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1 PEE2AR2ERE AR R 2= Be 2y AP Br, dbat 100193
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 E. [#%] T Ei(Saussureainvolucrata) 2 — & K £ 5 RS HIMEH A . T ERL
MAABAETHGHRSHANLRE, [B6)] MEEERRALELT SHEME AW FHMEYG
KR LT R IRA ALy Bk 4°CHh 15°CH B T EAARA A AL F; @124 4% 5% 14 [ X (internal
transcribed spacer, ITS)F 7| #14 % & @ #h; ARIE ITS 5 7 A8 A R 9 ¥T 445 5 K % 70 (operational
taxonomic unit, OTU), #HATHAT Z M 5AT; Pk 24 OTU 9K A B, WERKEAKRT S, &
BREAAMETR BREMAKEE o EELYTARGYh., (LR 2HXF ILHKALLST,
4 °CHa 15 °CHAIRAF 68 hAn TA R I2 HRAB KB T 2114 W58 7TH9 B, LA 144 OTU.
4°CH 15°CH B 2R HRFT 10 NF= 11 4> OTU, 2 MEEE LA RA B I F £ F(P<0.01). 4°CH B
FFAF 3 AR OTU, tR# B 2445505 (Alternaria). 15 °CoH B %43 4 NEH OTU, H#¥E L
Rhexocercosporidium. 14 4K & B #k P &L I 10 iR & A 3 M £ A H (dark septate endophytes, DSEs),
OMELEHALRREAR N, 6 MRAARARAETERLSYGAERKNEA, L+ 5H#H~Z DSEs,
3MRAGAE, 2AAHEAE. Hk S11 A2 S12 ££ 15 °CH= 20 °CHA AR, 4k SO1. S13 =
S14 R 2 15 CH IR AA4E A . Bk S13 #= S14 £ 4% & Rhexocercosporidium ¢ & & #k, ©A1%& L
DSEs. w4 @ AL A H 694545, Bk SO1 A= S12 & 15 °CH 694 A4F A £3%. 5 20 °CAAL, HEAk
SO1 #= S12 f£ 15°C3 A B 47 G e E K ER 5 2.17-2.27 42(P<0.05). [44£14 °CH= 15°CoH & 3%
BOETERRANELLABEAF GO ZAEME, D BRENSHIRNELAHRENARFENA R
"R, KRS B R AT IRAFAEH 4 DSEs.
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Diversity and biological characteristics of cold-adaptable
endophytic fungi isolated from Saussurea involucrata roots

QIU Xiandan', CHEN Xiaomei', ZHU Jun?, ZENG Xu', ZHOU Lisi ', GUO Shunxing '

1 Institute of Medicinal Plant Development, Peking Union Medical College, Chinese Academy of Medical Sciences,
Beijing 100193, China
2 Xinjiang Institute of Chinese Materia Medica and Ethnical Materia Medica, Urumqi 830002, Xinjiang, China
Abstract: [Background] Saussurea involucrata is a rare and endangered medicinal plant growing
in the alpine region. However, little is known about the cold adaptation of endophytic fungi (EFs)
isolated from S involucrata. [Objective] To well understand the diversity and biological
characteristics of EFs isolated from S involucrata roots. [Methods] EFs were isolated by tissue
block culture at 4 °C and 15 °C, respectively. All the strains were preliminarily identified based on
the ITS sequences. According to the ITS sequence similarity, strains were clustered into OTU for
the diversity analysis. The representative strain (RS) of each OTU was selected, and the
morphology of RSs was observed. The growth rates of RSs and the effects of RSs on S
involucrata seedling growth were investigated at different temperatures. [Results] A total of
142 strains of EFs were isolated, including 68 and 74 strains obtained at 4 °C and 15 °C,
respectively. The 142 strains were clustered into 14 OTUs, which belonged to 9 genera, 7 families,
5 orders, and 4 classes of 2 phyla. At 4 °C and 15 °C, respectively, 10 and 11 OTUs were obtained
and indicated different taxa (P<0.01). The community at 4 °C included 3 unique OTUs, in which
Alternaria was the dominant genus. The community at 15 °C included 4 unique OTUs, in which
Rhexocercosporidium was the dominant genus. Ten strains of dark septate endophytes (DSEs)
were identified from 14 RSs, and 9 of them were psychrophiles or psychrotrophs. There were
6 RSs that could promote the growth of S involucrata seedlings, 5 of which were DSEs, including
3 psychrotrophs and 2 psychrophiles. S11 and S12 promoted the growth of seedlings at both 15 °C
and 20 °C, while S01, S13, and S14 promoted the seedling growth only at 15 °C. S13 and S14, the
RSs of dominant Rhexocercosporidium, were DSEs and psychrotrophs capable of promoting plant
growth. The plant growth-promoting effects of SO1 and S12 at 15 °C were stronger than those at
20 °C. Compared with those at 20 °C, SO1 and S12 increased the total root length of seedlings
cultured at 15 °C by 2.17-2.27 times (P<0.05). [Conclusion] The EFs isolated at 4 °C and 15 °C
showed rich diversity. The isolation temperature affected the composition and structure of fungal
communities. Lower temperatures were beneficial to the isolation of cold-adaptable DSEs.
Keywords: Saussurea involucrata; endophytic fungi; cold adaptation; dark septate endophytes;
plant growth promotion

