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Abstract: In this study, the molecular ecological network of soil microbial community was constructed by using high-

throughput sequencing and random matrix network construction in the subalpine meadow of Wutai Mountain in four different

degradation stages, i.e., non-degraded ( ND) , lightly degraded (LD) , moderately degraded (MD) , and heavily degraded
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(HD). To explore the effects of grassland degradation on the soil microbial community structure and network in subalpine
meadow, the key microbial changes in the microbial network structure under different degradation degrees were studied, and
the interactions between microorganisms during the process were investigated. The results showed that there were differences
in the topological properties of soil microbial networks ( bacteria, fungi and bacteria-fungi) in subalpine meadows with
different degradation levels. In general, degradation increased interactions within soil bacteria, within fungi, and between
bacteria-fungal communities, resulting in more complex network structures. The non-degraded meadow network had a longer
average path distance and modularity than the degraded meadow networks, making it more resilient to the environmental
changes with a higher stability in response to human disturbance or climate change. Key species in the degraded meadow
networks (hubs and connectors) differed substantially from those in the non-degraded meadow. Soil water content and pH
were significantly correlated with the network connectivity of soil bacteria, fungi and microorganisms in subalpine meadow
(P<0.05), and total nitrogen and ammonium nitrogen contents were significantly correlated with the network connectivity of
soil fungi and microorganisms ( P<0.05). The degradation of subalpine meadow resulted in the change of the interspecific

relationship of soil microorganisms and the overall ecological network of soil microorganisms.

Key Words:; degraded grassland ; subalpine meadow; soil microbe; molecular ecological network
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1 #REFE

1.1 BT XA

W9 IX LA 1 (38°27'—39°15'N, 112°48'—113°55'E ) , A T IL PG48 8 + & IR A db i, 4k 2000 m LA
ARSI L DX T L AR X AR SR O - 4.2°C , B R AR AR - 44.8°C L AEFR K M 966.3 mm, -
B AW s £ LI L) e TR AR L e K R L R 2 — | A 106993 hm? )2
BRSO RSB AR T B RO, T 1L R L e AR B R R RS i X T AR Ak B e
EHREEH, PR TE AN RO BE B R 2 L Ll b R TR o 2 = AR AR R LR A A S A
R LA L 5L ( Kobresia pygmaya ) SRR [a] 514 248 A B = LU RS A B ( Thalictrum: alpinum ) FIER 25 2
( Polygonum viviparum ) . TEIR b T8 v, P 5P 12 W7 4 389 9% 2% %2 2% ( Plantago depressa ) F1°F- 421 ( Plantago
depressa) FITHUL
1.2 FEHbIR B SHE R AR

BT HIPE G DAL it A R AR AR T R T 4 B AR AL AR B B 8 L ) G R R Ak
(nondegraded, ND) %% £ iR fk (lightly degraded, LD) . " iR fk ( moderately degraded, MD) I & i iR 1k
(heavily degraded, HD) %), fANR A E M AL HL ALK 100 mx 100 m , A H 22 8] ) 5 KHE 25 R i3 500 m,
2018 4F- 8 H , e AR A [RIE LR B S BEH AP BEHLEEEL 5 4~ 1 mx1 m AREDT B 7 2 () BB KT 50 m, Hhik
B 20 A/IREJT EA TR FEEEAFEDT N, RITI F R 22 05 (36 5 50 IR A BURERY 5 7551 0—10 em )2 H1EE
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BRYRIURN 2616 + 5800 2B ) DNA, 26 1E 1 5535 AR W = 25 R A BN Wl b4 T il s 7y . 49 51 R FH 338F Al
806R 5 1WIXI 44 16S rRNA ) V3—V4 @] 28 X TTS1F 1 ITS2R 51 4% EL i WA Y 1TS1 18 ] 28 [X R 4T
PCR 1415 P 14K R KBy 20 pl, £35 5 pmol/L 1E 514 0.8 plL,5xFastPfu Buffer4 wl,2.5 mmol/L
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Table 1 Bacterial and fungal primer information and PCR reaction conditions

