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ZAEMERIEE , LAE AN TR] N AR R S e X v Ak o S e b 338 EC PRV IR S s e B LIRS R - 452 1) B
LB E (P<0.05) FBINT EFAREEYREA o 2R, A THBHERENWH BT T _HMKE, 22 F/F5 NG TEE
2550 2) R YA R TR 9 A0 3 ( P=0.001 ) BUE T ELIR R 25 o FEHb YL IS , $HF BT TR 215 1 % ( P<0.05)
TR, —LERRR B T, MR IEEE T RUAEXT B 3 (P<0.01) BN, Z8id 22 4ERYATRIRE, BREZEER
FTRAHXT FBE 5 NG TEE 2SS AG 5 NG MEHFNEZ L AS 5 NG EMAEL. 3) B o 2R SN 1R
PEZ A AR DG OC R R AR MR B [R5, AT 46540 5 R 2B T S IR Ml % (P<0.01) TEARDC, HEBLFN 3%
BB AR T 21.4%~50.0%W E R IETE SR, DL LS5 REH, N TAHgER 22 05, PEmERAEREEEY
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Abstract:  Objective This study aimed to illustrate the impacts of different revegetation approaches on the resilience of soil
fungal communities in desertified alpine grasslands, and to explore the main environmental factors in driving the succession of
soil fungal community. Methods We sampled surface soils within 0-10 cm from four different types of alpine grasslands, i.e.,
natural grassland (NG), desertified grassland (DQG), herb-based artificial grassland (AG) and shrub-based artificial grassland (AS).
Fungal community biomass, a-diversity and structure were studied using qPCR and Illumina Mesiq high-throughput sequencing
technologies. Result 1) grassland desertification significantly decreased soil fungal biomass and a-diversity, which showed no
significant difference among AG, AS and NG after 22-year revegetation. 2) Both desertification and artificial revegetation
significantly changed the fungal community structure. The relative abundance of Basidiomycota significantly (P<0.05) decreased
after desertification. Some rare fungi phyla with less than 1% relative abundance tended to disappear, while the relative
abundance of unclassified fungal phyla significantly (P<0.01) increased. After 22 years of revegetation, there was no significant
difference in the relative abundance of most fungal phyla among AG, AS and NG. AG and NG showed more similar fungal
structure than that of AS and NG. 3) The correlations of soil fungal o-diversity with vegetation and soil properties were
diversity-index-dependent, while fungal structure significantly (P<0.01) positively correlated with most of vegetation and soil
properties. Importantly, vegetation and soil properties jointly explained 21.4%-50.0% of variations in soil fungal community
structure. Conclusion These findings indicate that fungal diversity and biomass in desertified grassland almost paralleled to the
undegraded level after 22 years of revegetation. Despite fungal community structure in revegetation sites was still not similar to

that of natural grassland, it is more beneficial to use grassland plants than shrub species for the restoration of soil fungal

community structure in the degraded alpine grassland.

Key words: Grassland desertification; Soil fungal community; Artificial revegetation; Alpine grassland; Tibetan Plateau
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PLAT LB s R M RIEE A WA BT IR T
Ak, IR B IEE R R R R R AR s .
&, FELMGE N B HE R S JE E L, A Bl
FEAETE VD A RN AR 52 o0 2 i L R RRE i 45 A 22 1Y)
S0 R B2 QAT v R A0 o

A SC RS2 iF 2 6 2 & PCR ( Quantitative
real-time PCR ) A/l Illumina MiSeq =i & M FF HE AR,
P GE T RAR B ] . VDAL R | RO N T RE b A
N T3 DA 9 DO A ] sl 28 780 1) + S LB VR 1Y
YR ZREERSS R, LAPEAS AS [R]RE Bk A2 1 it
XA A S LR R VR IR S ROR s IR T HA
v SA A B m M2 B C R, /R 4 4
LA RE TR A I OB R R M Lok, 7 5 i
e FE T b, - 18 TR O 09 DR R AL M Y R i S
TR PR AL GIAE W27 7 T BRI
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1.1 IREX#ER