& ¥ 1E(Saussurea involucrata) & — 458 XN ARSI SC 4 e RINE %, FEF, <Kl
(Compositae) 2 4F 4 — IR PR TP LSS SR 25 A HE W2 did 4, EEQWE%E’JJH%&LiM
Yy, 76 P E 258 ) (2020 )M, S involucrata JEEE R E 2 256, BRI KRGS
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TP . IHTERZIK . B S/NERR S . Tl
A, RNERE, FOR. L. #
RAMMZHERSER T, HAYR . ik, BibiE .
UL . PP B 29 E, TE2h0h .
TR A S S ORI & T R AR
Hoo3 A TRE B iy B8 AR S | Wrik il Fims
S, 2021 AERES A [ K AR B AR AR
T A K AETEIR 2 400-4 100 m [ B RE
DL A MERN DK SR A B, AR IR
AR 4 °CA AT, AT R —B 2
5-6 A0 TR MRS, HRELL T A BT
JRERZR =, InZ H H AT AR LA T A
Fi o PRI, TR LS5 3 24 A 0% I e ale Py [ - 3 58
SRR ARG R R R R 2 —

N4 F 14 (endophytic fungi, EFs)Jf2 4841
TEAE ) 240 M rh B LA 35 s v B e — B A T
EREPHLE N, A5 R A S B E Y —2k
™, WY A B A AR IR R
A, fREm P E Y e a RN A B
I (dark septate endophyte, DSE)f&— 28 E L TE
YR AN PRy A R, H A SRR 2
W22 BT . BERE . AU A RERR ; 7EAR 2
I P B 400 A ) PR TE BBk i A% 1 DSE 19
Y R AR AR )z, TE s AR . e )
AR TS Y A KA i AR A AR S Y A
RULH CHUR DSE Al g Al TR TEEE 5 0F
HAEAE o A SCYEE ST AN RIS & B s & 21,
TR N A B E R 2 T HAH L |
DSE JE M3 A AR FLRR 1) 28258 s DSE 94535
AT B O B I R AT A BORIR R R s, H
RGP AR 3 B Ry 15 °ct> 1T

RETE AR IR A5 v 2R 15 A TR ) B Ve 3
P (cold-adaptation) , JH H i A K IR 248
15 °C. FmAKEREILT 20 °C. 7E 0 °CAI LA
AR BT — RN IER T fod A KR

BT 15 °CL R AR R IR EE R T 20 °C L 7E 0-5 °C
A LA B — S AR M T A B e
N iR ER 2, PR FE AR
BEME R A AR KRR A 38 1 FL A B+
R B ARAT, FhEEO A B ZREERY S B
FEVY A BEAH ) N AL LT Z ARk B o3 A S5 4
T o Vo id W T AE WA T I A i I TR Y 1 Ak SR
W&, BEHUAH R PR AR AR, JFAESER A B
H R A A T REPON S AR R IR A R A
Yy, X5 TEAE N AE FLTA A9 V8 38 I M = R G
% . HiEAL DSE [ #k EF-37 (Mycocentrospora
sp)fE 5-30 CHFTLIARK, miEAERKIRE N
20 °CPY XWAH KR EF-37 AR IEMME. Btk
EF-37 7£ 25 °CHg i F e ik A4 AR 12
el oA DL 35 35 48 N AR TR A B I BE R S e g
Y AR IRE . F, A5 GRS 5
M TN AR A RIS N AE R, HE
AT IE NP s BN AR LR S AL TR
R T A8 3%, WRE T eI AR 2 v
A IVE I S LR TR A, 4 7 AR TR PR B v
A A L ) i A ) R A FH B AR 3

P

1.1 #&

B IEACHRERRE SR AR BB R L L ik, R
Hi A T B S8R 52t B TR M R EL (42°35" N,
85°07' E, 3 134-3 171 m)MIZ& K551 L& K55
H.(43°09' N, 87°07' E, 2 620-2 661 m)., FHh R4E
ESECARTIRES, 315, BT
1.2 EFE

BLPE 4 85 K SR R T S A 4 R 3 s
(potato dextrose agar, PDA)J% 5 21524 1 FG Ak
JT . WA AT 2:1:1, IAGE R LS
TR ERA, AR, H 270 mL PC ¥
BHEEH (D 70 mmx110 mm) 5L 5T, B
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J¥ 30-35 mm, FEFTZ5d 101 kPa K& 180 min
JEAE
1.3 FERFALE

Platinum"™ Direct PCR Universal Master Mix
WA A, BRI KB BB ABR A E s
rDNA ITS ZE[RH 3514, T3 GMER YRk
ARRAT ; ShEE, A A b 2 (i) A R
ol

TR IRA, IR R SR A R w5
PCR Y FIBERLHL VKL , Bio-Rad /A ; Leica 1F
BB, BEHERREARAE G mEE
OHUFT R 28K i, st U R PR A
Hl s BE ARG, MR AR A A T
K-, W ()RS AR,
14 REERSBESAL

HHEAEN A B 23 BRI 2y B,
B4~ PDA R FRIEAIE IR AP 5 AR BE .
YRR EERT 20 ML, 3L 100 MHREE . KedE SR ME
B0 a2 41, Sy BIE T 4 °CHI 15 °CIERE IR . &
WIEE, RMH LB GA W22 A K, Sk
WU 22 IR R L, BT 15 °ClE R, £
WH R i, H R PRk, siE R bk
£ PDA }i7: 3 | 15 °CHi % 10-30 d, I F %2
1.5 RAEERMVITERE

ok A% OB R N B Sk B B IX (internal
transcribed spacer, ITS)J?@HM‘E , RPN AR B E
iAoy %P, $ B Platinum™ Direct
PCR Universal Master Mix 1257l & 15 B 45 $2 B &
A DNA. FIFHEFE#E 549 1TS1 (5-TCCGTA
GGTGAACCTGCGG-3")HI 1TS4 (5'-TCCTCCG
CTTATTGATATGC-3")¥ 1 ITS /¥41%, PCR
WK Z (20 pL): 2xMaster Mix 10 pL, ITSI
(10 pmol/L) 0.5 pL, ITS4 (10 pmol/L) 0.5 pL,
5xXGC Enhancer 4 uL, ddH,O 4 pL, & DNA
(50-100 ng/uL) 1 pL.PCR JZJij 2544 :95 °C 5 min;