519 5l1YF5 (5'-3") HARSERH HArIX PCR J v 514
Primer Primer sequence (5'—3") Target genes Target area PCR reaction conditions
Bl 95°C-3 min (WA M), 3L 27 MFIR,
F ACTCCTACGGGAGGCAGCA 168 —V4 .
Bacteria 338 CTCCTACGOEAGGLAGCAG 65 ViV 95°C-30 s(AEPE) ,55°C-30 s(iB k),
B i ) in (KT
806 R GGACTACHVGGGTWTCTAAT ;;;C 45 s (AE{) , 72°C- 10 min (£ 4E
HE 95°C-3 min ( WAE M), 3k 36 4~/ 3
ITS1 F TTGGTCATTTAGAGGAAGTAA IT ITS1 ’ . ’
Fungi S CrTeete CAGGAAG S S 95°C-30 s(AEPE) ,55°C-30 s(iB k),
B} i B in (&I
ITS2 R GCTGCGTTCTTCATCGATGC ;;;C 45 s (AE{H) , 72°C- 10 min (£ 4E

L6 M

B SRk el o & IS e B AT INE N ke b= 21 S IR i S GA B 7 B S QO AUl N R N D B B
?"Tr,%é}ﬁzvi%:ﬁ%ﬁiﬁm@%$@§%( pMENSs, phylogenetic molecular ecological networks) R T R AE Y T AT
P28 S 2, U AR F2 B R4, R HIAE T BEHLAE RS P (random matrix theory, RMT) HY 2% J7
IEFE Molecular Ecological Network Analyses Pipeline ( MENA ) (http://ieg4. rcce. ou. edu/mena ) W i [ #4
pMENSs , Jff i P25 FMAE 1 o 043 M 5l 9 0080 1 A 2 I3 R S E P 2 2 K (average
path distance ) 42 R H clustering coefficient) I (modularity ) 55 F8BORFRAE 7 100 4% by i 1 4 %
PUAS BRI BRI B A AR AL SO AR DU AR TR T RMT 5 4RSS . 5,
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RILEARAL(P,>0.62 H. Z,>2.5) FHHKA (P, <0.62 H 7,>2.5) 5 (P,>0.62 H Z,<2.5) FAHME Y A
(P,<0.62 H 7,<2.5)""  FIARIE A W2 K CRATRT 15 f0R0 8 3500 1 22 AL D0 285 LL S AL I 265 L 1 A2
ML 2 T8 B 25 5%
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TCREERFE /M FURRAE LSRR
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Fig.1 The phylogenetic molecular ecological networks (pMEN) of soil bacterial communities in subalpine meadows with different degrees
of degradation
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Table 2 Topological properties of molecular ecological network of soil bacterial communities in different degraded subalpine meadows

#iFME M Topological characteristics ND LD MD HD

BT 5 Total nodes 281 258 307 309
SN Total links 574 786 1785 998

L Modules 25 23 24 39
IEAEKFR Positive link percentage/% 53.48% 60.31% 68.96% 76.75%
MK F Negative link percentage/ % 46.52% 39.69% 31.04% 23.25%
FEE AR RECTET7 r 2 of power-law 0.786 0.867 0.673 0.874
SRR Average connectivity 4.085 6.093 11.629 6.46
RIS RSB Average clustering coefficient 0.377 0.422 0.442 0.394
HEHLPE Modularity 0.819 0.643 0.463 0.618
JEEPE Connectivity 0.499 0.658 0.625 0.532

S PEARIE B Average geodesic distance 6.922 5.912 4.896 4.992
Eﬂzﬁi fﬁii ?riiem 0.018+0.005 0.049+0.008 0.11920.008 0.047+0.007
gﬂ([?néiirzf&;iiﬁitance 4.039£0.044 3.285+0.043 2.783£0.025 3.264+0.037
Bt AL 45 OB HLPE Random modularity 0.490+0.007 0.358+0.007 0.218+0.004 0.344+0.006