AL T8 vt B BB (35°48'N,
101°6'E ), V34K 3 107 mo 20 X w5 5 A i o
BB, ARFEYAOR 2.3°C, AFERREKE 391 mm, F
FZAEPLE 6—9 Ay, FAKERT 1300 mm. +
HELLSEAS + O, KRAMB N LR AR ( Poa
annua ), NEE (Astragalus confertus ), &5
( Kobresia humilis ) F1ZA4373% ( Ixeris chinensis )
R HEFP R FERE M, B 20 HHad 80 A, SR
M I T VARG . i A 20 20 R Bl 22 FH 32k
KN A BE GE BOR 5 DL AE 45 ( Caragana
korshinsk ) R ERIBERX VAL EHL AT T N TARE
S, w45 Rk, IRE AR AR R L
IR A A T WA, U R R
ZREVE R AR G N, RIS 3R 4 K
- f A
1.2 FEMIZ E R R RE

2020 4 7 H, BEEU TR — 3 1Y K AR B Hb
(NG), Wit (DG), FANTHEH (AG) Al
N TN (AS) PUASFEHIZE A I e,
H, AG Hl AS Jy 1998 AFgHE . 7R R E A
125100 m ARRLR, WPARARERRE 10 m BEE 1D
100 m* (10 mx10 m) MHETr, RAFEHEE 54> 100
m” (R W 100 m® FEJy X ARSI E 34 1 m?

(1 mx1 m)EIREDT, A 1 m>REJ7 NI B A 100 m?
I NAIFE AR 5 (Plant coverage, PC) FIWFh4l
B, IFRVEAE Y L Sy, 7 80 C N TR FRE,
YN H I ( Aboveground biomass, ABs). M
A1 m> FEJT A DU A AT PO S AR BC 0~10 cm )
+HE, F—4 100 m® B B L HERE IR AN 1 AVRE
o JAFRTT (100 em® ) R4 1 m? 75 0-10 cm fY
+HE, WIS E R 80°C MU TARE, I H 14
%5 (Bulk density, BD ). Jifi REM LIRS TE
SEE N 2 mm GRS G, A TR AR
RERWIE, =M. —h AT K (Soil
moisture, SM ) Il E FMITCHLE I 55— 7E
FEWNARKT, T HEME R NE; #A+
R E20C R ORFE, T DNA M#EHL. qPCR
Al Tllumina MiSeq W% . 45 AE 7 FRAE A 1 1 3L
JE A AR 5 T 3 B L2 SRS L W R A
1.3 1% DNA {25 qPCR

K H E.ZN.A® soil DNA iX#] & ( Omega
Bio-tek, J¢[ ) FEHC- RS 0E DNAL 1%
AO 35 B R K FBL 3K FIT Nanodrop®ND-2000 45414356
Y63 ( NanoDrop Technologies, FE[E ) & 260/
280 nm Fll 260/230 nm FJ W GE KA I DNA 41 FE Fl
WeEE . $EHLH) DNA WE G- T TE Z i
( 10 mmol-L™" Tris-HCI, 1 mmol-L™' EDTA, pH 8.0 ),
FRAFAE-20C R H o

K StepOne SZHTZE PCR X ( ABI 7500,
Applied Biosystems, JE[E ) W FLIE ITS JEH 14
YRR, Hy 5190518 1TS1 (5-CTTGGTCA
TTTAGAGGAAGTAA-3') #1 ITS2 ( 5-TGCGTTC
TTCATCGATGC-3') . 20 pL AR ZEH 10 pL
RO ek 2 i PCR KR F] ( Vazyme
Biotech Co., Ltd, H'[E ) . IE I FI M 514745 0.8 uL
(5umol-L™") | 1 uL DNA I 7.4 uL 258 F/K 4
o PGSR 95C T AR 5 min, 95°CTF 40 4~
TE¥A 308, 58°C Bk 30s, 72°C FEEMH 1 min, 5
HEMZeh A oMM —A S AR 10 5 R
G FR BB HE, ELBE ITS DR P2 DU 0] 15 05
HRR R (Ct) FIE HTR bR IR 28 45 D1 8
THEARE,
1.4 PCR # ##0 Illumina MiSeq il 7

