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Abstract; The timberline ecotone is a sensitive area to climate change among the terrestrial ecosystems, and it is vital to
study the soil fungal community structure and its formation mechanism in the timberline ecotone to predict the effect of
climate change on soil nutrient cycles and to maintain terrestrial ecosystem functions. For this, we collected soil samples
from the shrub and coniferous forests of Shennongjia National Park. The soil fungal community structure and diversity were
analyzed using the Illumina sequencing method. The results showed that the dominant soil fungal phyla, genera, and species
differed between the two forest types. Basidiomycota was the dominant phylum in the coniferous forest, whereas Zygomycota
was dominant in the shrub forest. Detrended correspondence analysis and dissimilarity test indicated that their soil fungal
communities were significantly different, and the soil fungal diversity was significantly higher ( P<0.05) in the coniferous

forest than in the shrub forest according to the Shannon index, Chao value, and richness index. Canonical correlation
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analysis and Mantel test indicated that the soil pH, plant diversity, soil moisture, and temperature had significant linkages
with the soil fungal community structure. Therefore, the soil fungal community structure and diversity in the timberline
ecotone were significantly different, and the factors of soil pH, plant diversity, soil moisture, and temperature were the

important environmental factors that shaped the fungal community structure.

Key Words: soil fungal community; climate change; shrub forest; coniferous forest; Illumina sequencing
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TR VKAS , JHT DNA H25C, 55 —3843 (29 500 ) 4°CARAE , T T 3E3bPE Bl <2

F1 BMREBRAELERESERFR

Table 1 The basic imformation of soil sampling sites in Shennongjia National Park

FE AR T b TR R BE i3 Heray TR AR R
Sampling forest type Sampling site Altitude/m Slope Slope direction ~ Dominant plant species
WA BEUALHS A 17
! TR 2749 10° e Rhododendron oreodoxa Fargesia
Shrub forest .
murielae

" iRy
NG e 2562 25° g0 IR
Coniferous forest Abies fargesii

1.2 A BRI ) S 50 T

SRR BRI H S AT E T s pH N E 3 pH | HE TN S S KR KR )
TE KT PEA WL, BILECE R0 4 80, A ) 0 0 A AL, B R R0t (o 15 S0 o 4 Wl | S0 5 o
K FH R EE BRI 5 382 10 em MR S0 PHA AR TR TR R)Z (R = 5 em) FITEARZ (MfE < 5
em) WY ISR HAN 2 B0 SR 55 B 2 SRR
1.3 TIERUEYF NG DNA HEHC 4ifk fE i

R & E.Z.N.A.® Soil DNA Kit (OMEGA, Bio-tek, USA ) 42 HUF14li 1k, + 3 f3% 2= %) DNA, i@ i
NanoDrop ND- 1000 433G EE 71l i DNA ¥R EE . DNA R B RN 40 B 35 B LT bR ife . 521 DNA B 5 ik B
] AKIE 25 ng/pl, W5 2 A260/280 4bF 1.8—2.0 Z [H] H. A260/230>1.7,
1.4 Tlumina 7 A1 75 P 4

A T Mumina 0 F-F 5 K20 rDNA 1TS2 FEH 7 BOF 5, M Galaxy “F- 7 (http ://mem.rcees.ac.cn ;
8080) X I3 S iy B HEA T TRUAL 3L, 437 W A0 il %) S ST IR A A A

K gITSTF (1F I8 51 %) 5'-GTGARTCATCGARTCTTTG- 3') F1 ITS4R ( J [f] 5] # 5'-TCCTCCGCTT
ATTGATATGC-3") "% X} HL 1 1 1TS2 X BEb A7 48, Hob i 18] 5 [ 91 hobn A AR S Barcode , T X 20
PCR A2 (50 W) fU4% 5 L 10xTaq ZZ M1, 1.5 pl ANTP RS %,0.5 pl Taq f,2 pL 2F 103 HE A
(5Smg/mL, BERIFH]) ,1 wL IEMSIH,1 pL KK 514%7,1 wL DNA %38 (29 25 ng/pL) fil 38 pL ddH,0, PCR
FRE26A% R 94°C AR M 1 min , 35 PMEFR(94°CAEME 20 s, 56°CIE k 25 s,68°C FEMH 45 s) ,68°C A LE{H 10 min,
FIFH 39 FAEE I EL KRS I 5 [T 0sC DNA R i, 35357 & E.Z.N.A.®  Gel Extraction Kit( OMEGA , Bio-tek , 3% )
2iifk DNA KE&, , FFr - Hok B Al B afifb )5 59 DNA AR 5 B8O 2 58 (5 Ak B A TR &, Qubit &+,
FE CBHRAFES S PhiX T 96°C 22 M 2 min, B TUK/KIRA W 5 min, 554 AE f i AL & MiSeq Reagent
Kit(llumina, San Diego, CA, USA) 17 2x 250 bp XA i L HLIF