94 °C 455, 53°C45s, 72°C45s, 40 PMEIF;
72 °C 10 min, 4 °CHRAF. I 1.0%ZR IR HEBEIC
VKA PCR &34 774, % 2 b [ RO R 22 BE AR
YR A5 BT o Y A Beffi - CodonCode
Aligner 11.0 3 fF LB EEFIIE, &
BLASTn T HAK YK 5 NCBI $ich b L 1TSx
script 5 1F A LB TTS Fi 400l nt Bodi PE A 7
FIEEE, ol FHER ITS B xR, 22
A ARIPE K E EXIRE TSN T 4
SEPCS AT AP SIS GenBank FREX
A8 57 5 (OR286649—OR286790) . FHAHXT - J&F
(relative abundance, RA)PEA 532K 09 B
KR HEERY . RA=FA B MR B
PRECEX100%
1.6 NEHEEMYFHSHFLESR

WIEHE ITS P81, BALPERT 97%H
¥ 4 I S — A~ BT 4 E 43 28 B T (operational
taxonomic unit, OTU)?7**31 L OTU Kz 4y
KL, SHNAERENEEEMESEE. H
A - 4E 40 (Shannon-Wiener) & #  +5 %
(HHP 323 2% (Simpson) Z FE P45 (D) T AN
Yy P ) ~5] BE (species evenness, J)/HTHE 4 °CHl
15 °Chy B ARG N A LA W W Fh Z R PRI 15

3134351
S
FARLEAE(H): H == (R)In(R)

S
FEAAEED): D=1-3 (R)’

YIRS A1 (J): J=H"InS
Ao PO R | SR AN
H5WA SRR IT MR BE N R, B
P=N/N; i=1,2,3,...... S; SHhArKHITHH .
#¥5 H Excel 2016 43, F IBM SPSS
Statistics 26 #7440 4T. 1 Fisher #f Y14
FRYLXT 2 oy 8 R i 3R L A e 91 AR D ek
5w E U TR 3R PT H GraphPad Prism
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9 AEEL

JH Cluster X #4722 75 UL, A MEGA
X BAEPE)R; FHAR 1 (neighbor-joining method)f4j 7
RS REFME | kimura 2-parameter model 3551k
TRBEES, 1000 RE KR BRI AT,
1.7 RREERBEESUE

F4E 1.6 M5 SR B OTU Hradk i —#k 43
B . WIEIE S AR ERIE N
% OTU MRtk . WEAERHMR R IE B
FIE S RRE s I BE AR T 22 | 0+ M- fu 2
MEFERIEARHE, P10 E DSE Wik,
1.8 KEREHBREGENE

A5 mm ATLASEAAR E AR A TR VR L % 4T
R, FEFTE PDA RigR Ak b B AR
18 NHE IR, BEFR V2453 780 3 ., ol & T
4. 15 1 25 °ClEMRIFEFRAE P E 30 do W] &
SO PR 5 28 SO 45 A 85 5 L ) TR R AL
7, WEAERIE BAR . B SRERR T E R R
] Y T VR 1 2 AR R R
19 REFREHKSEELHHRMHEES

FH 10 mm 4T LA EAUR W AR I TR VR I 44T
A eA 2 ikl ARK 0.8-1.2 em. 1
W 10-15 d BYE5 3840 0 T 50 AR v R A e AR
Br b, BRRAERN 4 BRET B EA T Aot
WM A BT bR RN 4 . H
AR R . B TR AR X B (CK).

WG 55 SR - X453 1 2 6y, 4 B F 15 °CHI
20 CHYHIRBEFRA T, SEREREE 2 000 1x, Of
JAA 12 b/12 he K557 40 d, KRl il gk
PR A TS . THECE TS T AGRE . X TR
WA KT 3 MSEIRd], KRB HRAEIE
DR 48 4r . DA B K B s o ik A AR 4 0l
60 °CHLF, FRETE; RS, t R
Fe s fapn e AR B SR S Al R 2 |, DA RTE
15 °CY 20 °CEFR Z M 1 22 53 B 5 1k

2 BER540

21 EERRALEEEHNIERETE

AN E ELRE AR 142 Bk, Hitb 4 °Chpes
AT 68 kR, 4B 22.7%; 15 °CHYBIRAT 74 ¥R,
OYEIER 24.7%, 2 A1 BSIREET ARAS A TR R A R
AK—3, & ITS AT, PIPEE 142 DItk
BT 2074905 H 7898 141 MW TR
(Ascomycota) FLIE , 1 #kHHF 1] (Basidiomycota)
H o 3 A ERN TR, AR 1R, 1
PR RS AR NAEEEMILHTT, R EH
(Leotiomycetes) L4, TEMRAIXTFE 58.45%,
YRR A 4 1 4R (D othi deomycetes) (38.03%) ., F2fi
1 H (Helotiales) /&AL H (58.45%), HAKSEAK AN
H (Pleosporales) (35.92%). fi#&ffl)m (Alternaria)
Il Rnexocercosporidium 2L #E , Bk
¥1h 31.69%, HROET 2 %% % J& (Cadophora)
(26.76%) (K 1A),
22 EERRAEEEYFHZHMN

142 BREH RN 14 4~ OTU (£ 1), 4 °C
15 °CHrE s AR 10 4~ F1 11 4> OTU, 2 4
WM DFE S BEREA - 54 CHRIGHHE
AR, 15 °CIRTFRETE A A - A g 48 55 (H) Fi
VARG B(D) KR, RUIZHEIE h R Y 1
PERIZREME LT, (0 2 AETE 2 ) ZREPERR 5L
TG i 3 22 5 (P>0.05) (3% 2). 4 °CH1 15 °CHR1GRE
HPF S EQBEIET 1, £ 2 AMH%
s R R S AT AT, R RRE TR .