FH5 qPCR IR 5 | 90 B D RV 1 35 [ SC
£, L 10 ng DNA K5 AR FE GeneAmp® 9700
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PCR 1Y ( Applied Biosystems, JE[H ) ¥ 4 B ITS
L VAR R AL4E 4 pL FastPfu Buffer (& . 2 ul
dNTPs (2.5 mmol-L™") . IERAIZMEI#)4 0.8 pL
(5 umol'L™") | 0.4 uL FastPfu 4. 10 ng DNA
it , INAEEF/KE 20 pl. 8540 95°C TiAE
P 3 min, 95°CAEME 30 s, fH¥F 351K, 55°C MMk
30s, 72CTFiB Kk 45s, 72°C FHEMH 10 min. I 2%
Y B IR B BE IS T AxyPrep DNA #E i 32 51 £ [ i
PCR =% ( Axygen Biosciences, * [E ) , H
QuantiFluor™-ST ff A %¢ 67| # 17 % & ( Promega
Corporation, ) . 4ifbf5) PCR RS J57E
[lumina MiSeq (=38 &l /77 5 L (1llumina, 3% E )
PR HEA T, 0 T AR i L e AR R A
PR 2 | 58 B . 546 I P A HE © 1 4% B NCBI
( https://www.ncbi.nlm.nih.gov/ ) SRA %i#ig /i, Wk
5N SRP311564,
1.5 BB 5%t o

KM FLASH. Trimmomatic 4/ 7 %54 1)
e e 5 iR AT 2 2 AR 2ok g LURAS AR P 4 . 8
H UPARSE #{4 (7.1 W2, http://drive5.com/uparse/ )
XA BT 5L 97 % B ARARLBE 54T 528 53 1 A= LA
G324 (OTUs ). ffiJ BLAST #1455 NCBI 1y
GenBank B R HEAT 036, [ R EF (V
3.4.3) /4#1 Illumina MiSeq M FE%HE, I Sobs.

22

a) *

o
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=

Log J:[H$5 DL #L
Log genes copy number
>

]

10 1 1 1 1
NG DG AG AS

KM Sites
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Shannon-Wiener, Ace. Chaol #§4Ufl Faith &%
FEPEFE %L ( phylogenetic diversity, PD ) & EL B #f
&Y o 28 . SR FIZET Bray-Curtis FE BRI & &
ZUERE B (NMDS ) )28 A [7] 7 b 248 5 2 ] B
WRFE A AR IYE (B Z2HEPE ). >R SPSS 22.0
AR ZR 7 2550 AT AR T RLER KT b A 36 AN () L o 2 A
FEXE B2 B 3 P25 5 % FUNGuild B DR B¢
ZE R E 5 . K Spearman AH5% . Mantel tests, it
WX R TEE (CCA) FIJT 22003 i (VPA)
AT E RS o ZFEMEFIRETS 4509 S5 R g vs A+
WEMEZ R XER, @ R EF M Permutest 43
B RS U AR5 A AHOC 2 2, FIF FUNGuild
17T R E TR R

2 45 R

21 ITEERERFEMBEESHEN

PUASRE ISR DG TR SE R 5 DL AR
NG Fil AS (P<0.05) , AG. AS 5 DG =/ ki
BEFARE (K la) . DG HIEEF YA Sobs,
Shannon, Ace. Chaol £l PD ZrEMEFEEERAL, 40
M NG FEIKT 91.8%. 27.0%. 85.2%. 92.3%F0
92.9%. AG Hl AS THEHERF A o ZAEMEREII R
T DG, H5 NG 25 A8%F (£ 1) . NG,

0.5 -
b) stress: 0.092, R=(}619, P=0.001 ANG
i o . O DG
0.4 . Q AG
' O AS
03 [
. A
| }
02 o .
|}
0.1F ' Ap
operesrnggurenses 0 s
S %4
O A
02 :
.
03 .
~06-05-04-03-02-0.1 0 0. 02 03 0.4 0.5 0.6 07

NMDSI1

[E: NG, RAKM; DG, WLk ; AG, RANTH M ; AS, AN THEMEY . *FRA AR R A 2 A B F 25 (P<0.05) .
Note: NG, natural grassland; DG, desertified grassland; AG, herb-based artificial grassland; AS, shrub-based artificial grassland.*dominate

significant difference between different grasslands at the P<0.05 level.