3 s JELbR F 8 SCAA L SRR S Barcode X R SCHF AL BEEE &, KRR  EZBREIY (B9 1.5 %A
PERCR) , $4 08 Flash'™ B3PR8 (B /NE B R BEKE R 30 bp) . A Brim M BR 524K F 20 (7
5110 Trim N B AR T 200 bp 55 A BOBIBRIEL A P51 (N) o ARIEFFFIH A 0L, K H BT Y] = 240—
350 bp, Uchime™ £ & &K Z 5, Fi B Uclust 55 ¥ F1 97% F4 FH L % AT 45 4E 73 25 B 9T ( Operational
Taxonomic Units, OTUs) #H47E 24004, R RDP classifier(50% nJ {5 &) FEE & ITS UNITE 048 &+ X
5 . AT A RER B OTUs Z FIFRAELL A 10000, 45:RE 5h B9 OTUs = B R iZRE S B9 B850 4% /10000
SO =
1.5 HdEmdr

FIH Excel X568 BUE AT 0120 0B s FEBE AR A Shannon $F8%0F1 Richness 15 URAE ; ELR ZHEPER
H Shannon #8484 . Chao {HF Richness $§ 2R 1F ; & F R 3.1.2 [ vegan £ 5 # 7E £ 43 H7 I 25 (http ://www. ou.
edu/ieg/ ) AT N HNEHE 43 Hr . 38 1 BR A FXT B 43 HT ( Detrended correspondence analysis, DCA ) FIASAH LA
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55 ( Dissimilarity test ) £ IUAE - R FE 7% 28548 2 B2 5 5 R FH B IR A AH DG 43 B ( Pearson correlation test) | MLy X}
I 53 M7 ( Canonical correspondence analysis, CCA) F1 Mantel 43T , 75 H 5 W) 5 b8 B E 75 25 R4 2 R B9 32 23R E% R 1~
Hir CCA Aok g s B ™ o 19 S 2R 1, BEoR 3 8% IR 7 19 7 22 IRl ( Variance inflation factor, VIF ) 25251 /N T
2011, FI ] Origin 8.5 YEIE, HIJH IBM SPSS Statistics 21 HEAT Bz R #hAH MM Rt ST AEAS T 4656

2 EHRE5S

2.1 HERRA M AR 2 RS AT

IUAR A T HEE TR bR R (R 2)  EAMEY 1SR 43 BRE T4 mH Ak, B R A 20wk & i B i 22
S (P < 0.01) , AHLER TIEEA PR SEMASE SRR EZES  FEREAMRER PR R 55 1 1 R
it B FR A (EET AR 145 pH B2 T (P < 0.001) HEAMR 58, SREAMAR L, S bR - 5380 B2 mIC , V2 32
v, RS 22 5 B3 (P < 0.001) . £HARI NS ToA Sk AR Z Y% Y 2 HE ki Fp g B
BE(P < 0.001) &AM,

F2 TEBAERERSEEMEESFEENR

Table 2 Soil biogeochemical properties, plant diversity and soil fungal diversity index

ZH TEAMR FFatpk PAE (IS HEAR T K 5)
Parameter Shrub forest Coniferous forest P value (Unpaired T-test)
A PR Soil organic carbon / (g/kg) 61.69+4.46 62.93+4.23 0.843
IR £ A HLER Dissolved soil organic carbon / (g/kg) 0.25+0.03 0.18+0.03 0.098
4% Total nitrogen / (g/kg) 4.60+0.33 4.38+0.26 0.607
H A Available nitrogen / (mg/kg) 0.42+0.03 0.36+0.02 0.139
£ Total phosphorus / (g/kg) 2.19£0.33 0.63+0.03 0.001
A %W Available phosphorus / (mg/kg) 8.94+0.90 5.83+0.39 0.009
433 pH Soil pH 4.42+0.05 4.96+0.04 <0.001
FHERSE Soil moisture 0.29+0.01 0.46+0.01 <0.001
A 38R ¥ Soil temperature / (°C) 12.13£0.13 10.78+0.15 <0.001
Fe A2 M2 Diameter at breast height of canopy layer /cm 7.67+0.67 25.89+2.59 <0.001
FEARJZHAZ Ground diameter of shrub layer /cm 1.08+0.49 1.11+0.06 0.960
)P Tl ess BE TR AKJZE Canopy layer 4.96+0.30 19.28+2.33 <0.001
Height of plants /m HEAJZ Shrub layer 1.03+0.25 0.82+0.05 0.437
THYIMREL R F*ARJZ Canopy layer 21.78+3.26 20.00+2.32 0.662
Plants intensity /400 m? #EAJZ Shrub layer 262.78+51.39 431.22+32.16 0.013
P IFIECH Plant species number 4.78+0.64 23.11+0.30 <0.001
¥ 7 4 $5 %% Plant Shannon index 0.85+0.09 2.19+0.07 <0.001
AT ITS FALHEHL Soil fungal ITS Shannon index 2.59+0.12 3.17£0.19 0.021
T ECH ITS YyFh 42 & FEHE %X Soil fungal ITS richness index 342.11+29.97 464.22+37.35 0.021
T HEEH ITS Chao {H Soil fungal ITS Chao value 743.32+67.83 1113.04+113.03 0.013