3 S IR T PN A LT R T A A R
4 °CH1 15 °CHYHETR ALRUA 1 2 22 5:(P<0.01).
OTU08. OTUI10 F1 OTUll HTE 4 °CHi4;
OTUO03, OTU09, OTUI12 1 OTU13 HFE 15 °C
HAF(F 1o 4 °CHI 15 CHRAFINREE A 7 3t
A OTU, A itHHXT =+ B 7 91.18% Fil
87.84%, UVLHITE 2 Aoy Bil T AR FLAERETE
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) F YRR B0, OTU02 76 4 °CHEVET  IIILIASERE(E] 1B). 4 °CHEVR A2 48 T 2 2 L3
BRI A BB EEE, OTU06 Hil OTUL4 76 2M(51.35%), A& H 203 H (51.47%), %
15 CREE AT EEA RIS, RNAE SR R HE (45.59%) . 15 °CHEVE o R TR 240
FLA 7> BIR 2 o B IR S . (EARWESEh, 23N (74.32%) , MR H 20 H (74.32%),
AN BRI RIS 2 NN ERBE A AR Rhexocercosporidium & 34 J& (41.89%).

A - fsco_myco-‘a B
= Leotiomycetes
ﬁée__l_ = Helotiales 100

- dgtialey i Alpinaria
1 ‘Loﬁales Incerrqe g e Helotiales incertae sedis
(4 5

== Alternaria
== Juxtiphoma
== [ ophiostoma
= Cladosporium
== Cadophora
w= Rhexocercosporidium
= Fusarium

Flavodon

Unknown

Cadophora 90 -
Rhexocercosporidium
= Sordariomycetes 80 F
= Hypocreales
= Nectriaceae 70
Fusarium r
60
50 +
40 -

30 L
= Melanommataceae 20
“ Alpinaria
Pleosporaceae 10 +
.g:cgnar';}a
~ . = Didymellaceae
o z > -it.'x-‘g;_vhuma 0 ‘Il 15
V35 indcontd ophiostomataceae
S -92‘:,;0&15‘091& é,?%fom’mf, o ol
= Cladosporiales TYE
BLipuia))¥ = Ci !adas%::{aceae ik 52 °
Cladosporium Temperature (°C)

= Unknown

= [Unknown

= Unknown
Unknown

= Basidiomycota

= Agaricomycetes
Polyporales
Irpicaceae

avodon
= Dothideomycetes
= Pleosporales

RO =
Relative abundance (%)

El1 SELERAEEFRRENEE A 142 RNAERFEHEXNERZEOERSIMEOCETT, #. 3 B
J&). B: 2 A3 B HE SRA ) A A BB T S K B AR X 2 B
Figure 1 Relative abundance of endophytic fungi isolated from Saussurea involucrata roots. A: RA of 142

EFs (from inner ring to outer ring means: phylum, class, order, family, and genus). B: RA at the genus level of
EFs isolated under two temperature conditions.

x1 EEAURAEERAREILBTRESBEME

Table 1 Operational taxonomic units and their frequencies of EFs isolated from Saussurea involucrata roots

e SR TT T B5EL Frequency LRI
OTUs Taxa 4°C 15°C 41T Total Representative strains
OTUO1 Alpinaria sp. 2 1 3 S01
OTU02 Alternaria sp.1 31 12 43 S02
OTUO03 Alternaria sp.2 0 2 2 S03
OTU04 Ascomycota sp. 1 S04
OTUO05 Cadophora sp.1 6 14 S05
OTU06 Cadophora sp.2 7 15 22 S06
OTU07 Cadophora sp.3 1 1 2 S07
OTUO08 Cladosporium sp. 3 0 3 S08
OTU09 Flavodon sp. 0 1 1 S09
OTU10 Fusarium sp. 1 0 1 S10
OTUl11 Juxtiphoma sp. 2 0 2 S11
OTUI12 Lophiostoma sp. 0 1 1 S12
OTU13 Rhexocercosporidium sp. 1 0 5 5 S13
OTU14 Rhexocercosporidium sp.2 14 26 40 S14

Total 68 74 142
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*2 BERRNEEENDME M
Table 2 Species diversity of EFs isolated from
Saussurea involucrata roots

Item 4°C 15 °C
OTU ¥ 10 11
Number of OTUs

OB pRECRE 68 74
Number of isolated strains

AR - AN TR AL 2.40 2.65
Shannon-Wiener index

VPR AR R 0.74 0.80
Simpson’s index

Yoy SR 1.04 1.10

Species evenness index

HTRENE— OTU WHMILTER S R
B EE—5 3 b, AR R R A 14 BRA
RFERI ITS PSS Z P9I E N RERE
(2 FIEL 3). T AEAR N A LR 2 2
H ) Rhexocercosporidium Fl i 25 28 % J@ E 14
REXRBOE, 3R BR 97%, S8
W H BT A SRR 88 w19 53 32.(100%)
A, OTUO04 5 RAIEE IR M RE T T 1 FLIA RN
—2, IR 100%, HAP A A 1
E— 25T
2.3 RKFTEHRH A DSEs

