIXT B (P<0.05) & FREE, m
EPTETE ( Predatory or exoparasitic ) £l IR & 43t
( Ureolysis ) X P 4> Ij 68 28 BE 9 A X5 =F FF i 2%
(P<0.05) MR TRMLHE (K 6a). 4iREH, TR
i DX it AR 45 S 2 R T R . RAE IR A I SO
PR O 1) 4 TR 2 REZE A (R AR 32 B8 . K F RN+
HEAN B REVE Y B (P<0.001 ) (14 Hb I 25 50
KA, SRVt 1 R 2 5 Ja 0 R YRR E LT
KH A58, FRUIAS[R] M PRI 25T 30 - 48 240 TR A v
ESRHEEEE /N (K 6b ). KH g b
TR R AR R TRt 8, SRR I AT
FETE B RL 37 BEMLPE A AR A Ak, T it £ 48
H5Z MR, Z#EtdBrgmi kK (K 6c FfE
6d )o Ak, K H T3 A R V& B HE VR O TR 2 Nm )
e T g, R U ETR EOR R
R JE e T80 135, sz B 0 B AR T it - 0

http://pedologica.issas.ac.cn



572

62 %

) 0 ® MNDI UTCFXI o Nitrospira*
@ Proteobacteria ; ® Marmoricola © Streptomyces ® Woeseia***
; ; © Gemmatimonadota* -promy o

® Acidobacteria ® Planctomycetota® ® Lysobacter © Bacillus*** ® Acidibacter
© Actinobacteria oM Y (o RB4]**%* Steroidobacter ® Arthrobacter
© Bacteroidota Lyxococeold Aeromicrobium ~ © Pseudomonas*  ® Dongia*

© Chloroflexi ® Firmicutes Nocardioides* Pird_lineage***  ® Bryobacter

0 Myxococcota [N
Hydrogenedentes [N
Fibrobacterota [N
Deinococcota [N
NB1.) I
Verrucomicrobiota [N
Halanaerobiaeota [N
Firmicutes [N
Sumerlacota NG
0 2.5 5.0 7.5

d) SM1402 I
Longimicrobium | N
Parasegetibacter |
Ferruginibacter |G

Methyloceanibacter |
Vulgatibacter |
Chryseolinea |
Turicibacter |
Flavisolibacter |
Massilia NG
Arboricoccus | G
Pelagibius |GGG
possible_genus 4
Litorilinea | NN
Promicromonospora NGNS
Caenimonas | I
Adhaeribacter I
Limibaculum |
Parviterribacter NG
Pird_lineage s
0 1 2 3
R

Mean decrease in accuracy/%

Subgroup 10**

@ Polycyclovorans

*
*
*

I KM Open field
I it Facility

1 2 3

Hokok 1 !-
sekok Hokok
Hokok
skok
Hokok
sk
sk
skok

| —
#':: [ 1Tl Open field
B 1 I )it Facility
I ——
0 025 0.5 0.75

AN

Relative abundance/%

TE: 1B a M b KR K ABO - 2 AT (a) FJE (b) H2ER. R -test K% A 7E I A B 118 A

XhF B 22 5 B L 1 ¢ AR d 3R DR B AN L AN T VS AU B2 51T (o) A (d ).

Note: Figures a and b represent the

differences in the composition of dominant bacterial phylum (a ) and genus (b ) between the open field and the facility soils. -test was used
to test the significant difference in the relative abundance of the taxon in the open field and the facility soils. Figures ¢ and d represent the
main differential phylum ( ¢ ) and genus (d) in the open field and the facility soils.

Pl 4 R PRI it S A0 B v 2 A 2 2 S ) o

Fig. 4 Bacterial community composition and main differential taxon in the open field and the facility soils
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correlation. Figure ¢ represents the main topological characteristics of the bacterial networks. Figures d and e represent the bacterial phylum
composition of the main modules of the networks in the open field and the facility soils, respectively. The relative abundance of each phylum

was calculated by dividing the average relative abundance of the phylum in all soil samples by the average relative abundance of all phyla in
each module. Modules 1-4 are ordered from large to small. Figures f and g represent the Mantel analysis of the largest module and
environment factors of the bacterial network in the open field and the facility soils.
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Fig. 5 Analysis of bacterial co-occurrence network in the open field and the facility soils
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Fig. 6 Ecological process of soil bacterial community in the open field and the facility soils
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