B R RIB R I P AR kR, P EE 0 ST R AR T 4G 5045

2.2 IEETEREE AT AR

i3 Mumina 5, A55) 2786 AR ITS2 X OTUs , FEAS B F 91 45000 A 1E 13547—40799 28], Fi
HE 10000 A4 {E FHTBURE | DA THE A AR H AR & Pk DUt 1288 A OTUs , A bR 4= A% rp R I 1 2027 A~
OTUs,, #5387, K B A AE 1 38 77 78 T 38 18 1] ( Ascomycota ) \#HF B 1] ( Basidiomycota ) 425 B ]
(Zygomycota) 4% [ ] ( Chytridimycota ) FIERZE T[] ( Glomeromycota ) 55 5 AT EL T , £1F5 226 4~ J& Fil 553 4>
Bl ZETTKSF B HFHETT(P = 0.003) FIHEARETT(P = 0.002) =B e H R 2 7] 22 S B 25 (| 1),

http ; //www.ecologica.cn



15 4

MR A MR S AR I A T R i ek

WHEITMBRERITNY FEEARL 1%, 5RMET]
(Unclassified) J9 5 HAtL ( Others ) . 7EHEASR £ 58 9 O 5
HW A A W (55.86%) , 1k % B )@ bl 1 55 )R
Mortierella(35.07%) (£ 3) (AL E FH A Mortierella_humilis
| SH218044.06FU(26.15%) (% 4) ; AEEF AR P A
P H N F T (67.38%), 18 ¥ 5 JE M BBk i R
Cryptococcus (27.12%) 6 A B Ay Cryptococcus _terricola |
SH215219.06FU(26.96%) . {EAHT B 1A, Bt ik L
B9 22 [ 1R & ( Cortinarius ) | 22 35 A J& (Inocybe ) | 21 %% )&
( Russula) AN 52 H-J& ( Sebacina ) ) F-JE i 25 & THEAMK

EF bk 4 HE B T A9 Shannon 8 %X . Chao {H F1 richness
TREOI B E = T (P < 0.05) #EAM(EK2) , DCA B
MBS LR REIE 2540 (B Z2FEE) 225+ B35 (18 2) , A
PERE S (3T Bray—curtis Fl1 manhattan #5557 16 ) i —2HIE
SEX R LR AR AR R B 2R (R S) .

ARG IREW] EAMIEL i ARTE I B R R A
W EAFTE W 2, HAT AR TR E 2 R &
THEARMK,

oA N AW O ETFET
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Fig.1 Comparison of the soil fungal community compositions

AR BHAhk

Coniferous forest

EAMRMS MR T REEHEEMARETKF LH

in shrub and coniferous forests on level of phyla

R3 AHREPENEEXT 1%20TEERRE

Table 3 The genera and species with relative abundance over 1% in two types of forest soil

TERT I ARBAR RS 4 B2

Abundance in coniferous forest

I @ AEREARMRAI AT 4 BE
Phylum Genus Abundance in shrub forest
FHEH ] Ascomycota Acicuseptoria * 0.12+0.08
Hypocrea 1.21+0.64
Phoma 0.89+0.49
Pseudogymnoascus 9.45+2.96
HFH ] Basidiomycota Cortinarius * 0
Cryptococcus 23.09+8.68
Inocybe ** 0
Russula = 0.03+0.02
Sebacina 0.02+0.02
Hygrophorus 0
AR Zygomycota Mortierella 35.07+8.30
Mucor 6.50+4.30
Umbelopsis 14.25+6.24