XF 14 MRS TEAEA A FLRACR AR S0
FLR IR, A 10 BR(AEPE S01. S02. S03. S05.
S07. S08. S11. S12. S13 F1 S14)% 4 DSEs HiE
BRHE(S 71.43%): TEVETRE, BEKE, HWE R
W, WHAEaR, e, Kefh, W\, 158
R BE, HLREUE(& 4). 10 £k DSEs 11X
T/ R { NS { N7 K 7 N 119158 e =% 1/ P 7Y
S02 srAf T, FIBIR, Wik S03 AT
¥, BNETE. Wik S08 M Fiktrt, A
RS, Bkk S11 A EfTA, BEE. 10 Bk
DSEs H #H 2 R & J&8 . & % /g M
Rhexocercosporidium #5742 ¥k, SE4& 788 FE ik
S02 F1 S03 Xf i OTUO02 F1 OTUO3 AAHXT B 43

A 30.28%7F1 1.41%. Rhexocercosporidium J&
HRk S13 1 S14 %7 OTU13 #l OTU14 [AHXS =
FEYHIA 3.52%F 28.17%., 15 R EEBHE M S05
H1 S07 XF% OTUO05 Fl OTUO7 HARRT 4351
9.86%F1 1.41%, AL, THEFEHIN DSEs e
w HAL#HE , %8 Rhexocercosporidium
e
24 RERBEHRHEUEEIERN

TE 4. 15 1 25 °CEAMFTF, 43514 4. 10 A
4 BRECR A K AT 1.5 mmvd, 2, 0 Al
7 RERPEA AR AN T 0.5 movd (] 5). 4°C
FTATRR S09 Al S12 P34 4E K 4 0.00-0.01 mmv/d,
JUPARER, 25 °CHIFEPE S01. S04 F1 S07 ~F-34
A K5 0.00-0.03 mm/d, JLFARZEK., 10 BRE
F(FEFE SO1. S04-S08 F1 S11-S14)7E 15 °CHEFR N
PP KRR, UL 15 cCRid KR
FE5 BRURRE S12 41, HAth 9 ANTRFRTE 4 °CHEFRMY
AL KRR HUAE 25 CCH R TR

JUABERH K SO1. S04 1 S07 JL-F-ANHE
1 25 CHK, MFEMEAREMNEEGE 3); Wik
SO1 #1 SO07 Jr@s e i H AR W H . itk
S05. S06. S08. S11. S13 #l S14 7£ 25 °CHfig
A K, SEE A KR 0.17-0.96 mnvd, FF41 A
L ; Rk SO8 Fil S11 43)& T Cladosporiales
M B, oM 4 #R)JR TR H . 3 BRE
AHEXT R OTUOL, OTU04 1 OTUO7 HYAHNT
FEAF IR 2.11%., 2.11%F1 1.41%, ¥ hFA
W6 PRI T H, T bR S13 A1 S14 %3 OTU13
M OTU4 W& AN F I femr, M 31.69%, 1M
J& F Rhexocercosporidium; HIK 28 FREE,
Rk S05 il S06 Xf i OTUO0S Fl OTU06 AYA it
FHXTFRE 25.35%; 1% TR 2R P AR L IR H o
AL, 3 BRI TR IR S01 F1 S07 J2& DSEs,
g T Alpinaria I 2ERE)E; 6 FRIHA T
R AR S06 SN 5 A TREARES & DSEs, 43 5lJE
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Alternaria s&) (MT447542)

S03 (OR209704)

Alternaria tenuissima (MT497426)
97| Alternaria destruens (NR137143)
Alternaria doliconidium (NR158361)

Alternaria cerealis (NR1361 178
99 Alternaria alstroemeriae (NR163686)

Alternaria terricola (MH858947)
Alternaria sorghi 5MG250470§
Alternaria terricola (KY788085)
80 87 | Alternaria terricola (KY788080)
Alternaria sorghi (NR160246)
S02 (OR209703)

Juxtiphoma kolkmaniorum (NR172169)
Juxtiphoma eupyrena gMK 1001 68%

Pleosporales

99 | Juxtiphoma eupyrena (MH859842

Juxtiphoma eupyrena (MH856902

99 | Juxtiphoma eufni/rena (MG098275)
S11 (OR209712)

100 Alpinaria rhododendri (NR147686)
Alpinaria rhododendri (ON599161)
A&?inarias . (MK163738)
S01 (OR209702)

|’ Lophiostoma jotunheimenense (]I\I R173002)
ophiostoma multiseptatum (LC001727)
100 |[* Lophiostoma multiseptatum (NR138018)
S12 (OR209713)
Lophiostoma caulium SAF383953)
Lophiostoma rosae (NR158531)
Cladosporium tenuissimum (NR119855
Cladosporium tenuissimum (K T497425
Cladosporium tenuissimum (KY921926)
S08 (OR209709)
Fusarium salinense (NR172264)
100 ’ S10 (OR209711)
l Fusarium salinense (LT746241)
Fusarium sp. (MG736120)
{Uncultured fungus (MF971983)