&l 1
Fig. 1

AN [) Rl 2 7 I R B8 DI (a) FTNMDS (b) 43#7
Soil fungal genes copy number (a) and NMDS (b ) in different alpine grasslands
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Table 1 The a-diversity indices of soil fungal community in different alpine grasslands

3 Sobs 5%k AR Ace 83U Chaol 5%k PD F5%(
Site Sobs index Shannon index Ace index Chaol index PD index
NG 502.8+36.3a 3.3+0.5ab 594.9+32.8a 595.2433.7a 110.8+8.6a
DG 41.4+5.9b 2.4+0.3b 45.9+5.8b 42.5+5.9b 16.4+2.4b
AG 497.8+22.4a 3.9+0.2a 544.14+24.8a 549.3+28.5a 103.9+3.9a
AS 480.2+19.7a 3.7+0.2a 547.54+24.5a 544.4421.7a 98.6+3.4a

H: ANFEVNG FRER IR AN ) 2 B 5 M 2 ] 22 5 48 2% ( P<0.05) . Note: Different lowercase letters mean significant differences across

different grasslands at the P<0.05 level.

DG 5 AS Ml AG WEEIEVIDAHE/3E (P=
0.001), Ifii AS Fl AG #FIEZ5MMIE B, AG 5
NG Z i AS 5 NG 2 [a] 5 1 25 40 X} 55
(1), B O 5 by 2 70 2 i) 1) - 398 B TR 1V 45
WIEE B E 2R, AG FI AS 22 [a) & Ho At R b 55
FHAL, AG FI NG 1) B BE 7% 25 F 38 AS Fil NG T
S AH AL
22 EHREBEREMSAM

Ilumina Miseq Il /7 23545 744 780 A 50T 51,
RBHME] 2 062 4~ OTU. HHr, 594> OTU Hypuf

—
(=
(=

FHE R, NG, DG. AG Fl AS H54 436,

43, 356 #1349 4~ OTU (&l 2a). i OTU 43 J&@ T
134T, 38440, 96 N H . 210 NFHFI 444 A&
Hrp, 745 ( Ascomycota) F4EXFEH, HP
IR EREE N 82.9% (73.5%~91.3%), HFHI]
( Basidiomycota ) Kz, H-FEXMEXTEER 9.1%
(4.9%~20.0% ); A ECTR ] A AR 3= B0 LA,
X 4y 207 ( unclassified k Fungi ). % 7 % ']
( Mortierellomycota ) 4[] ( Chytridiomycota )

(S B AH X 2 BEA R 4.7% . 2.0%F1 0.8% ( & 2b ),

2) NG AG

(>
(=

== others HiAth

[ Chytridiomycota 4 [ ]

= (=)
(= (=

33
(=

HERFFJE Relative abundance/%

(=

B Mortierellomycota #1575 ]
unclassified k_ Fungi A7)
Basidiomycota H 1*[#[ ]

[J Ascomycota [-#E | |

NG

DG AG  AS
FfHh Sites

B2 AN 2 3 FC R REYS Venn [ (a) FITIKFALAL (b)

Fig.2 Venn plot (a) and composition of soil fungal community (b ) in different alpine grasslands

Wil 3 PR, AT ERT TRTET 15 LS R
b, 5 AT 8 ANy EL T AR 2 BE AN [A) 7L
HZEARL Z [AFAE 22 5 % (P<0.05), FHiMLs,
AFREITAX FERE TR T 68.5%; KEHH
HEWT CHXFERE<1%), g s M &
PRI AR AR 3 B I 3 BRI T 2% (P<0.05), TfiiA
SRR ETA T TAXT F B N FEN K I
3 5C 1 20 ( Sordariomycetes ) AHXT FEEH NG i &
(P<0.05) ¥4y 2.9 £%, 1Mi<=w#49 ( Agaricomycetes ),

M E %X (Eurotiomycetes ). #f 7 % 29
( Mortierellomycetes ) 4353 ( P<0.05) FEAL T
76.8%. 82.4%F%1 70%. 5 DG tHIt, AG Fl AS Yy
TR TP TRA X F AR K AG
RO fEER ] M4 (Leotiomycetes ) FIHfil%F
A F B A0 8 (P<0.05) HEINT 1.4 5.