ND: KB L H A nondegraded meadow; LD 32 JE R LF A lightly degraded meadow; MD: H1 iR b 58] moderately degraded meadow; HD ; 5 J&
BIEH A heavily degraded meadow

PSS A

Ascomycota
Basidiomycota
Chytridiomycota
Glomeromycota
Rozellomycota
Zygomycota
Fofs

 JUNoN AR § |

HARALEA o EIRMERA REIRLR

B2 ARBUEETIS LEALEEAREENRERES FESME
Fig.2 The phylogenetic molecular ecological networks ( pMEN) of soil fungal communities in subalpine meadows with different degrees
of degradation
LILR R IE M 56, G 2% 3R 17URH 56 5 Ascomycota: T3 B 1]; Basidiomycota: $1F 17 ; Chytridiomycota: 4% B | ] ; Glomeromycota : 3k 3% | 7 ;
Rozellomycota : &' 35 | ] ; Zygomycota ; A B 11 HoAl . FLAWARXS /N T 1% BT

A P ML N 245 SR 2 ZR 00, A v | S AR I R ML X 2 S 44 S 420 B S R it L 1) 4% B R B o
R(E 3 FIzR 4) , M3 5 FIIEl 3 RIS B REYE AR 0 AR BAE R o 32 S i ( JEAH G L 51 38.47%—59.18%,
T LA 19.219%—33.46% ) , 375 {120 TR - L B RV 2 1R A9 AH AR (IEAH G L 5] 10.419%—16.64% , A ¢
el 4.78%—13.66% ) Fl EL 76 1 7 N #8049 A0 B AR T (IE AR G L] 0. 83%—2.49% , T AH G L 1] 0.71%—
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1.38%) , 5 ND HAa)AH LG, MD F1 HD 5 fa) 58 200 5 7% PN 350 TR e 7 PN 38 L R 40 T - B T A 9 22 [ 19 IE A
SN TS 10 20 B RS PN LR R S DL S A B - L B AR I ] R SR 359 (2 5)

£3 TRBUEETISLEATEEEFES FTESHERINESE

Table 3 Topological properties of molecular ecological network of soil fungal communities in different degraded subalpine meadows

M JE M Topological characteristics ND LD MD HD
S5 5 Total nodes 62 64 67 54
TSR Total links 101 119 143 127
BEHEL Modules 12 10 8 7
IEFZKEIEFR Positive link percentage/ % 55.45% 77.31% 46.85% 59.84%
MK 2R Negative link percentage/% 44.55% 22.69% 53.15% 40.16%
B K RBEETT r 2 of power-law 0.59 0.707 0.664 0.431
L5 E Average connectivity 3.258 3.719 4.269 4.704
TR R KL Average clustering coefficient 0.451 0.29 0.367 0.548
Y Modularity 0.695 0.599 0.602 0.562
FESBME Connectivity 0.602 0.714 0.758 0.642
R AR IR B Average geodesic distance 4.725 4.028 4.107 3.215
FRBLRIF LI R 2 0.050+0.021 0.064+0.021 0.089+0.022 0.138+0.029

Random clustering coefficient

BEAIL I 265 243 i A2 1

Random average path distance

FEALIN 45 A HLE Random modularity 0.493+0.017 0.444+0.017 0.394+0.015 0.345+0.015

3.519+0.135 3.206+0.105 3.045+0.086 2.723+0.074

x4 TRBUBETSLEGALERENEES FESMEHINEY

Table 4 Topological properties of molecular ecological network of soil microbial communities in different degraded subalpine meadows

HiFME M Topological characteristics ND LD MD HD

B 5 Total nodes 347 334 377 384
SRR Total links 798 1124 2277 1884
HBEHEL Modules 20 21 29 23
IEAHEKFR Positive link percentage/% 51.50% 61.30% 65.31% 75.11%
FF K F Negative link percentage/ % 48.50% 38.70% 34.69% 24.89%
B A REOEF7 r 2 of power-law 0.716 0.853 0.769 0.78
SEHEREE Average connectivity 4.599 6.731 12.08 9.813
IR IS R BN Average clustering coefficient 0.415 0.406 0.414 0.443
HEHLPE Modularity 0.803 0.621 0.467 0.56