98

100

Hypocreales Cladosporiales

72
100

Uncultured Ascomycota (EU516708)
Uncultured Ascomycota (DQ182446)
Fungal sp. (KY322598)
S04 (OR209705)
— Mycochaetophora gentianae (NR121201)
Rhexocercosporidium carotae (MN594496)
82| Rhexocercosporidium carotae (MN594497)
rRhexocercosporidium sp. TKPB-2017 (MZ493019)
Rhexocercosporidium sp. (MK584945)
‘— Rhexocercosporidium senecionis (NR170001)
97 S14 (OR209715)

Rhexocercosporidium carotae (NR111086)
Rhexocercosporidium panacis (NR119568)
—S13 (OR209714)
| I Cadophora sp. MUOMEMY 1 (KR230071)

S05 (OR209706)

Uncultured Cadophora (KJ188599)

S06 (OR209707)

— Cadophora sp. Fe06 (KU886589)

- Cadophora sp. REF034 (JN859254)

Cadophora obovata (NR170727)

Cadophora constrictospora (NR170726)

Cadophora orchidicola (ON407178)

Cadophora orchidicola (KY322649)

82| Cadophora orchidicola (MT107578)
S07 (OR209708)

84

Helotiales

Gelatinofungus brunneus (NR175610)

0.050
2 EFITS FIMEMNEERRALER(FER DRAERBEMENEE) 03 BB RZD
SCSCAFRE. o SRR IS, BRI BR ) 0.050. GenBank 45 SARUE LSS 5
Figure 2 The phylogenetic tree of EFs belonging to the Ascomycota isolated from Saussurea involucrata roots
by ITS sequences using neighbor-joining method. Numbers on branches represent bootstrap values. Branch

length reflects genetic distance, with scale bar indicating 5% genetic distance. GenBank accession numbers are
shown in parentheses.
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Fungal sp. [IIM/MK/BM/3 (KF683906)
+Flavodon favus (MK075023)
S09 (OR209710)
Flavodon flavus (MH211817)
#F lavodon flavus (FJ478126)
Flavodon flavus (MN458548)

Polyporales sp. (KR093852)
Uncultured fungus (GQ999369)

Phanerochaete sp. (MN856205)
Odontoefibula orientalis (NR175609)

NArnsntnntihail o awinmtalic (T O2L2A0NN

96

Polyporales

99

3 ETITS FIMENSERRANEERFETRIDRRZREWMEBIEE) 03 EBTFREZD
SCSCAFRE. o SR BRI AL IS . BRI BR U 0.010. GenBank % 5 S AR LS 5
Figure 3 The phylogenetic tree of EFs belonging to the Basidiomycota isolated from Saussurea involucrata

roots by ITS sequences using neighbor-joining method. Numbers on branches represent bootstrap values.
Branch length reflects genetic distance, with scale bar indicating 1% genetic distance. GenBank accession

numbers are shown in parentheses.

T

B4 KEEHHEEESHNELES AT FERES.A: S01; B: S02; C: S03; D: S05; E: S07;
F: S08; G: S11; H: S12; I. S13; J: S14. /R4 1 em. a—j: WZIEZA. a: SO1; b: S02; c: S03; d:
S05; e: SO7; f: S08; g: Sl1; h: S12; i: S13; j: S14. /LK 25 um

Figure 4 The colony morphology and hyphal morphology of the representative strains. A-J: Colony

morphology. A: SO1. B: S02. C: S03. D: S05. E: S07. F: S08. G: S11. H: S12. I: S13. J: S14. Scale bar: 1 cm.
a—j: Hyphal morphology. a: S01. b: S02. c: S03. d: S05. e: SO07. f: S08. g: S11. h: S12. i: S13. j: S14. Scale bar:

25 pm.

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



1668 (YIS Gk Microbiol. China

14 |
12| &
10 |

[ex} 000
T 1t

LEStIi
Growth rate (mm/d)
e

2} ¥

- & =
b ! :L .
- ¥ ) % .i &
A ST, JTTE. P A S S A S SR S R
S01 S02 S03 S04 S05 S06 S07 S08 S09 S10 S11 S12 S13 S14
RFHE

Representative strain

5 RREHKMWEKERE W@ 4°C; BE: 15°C; 206: 25°C
Figure 5 The growth rate of representative strains. Blue: 4 °C; Orange: 15 °C; Red: 25 °C.
*3 KREKEFREEFREE RN

Table 3 The growth characteristics of representative strains under different culture temperatures

AR oy B JZ75 DSE TRl A KR 1E 4 "CHEKIEIL 1E 25 cCHRAFAL
Representative  Isolation DSE identification Optimum growth Growth at 4 °C Growth at 25 °C
strains temperature (°C) temperature (°C)

S01 15 v 15 +

S02 15 v 25 + +

S03 15 v 25 +

S04 15 X 15 + -

S05 15 V 15 +

S06 4 X 15 +

S07 15 V 15 +

S08 4 V 15 + +

S09 15 x 25 - +

S10 4 x 25 + +

S11 v 15 + +

S12 15 v 15 +

S13 15 v 15 +

S14 4 v 15 +

Vo WHRRREARRNA R < WRARROARAEILAE. + WK, W% PHERERAT 0.10 mm/d; —:
HRAVER, -4 KRER/M T 0.10 mm/d
v: The strain is a dark septate endophytic fungus; x: The strain is not a dark septate endophytic fungus. +: The strain grows and

the average colony growth rate is greater than 0.10 mm/d; — The strain does not grow and the average colony growth rate is less
than 0.10 mm/d.
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db e e aer