9.1 f5H1 2.6 f5; AS TSN FIAR ST K LA
(unclassified_k_Fungi) AHXT =5 B2 ( P<0.05)

TRET 59.3%FN 83.0%, i JAEE TR 24 FII AR T 17 249 53
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100 - a) a NG
b ab ab T =DG
X -QG
8 0L
=%
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)
R !
£
g% 20_ * ok * *
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02«3 bbb a a
T b a a
b b b a b a ab
O - = -
Q@ P & X P &
& < ~ < S ©
o@ ~o\\ § o&\\ -o@ S
& & ¥ > &
v Q)‘b% . ‘Zab/ ’&0& Q‘%\Q
A% )
100 4y &%% XS C
90 | *x @9
X a
% 80
— € 70 *
15% ab
B E 60r a
_’ﬂ e
£ o s0F ab]
= = tB
BE 401
BT a[b a
= 30 b a
S 200 * * R % * %
= bbb %a

. Ascomycota: T2 []; Basidiomycota: HF B []; unclassified k Fungi: #4r2%[7; Mortierellomycota: #{fL%[];

S =k T

Chytridiomycota: 4 [ ]; Others: HAB[]3%; Sordariomycetes: FE5CH49; Dothideomycetes: JEHERTH; Agaricomycetes: <P %X ;
Eurotiomycetes: A{#PE4; unclassified_p_Ascomycota: FHEW 1R 3IH; unclassified_k_Fungi: KFIFH L ; Leotiomycetes:
HE T A 4 ; Mortierellomycetes : 9% 155 44 ; Tremellomycetes: 2 H-49; Arthoniomycetes: &R 4 ; Pezizomycetes: #kTF 44 ;
unclassified p_Chytridiomycota: 47 5[ JA%2E4; unclassified p_Basidiomycota: H TR TASIZE4; Glomeromycetes: BRPEE 4 ;
Rhizophlyctidomycetes: i 1 CARAT A M . *Fr*43 HIILRAYIE P<0.05, P<0.01; ANFE/NEFREFIR IR — T F14 19 = AR X L il 1E
AR E ISR 2 0] 2% 5 . 3% . Note: * and ** represent significant difference s at P < 0.05 and P < 0.01, respectively; Different lowercase
letters represent a significant difference in relative abundance for the same fungal phylum and class between grasslands.

K3 ARIFHSEA C AT (a) F1 15 DR AR (b) ARXS 42828 5 L AL

Fig.3 Comparisons of relative abundance of soil fungal communities at the phylum (a) and top 15 classes (b) in different alpine grasslands

MR (P<0.05) AT 2.7 58 6.1 5. AG hiH FIA] FUNGuild X 38 BCRHE I A T DR e R
TR, ENABER WL AS Y | (Bl 4), 485 F 7 20/ BRI KA o3 e
PR W AP B W A R BT NG, i B AR AR R =S Hoh ) B AR |
AG RO E WX E N 85T NG, Pifh At A | At A A B SR e
NTHEGRAM, AG RS RERI]T, $l ABE 4 DR RRE S EEAEDE 2R
I, BB RMA T EEWWHXS FERE  (P<0.05), MLT DG F NG, AG Hr i) #-H A4 7l
(P<0.05) @& T AS (1.3 /5~3.74% ). TR AT T BEAR S I ( P<0.01), AG il AS &

http://pedologica.issas.ac.cn



286 +

60 %

100~

oo et

EEE S S SRR
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Pathotroph-Symbiotroph g #fl- 3 A= 714
Symbiotroph L= 1l

8Ok [-i-l-lalat

[*¥] Saprotroph-Symbiotroph Ji§ /- HA= 74

601

Pathotroph-Saprotroph J 1 A
R Pathotroph-Saprotroph-Symbiotroph Jj5 #-Ji A - A= 75U
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Saprotroph Ji4: 1
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40

IRESLIAATI
Functional fungal relative abundance/%

20+
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Kl 4 AR R - EL T R T DRSS HY

Fig. 4 Functional structure of soil fungal communities in different alping grasslands

FARE T I R AR R (P<0.01); 5 NG

LG, DG FIN TR EHE (AG M AS) W&

RAATG T o - J8 AR - AR RV L A X 2B DGl

AS B EFEAL T A - AE R B (P<0.05),

23 EREHESHEEFZENXER
EHBEL Y Sobs. Ace. Chaol Fil PD £ 418

5 PC. PR, PS, TN, TOC. EC #I Nitrate #% .
F(P<0.01 IEAH, 15 BD M AR P #( P<0.05)
AR ; EFE S Shannon 880V 5 PC FIAEAA
W (P<0.01) 1EAHG, SHABIEIRAMIE, H
AT I, FE R IR FL VR 1Y o ZRETE S A DY
FEVEFRIE RN e fm M A G (R 2),