JEPE Connectivity 0.757 0.834 0.597 0.789

SR RARIE BT Average geodesic distance 8.676 6.35 5.026 5.093
Eﬁb?ﬁi ﬁf:fe ;’iienl 0.01920.005 0.046+0.005 0.11520.007 0.065+0.005
Eﬁﬂff ififﬁjiiﬁ Eame 3.9090.030 3.251+0.031 2.821+0.024 2.939+0.019
FtHIL I 45 BB HLE Random modularity 0.456+0.006 0.339+0.005 0.212+0.005 0.262+0.004

®5 FARBAUBRETSLESTEMEMEERNLE PHEEERFE

Table 5 The interaction characteristics of soil microbial interaction networks in subalpine meadows with different degrees of degradation

G HINEES MEHSEH L ] TEAR R 2 R[] 7R 56 WS AR P SURE (5 1)
-~ () IEARCHE (W H) (kL) () AR (A T .
Hifa - . . . - . . . . . Negative correlation
Positive correlation Positive correlation Positive correlation Negative correlation  Negative correlation .
Meadow . . . . . among fungi
among bacteria between bacteria and among fungi among bacteria between bacteria and .
. . . . . . . (‘proportion )
(' proportion ) fungi ( proportion) ( proportion ) ( proportion ) fungi ( proportion)
ND 307 (38.47%) 97 (12.16%) 7 (0.88%) 267 (33.46%) 109 (13.66% ) 11 (1.38%)
LD 474 (42.17%) 187 (16.64%) 28 (2.49%) 312 (27.76%) 115 (10.23%) 8 (0.71%)
MD 1231 (54.06% ) 237 (10.41%) 19 (0.83%) 554 (24.33%) 214 (9.40%) 22 (0.97%)
HD 1115 (59.18%) 267 (14.17%) 33 (1.75%) 362 (19.21%) 90 (4.78%) 17 (0.97%)
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Fig.3 The phylogenetic molecular ecological networks (pMEN) of soil microbial communities in subalpine meadows with different degrees
of degradation
LTLRFRIEMISE | SR TR HUMIDE ; Acidobacteria : BRFT I ] ; Actinobacteria ; Fi{ZE 1] ; Bacteroidetes : AT B 1] ; Chlorobi : Z8 i |] ; Chloroflexi ; £
ATH T ; Firmicutes : R BETH ] ; Gemmatimonadetes ; 2 HL I B | ] ; Latescibacteria : B #1581 ; Nitrospirae ; i {L R HE T | ; Planctomycetes : 17 B2 [ 15
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Fig.4 Topological role of soil microbial network in subalpine meadows with different degradation degree
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Table 6 Pearson correlation coefficients between environmental variables and connectivity of network

TR (5 A BT ) 1 2%

WA 2 1 245 ELTE 4% S . .

Environment variables Bacterial network Fungal network Microbial (”‘,"m‘“g bacteria
and fungi) networks

+ 457K & Soil water content 0.3495 0.4152*" 0.4361**

BRI pH 0.2686 * 0.4315** 0.2638 *

S Total nitrogen 0.4129" 0.6958 ***

S8 Total carbon 0.3606 *

A LL C/N ratio 0.2684

A ML Soil organic matter 0.3326*

B A NH;-N 0.2359 " 0.3885*

HEY) 35 B Plant coverage 0.2843 " 0.2634*

FE 4755 B Plant height 0.4389** 0.3183"

T F & BEFE X Plant richness index 0.5953 ** 0.6037 **

FE4) Shannon 784§ Plant Shannon-index 0.3531" 0.3759 *

#* P< 0.05, * * P<0.01, * * * P< 0.001
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