F Rhexocercosporidium, 15 - R 58 . B Al
Juxtiphoma., Zf bk, FIEALAR P AE B AR
Fep A, FLAG gV Bl VA R Y TR R R AR P
TREEH, Hift¥ DSE EEEPE
Rhexocercosporidium,
25 REREMREEELEHEEKNZM

EEILLN T SRR S02. S03. S06., S09 Al
S10 7€ 15 °CHI1 20 °CH:A: #5537, Stk S05 78
15 cCHAESESE, LIS TIPR S07 F1 S08 7E 20 °C
HAERRSE, Hi5E 40 d FAIE B/ VT 3 bR, R
IR IR AR T L AL A . 5557 40d
ARG ECE KT 3 MRAGAL R 25 R LR 4,

15 °CH:5% 40 d, CK 796 3 ¥Rli, SHEk
SO1 1 S12 HeA: RS 28 AAG . CK AR

F4 KRERNSELYEEROTIN

B E(16.07£9.69) mm, T H(2.1£1.0) mg,
T #(0.6£0.1) mg, Mt 0.30+0.08. 5 CK
FALE, SRR SO1 A P Y i F AR 5 3]
P 176 50 5.33 £i5(P<0.05); HEPk S12 3t
AT R B E . T E AR T E R
1.79. 2.24 #15.00 £%(P<0.05), I, 5 CK #f
Fo, HEkk S11 A s14 AENERTHEA BE
Pem, SR S13 A it T E AR SR A
i (P<0.05).

20 °CH:#% 40 d, CK f796 5 ¥Rl , SHEk
S04 F1 S12 HAEFEFRAY T 2FAAE . CK i AR
M EE(17.1543.13) mm, T (5.0£0.4) mg, 3
TH(0.6+0.1) mg, MWLtk 0.17£0.10. 5 CK
FHEE, S S04 AW MR EKE . MTH

Table 4 The effects of representative strains on Saussurea involucrata seedling growth

Xof B/ Ak P 2H iR [iREaTE A M MR HE
Control/Treatment  Culture Seedling’s survival Total root Dry weight Dry weight Root shoot ratio
group temperature (°C) number length (mm) of leaf (mg) of root (mg)
CK 15 3 16.07+9.69 2.1£1.0 0.6+0.1 0.30+0.08
20 5 17.15+3.13 5.0+0.4 0.6+0.1 0.17+0.10
S01 15 8 53.65+17.49 5.8+0.5* 3.8+1.1*F 0.66+0.14*7
20 4 26.92+17.91 4.5t1.4 1.2+0.4 0.30+0.14
S04 15 5 34.3345.19% 5.7+2.1 1.2+0.3 0.214+0.057
20 8 24.71+3.35# 4.0+0.4# 1.8+0.4# 0.43+0.05#
S05 20 4 17.06£5.98 4.0+1.4 0.8+0.5 0.20+0.07
S07 15 3 20.60+2.05 2.3+0.7 0.8+0.3 0.32+0.06
S08 15 4 77.57£33.95 5.443.3 2.9+1.5 0.56+0.12
S11 15 6 32.86+6.88 5.1+1.9 2.4+0.9* 0.52+0.09*%
20 6 43.14+£14.70#  5.2+0.9 1.3+£0.2# 0.23+£0.04
S12 15 8 44.85+5.64*%F  6.84£0.4* 3.6+1.3*%% 0.55+0.22F
20 8 25.18+3.39# 5.2+1.1 1.1+£0.2# 0.21+0.05
S13 15 6 49.89+14.54*  5.2+0.8* 2.0£1.0 0.45+0.14
20 6 27.12+15.25 4.440.8 1.7+1.1 0.42+0.24
S14 15 5 27.33+4.87 5.3+1.2 1.540.1* 0.30+0.18
20 3 21.07+6.58 3.3+0.1# 0.9+0.2 0.26+0.08

*. 15°CHEE, 5 CK A B2 F(P<0.05); #: 20°CH:FE, 5 CK A A BEZEF(P<0.05); T: 5 20 CHILA B3

% 7(P<0.05)

*: Compared with CK, there is a significant difference under 15 °C (P<0.05); #: Compared with CK, there is a significant
difference under 20 °C (P<0.05); 7: Compared with 20 °C, there is a significant difference (P<0.05).
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AL E LA IR 44.1% . 2.00 51 1.53 1%
(P<0.05); SHE#R S12 HeA: f AR K AR+
F LR T 46.8%7F1 83.3% (P<0.05), ItAk,
5 CK AR, SERE S11 Az (o AR s B FAR
THEA B EHE(P<0.05).

FE M [ A BEAEAS [RIVRLE T A 22 5% 1R
IMIGFRRILI I (CK) 15 °CHI 20 °CH Y £5 T AE K
TEFRZ 18] 0 8. 22 5(P>0.05) . S E kR S13 FI
S14 AE RS WAL, Sk S12 34:,
15 °CHEFR I ML ER A T E 405 20 °C
R4 78.11%71 2.27 £%(P<0.05). 5 Eitk S01
A, 15 CCHEEFRMMARTEEL 20 CREFRIES
2.17 f%(P<0.05), A] W, 15 °CH;F: 84 F T #bk
SO1 A1 S12 & ¥1EH .