1.23+0.45
0.16+0.11
2.31+1.77
14.49+2.71
3.03+1.13
27.12+6.31
2.58+0.73
4.81+1.72
11.42+5.69
5.49£5.43
10.86+4.47
0.75+0.38
0.10+0.06

# FORNSLHEAR TARIRAY P < 0.05, == FRMIAEAR TR PE < 0.01 BB, PRI pRfER

R4 WHREGENEEXF 120 LEEEM
Table 4 The species with relative abundance over 1% in two types of forest soil

I i TEFEAMRAAR RS 4= BE TEET AR AR X = B2
Phylum Species Abundance in shrub forest Abundance in coniferous forest
TR Acicuseptoria_rumicis | SH225738.06FU  * 0.12+0.08 1.23+0.45
Ascomycota Ascomycota_sp | SH216928.06FU 2.01+1.00 0.06+0.03

Hypocrea_pilulifera| SH211682.06 FU 1.19+0.62 0.04+0.02

Pseudogymnoascus_roseus | SH236509.06FU 1.74+0.53 4.32+0.78
HFHIT Cryptococcus_terricola| SH215219.06 FU 22.49+8.30 26.96+6.30
Basidiomycota Hygrophorus_pudorinus | SH224115.06FU 0 5.48+£5.43
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I if TEHEABRE AR X TEET BRI AR X
Phylum Species Abundance in shrub forest Abundance in coniferous forest
Sebacina_sp | SH226306.06FU  * 0 9.57+5.67
Tremellomycetes_sp | SH213828.06F U 1.00+0.86 0.02+0.01

HAAHI] Mortierella_humilis | SH218044.06FU 26.157.43 3.75+1.60

Zygomycola Mortierella_sp| SH212345.06 FU 3.00+1.46 1.78+0.87
Mortierella_sp| SH216113.06FU ** 0 1.50+0.32
Mortierella_sp| SH217217.06FU 2.63+1.34 0
Mortierella_sp | SH218045.06 FU 0.27+0.14 2.03+1.54
Mucor_hiemalis| SH202366.06FU 2.68+2.54 0.72+0.37
Mucor_sp_UTHSC_04_2492|SH226017.06FU 3.76+3.75 0
Umbelopsis_sp | SH209700.06FU 12.72+5.93 0.02+0.01

# RN HEAR TRIRI P H < 0.05, #x FoRMALAEA TR P {E < 0.01. BB, FIEpRiER
2.3 N BEEL0  R B T ) ‘
it CCA W15 4V 5 B B SR 28 AT O 38 : - i

B FIHT5 22K IR 73 B (VIF < 20) LA 7 4 s L s

PG AT nTE A AL A, LRI | e | z .

pH Y 20 FE 1R 48 B0, LRI . i BR3R 3 N 1 1 £ . .

CCAL BB K BEAF 0, 3% pH FHY Z M6 | LI g 0T .

O LA L B 0 94 4L L0 T S B .ot

(I#13) ., FIFH Mantel 5997 (% 6) 4545 R AR P i 7] AT

VA, 4 pH X b 38 FCRR 22 AR S R B e, AEL ) = 0 2 g

AP, H IR SR FE X 3 (2 L ADs 1(149%)

Rl A 2 EEACHRRO G R b L B 2 B PR RS BN R AT
Fig.2 Detrended correspondence analysis of soil fungal
community compositions in shrub and coniferous forests

RS OGEARMEHARE D REEREARNAEAERE
Table 5 Dissimilarity test of the soil fungal community compositions between shrub and coniferous forests
HE By v MRPP Anosim Adonis
Distance methods F) P R P R2 P
Bray-curtis 0.676 0.004 0.33 0.002 0.181 0.001
Manhattan 135.124 0.003 0.33 0.004 0.181 0.003

MRPP . £ 1 B it B2 43 #r multiple response permutation procedure; Anosim, FHAA: 20T, analysis of similarities; Adonis, ZIuH 2451,
permutational multivariate analysis of variance; Delta: 1% 20 5%, the group mean distance; Bray-curtis, 7 T # & 37 5 25 J5 5, Bray-curtis

diastance method ; Manhattan; 2 M 5ilH 2 7755, Manhattan distance method

F*6 TEEELZI OTUs. EZHEISHEREFH Mantel 17
Table 6 Mantel test for the whole OTUs and important fungal phyla versus environmental factors