F2 EFE o ZHMEEHSEMINTIERE ML Spearman 18X 1%

Table 2 Spearman correlations of fungal a-diversity indices with vegetation and soil properties

HE# Fungi
845 Index
Sobs Shannon Ace Chaol PD
FH 4% 55 & Plant coverage 0.678%* 0.602%* 0.693%* 0.676%* 0.669%**
Y Fh £ & FE Plant richness 0.619%* 0.361 0.675%* 0.683** 0.593**
F 454X Plant Shannon index 0.615%* 0.356 0.665%* 0.676%* 0.588**
Ho A=) Aboveground biomass 0.490%* 0.385 0.515% 0.541* 0.442
+- 387K 453 Soil moisture 0.443 0.301 0.481% 0.485* 0.479*
+ 25 Soil bulk density —0.636%* -0.321 —0.664%* —0.662%* —0.651%*
pH -0.316 -0.077 -0.396 -0.399 -0.418
1,53 Electrical conductivity 0.568%* 0.295 0.680%** 0.672%* 0.586%*
AT LK Total organgic carbon 0.572%* 0.427 0.567** 0.564%* 0.486*
4% Total nitrogen 0.602%* 0.295 0.662%* 0.656%* 0.621%%
4= Total phosphorus -0.002 —0.179 0.138 0.121 0.103
H %M Available phosphorus 0.423 0.310 0.402 0.372 0.369
HRLEN Available potassium 0.409 0.089 0.486* 0.475% 0.435
i & & Nitrate nitrogen 0.648%* 0.603%* 0.588%* 0.614%* 0.716%*
£ 75 % Ammonia nitrogen ~0.555% -0.386 —0.537* —0.552% —0.632%*

. FRPee s IR R R P<0.05, P<0.01. * and ** represent significant difference at P<0.05 and P<0.01, respectively.
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Mental #5604 B, F R V& 454 5 K 2RO HE
FEVE A LR PEIE PR 03 (P<0.05) IEMG, (A
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EC 1 BD A9 e de ik, e+ fB 43514 0.70 i1 0.64,
5 AK BYAHEMERRES (7=0.24 ), CCA 47 A —Hl
(CCA1) FI%5 —#h (CCA2) BT 21.4%0 B

BD. pH Fll EC ) X - 3 B TR B % 235 ¥4 ) £t % FEE 40 )
7 18.6%.29.0%F1 17.2%, —H LA IMERE T 50.0%
B R TE A AR e (& Sb ).

35
30 2 o)
251
20
1.5
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0.5
0
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-1.5
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-25
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ANG b)
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-17.44%

CCA2 (9.97%)

\%
18.59%

CCA1 (11.47%)

5% 7% Residuals=0.50

. PC: MHPLFHE; PR: WFEEE; PS: HAIMEG ABs: M LAYHR; SM:tHK45; BD: FdE; EC: HF%E; TOC:
BANK; TN: &% ; TP: £#f; AP: HRWE; AK. #A4HP; Nitrate: A% ; Ammonia: AR ; C: LiEfb#ENE; P 11
W E e, V. HpEME . **ft3 P<0.01, Note: PC: plant coverage; PR: plant richness; PS: plant Shannon index; ABs: aboveground
biomass; SM: soil moisture; BD: bulk density; EC: electrical conductivity; TOC: total organic carbon; TN: total nitrogen; TP: total
phosphorus; AP: available phosphorus; AK: available potassium; Nitrate: nitrate nitrogen; Ammonia: ammonia nitrogen; C: soil chemical

properties; P: soil physical properties; V: vegetation properties. ** represents significant difference at P<0.01.

K5 HHEERBALSH S (V). TR (P) Rk EEME (C) ZIE CCA (a) Al VPA (b) 4HT
Fig. 5 Correlations of soil fungal community structure with vegetation ( V), soil physical ( P') and soil chemical ( C ) properties based on CCA
(a) and VPA (b)
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