o Er (BT

PO 1T b A
W Whole operational THAT *A¥ ] Al
. . . Ascomycota Basidiomycota Zygomycota
Environmental factors taxonomic units
R P R P R P R P
R 1 n
7J(.{ﬁ et %ﬁmﬁ& 0.141 0.126 -0.036 0.530 0.242 0.034 -0.101 0.871
Dissolved soil organic carbon
4% Total nitrogen -0.127 0.891 0.006 0.431 -0.102 0.824 -0.087 0.802
2T Total phosphorus -0.025 0.543 0.151 0.086 -0.076 0.785 0.130 0.089
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LARERIE S T
FHEHT Whole operational FHEI] %Ej’flzﬂ AT
. . . Ascomycota Basidiomycota Zygomycota
Environmental factors taxonomic units
R P R P R P R P
13 pH Soil pH 0.305 0.005 0.252 0.009 0.179 0.045 0.339 0.001
FHEEE Soil moisture 0.183 0.025 0.093 0.097 0.088 0.112 0.359 0.005
3R Soil temperature 0.057 0.268 -0.027 0.549 -0.047 0.647 0.324 0.003
#E%?I&ZUE%& 0.186 0.021 0.128 0.050 0.070 0.183 0.369 0.002
Plant Shannon index
e > A
3 g . brtik
. N sl Dsoc °
T 3 0T A R ] G el THE AP A It b - TR S Tem
AV ST, AR TR 1T bR - S R A z . TP -
AS AY e —H. E“ S = N LE—A I I == _—H__—_
FRt, ATFER TR E TR BTR & A w1 5 - S psn .
« o ant Shanron
W L8, SR d R M AR AR ST P AR F _s5la g Mo
T AR B, IR ORI R AR L, J2H T :
BT B A R, 2T ( Cortinarius ) | 24 364 B S TR

J& ( Inocybe ) . 21 4k J& ( Russula ) F1 W5 52 H J& H 5
(Sebacina) J& THMEWMHR AR, HAEAHRh R E  m3
ETHEAAR, AR R AR B W i AR iR 7
PIE Yoy fi SRR RN RE R sh oh B B
HHRESIE A P 28 R GE AR T AR Fp A ALz, fie
PR T SE R LA RO R
AR B 2SR M A R 1T, 5 Wallenstein 25 8/ 5%
gh ) YT R (Mortierella) 52 38> JR T, 11
A R ) - 9 b o R Y AR A R R B A
PEARM L SEARI LR, A IR FE 5 P FEARR 1
ST AR

R AP T JTE DB AT AN [0 R T ol 2 A0 0ok - S L5 1 o St 0 2 A, e SR 1)
PRVE PR o5 B IR TR B BB BOASIR]  E— e R LS R E A PR A AR e, ET Ak
ELLLA R SR A /N I (5 A PRV R B IR, 5 B MR W K R AR B AR AR 5, 1K
i, HHERA TR S SRR SR AR TRy 2R B SE R R A I R B K B T B )
R B, A B A BRI TR BRE ), RS KB, RIBA IR R D, LIk A & &
BT o LT AR ol - 2 T 5 X e ) R B, T AR () R T Vi D AR X 25 o Wi, 7 HE A LB A 38, 4
FREAR I A B i, 28 55 A R WA AR LU A VE AR 38 ML 75 2t LL S st e s 7

498 pH S5 0 L P T 4 A AR ) EE A IR T, % M B 1 A K B DL M A M 1 i Y LA
Fm S B — AR RRYE SR AT , Nevarez %5 & L E A K il pH A 5.5 ARWEgE R A Y
PIASARES Y 3% pH < 5.5 NRIEIAEE & B HE A K, AR W AR I HZ IS pH (A2 B IEAH
X, STV ERSE MR

HHT, TR Z e 5 T B R 2540 Z (B B AR OC R IR B0 — By e 1 . A BFE R i 2 FE 1
XF SR BRI A TE /N RUEE B AR BT AR DGV (B RORUEE AR SCPEZIARAG, X AT A2 78 KBS
PR i s TR R A BRI R 2R S R 2 RS OE X T B

i1 Aixs 1 (11.63%)

FEARBRAN ST bk 1+ 4 B B 4H A S TR A [ F ) Y S 0o
Bz 53 47
Fig.3  Canonical correspondence analysis between soil fungal
community compositions and environmental factors in shrub and
coniferous forests

Dsoc: KM 3A LK, dissolved soil organic carbon; Tem: 13
W | soil temperature; TP: 4%, total phosphorus; TN: 2%, total
nitrogen; pH: IR JE; Mo: 1392 J¥, soil moisture; Plant
Shannon; HH)EAAEEL, plant Shannon index
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