3 WibE4£&#®

3 EERALEEREZHM

LA — RG24 AR, A
FOAR h 23 BARAS N AR LR B0 2 T HoAl 2
2 R B S AR A 2 Y P AR TR
I3 FRAS 31 AR 9 #k1) Ly VN ETEAR |
2K MRIE R o AARAT A A ECRR 29 AR, 11 Bk
TREFN 2 R AN A RE 2T FE .
T 7 k2 5 A RIWESE & i 8 i LA A
T AU 28544 22 5 8 KU MR AR S R 4 e
RN 5 14 7 32 4 B 5 S AR AR AN AT 15 R AR LT
ZFEVE, B TR IE T H (26.9%) R H
(11.0%) 3 B AR S AR TR R N
AREZAENE, BUS T 5 ZARIEE R, WA
MER P M, A 32 B2 0 il 2 58.5% il
35.9%. AWFTEMIPRIESE R IE T 5% £ Jm 2
TN AE B WA . R SEHaE m i
@ B L5 /N ER 72 1 & (Mi crosphaeropsis) 1 /)y
B Jts 74 J& (Leptosphaeria)l'”l, Lv 25 7F 25 °C43 15
FHAR RN A ER, il 1T HMA)E

(Cylindrocarpon) (24.1%) il 2£ #5 %% J& (Phoma)
(20.7%) &b # g, ElMla)E TRERWH
(Hypocreales) it /=R H ; A 1 PREEA 168
U ARBFSELE 4 °CHI 15 °Cor B nl B3R NAE E
W, HGE AL A 145 Rhexocercosporidium
(31.7%) M 2F R )R (26.8%). LA LikHiaE,
T AR T 3 A AR A SR TR H AR TR H
W MR W OH R R MR H
Rhexocercosporidium 4 7] A8 &35 S AR N 4 B
PR

DSEs J&—2E 2+ H %l 7776 1Y N A JL R 2R
. BT A DSEs #8&FHEM, 48R ZHk
WA ERREHMEAERE, 2 H
(Capnodiales). [RHETE H (Hycpcreales) ., HU#E A
H (Eurotiales)¥ H A7 i P, STk LA &
ARG R T DSEs 7EH AL A H
TR TR U A7 AR 10 Wu 25 E 5 B AR DSEs
E PR MF-37 Fl1 MF-M 4351 & Mycocentrospora sp.
(B k&A1 H)F1 Leptodontidium sp. (J& 22
H), eN15 T 884 A 5 R 5 A e A )
AR AV AR5 AR SE SEAE AR P A
TR HETS AL 14 DR R BL 10 ¥k DSEs,
W H A DSE fb# H , # #% il J§ M
Rhexocercosporidium & DSE L3 & ; 5 ¥k DSEs
AIEHLEAERKEN, H 3 SRR
1 Bk AWER T . [HBY, Rhexocercosporidium 5%
IR S13 F1 S14 YA e g wi A KA . Bt
AR5 A BB H Rhexocercosporidium £
HEAEMR N BB I, HAURE MR DSE
Tt ¥4 TR AT AR B B R 2 e v ik LA
AR IR I8 L , T RETEARIR T L e dhm A= K
PVERT, & TXFTHELMR N DSEs ZF1ERY
AR . BUARAS SOR BRI BT A 142 TR PR AL
WM RIS AR AR IS, (BE5A Pk
WA CRBERRAE Y2 S & OTU AEXT 212, AT
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AR L 43 125 5 35 A AR T PN A AT 1 R 7% 2 B
R Y2 A — N R RGN E 5, A
RO A T4 AR AT RERY BRI
3.2 RENMHEESHMY

by 1R 2 1T 43 A P A A 4 3 R I A A
XA K vk AR £ X, 4-15 °CH&: H il
R 4 AR A B A W i e FH AR, G
O3S BEFRATHE 22 (183l 1o EL R ) AR SCRIF ST 45
SRR T 43 B T XA 3 N N AR LA 1 2R
AEIGEW . Hagh SEH0E T RUZER, MHRE
% Quercus brantii 225 N A= ELEALFE 59
OTU, H 8 4~ HAETE 4 °CHE AT, 7 ABER
7E 4 °CHI 25 °CHif%, 44 DHAELE 25 °CHk
AU AR TR h AR AS Y B B 4G R T
SR FRETR , 4 KR 2T E 8 TR B0 H
SN oy S A O B B R SV 2 V1 B €2 3i 51
ST ] 5 B A R VR A LR 98 K B, KA T
RS TE] 5 - S R SRR | RS . AR
R T M o B DA O, 40 I vk &y
TAE IRV LA s FRE I =F B S Bl VK&l Y
ST )34 i 8/, Wang 25 5% 758 55 JEL ok 1|
Y15 N FLH ZREE AT T RS, A e 1428 A
B, Hp g 150 MR, SRR H R s
TLAYZERER ) K B AR EL B (arbuscular mycorrhizal
fungi, AMF)F1 DSE [R] i 22 58 76 75 9% e Ji L 24 0K
JKGAT 2 FLFAMEDIR N, AMF 785 B
e b 7 %5 (Melandrium apetalum)# P (5 153,
DSE N 7E 1 5L 24K (Poa litwinowiana) iR P 5
ECY, KEFFERY, DSE GRS FAHY
PitE, X5 DSE HAT AR & LR a R,
2 L A R ZR T S S 08 3 W) o ) A ) S R A
S A58 KA 9 AE B 1) B BB R AR T
PR H Ak fEE H, H DSE Bt
HHE, 5 O HE AR A 58 S AR AR P9 i LA
PSR & o R B2 EA H AR A o H T 7

ERARRA Tz oA, S B RV 1 1
FHE.
3.3 RENMEBEMNEYE KRN

AR AR B v 5 R 0 2 DD R T 4 M
W, AT DATEAR A D PR T S2 ATGI e i AR
H R FEVE D, Hoh A B R S o 97 40 sS e fie
g ERYERD, 2R A, AR E
B AR A R TR A S RE R R ALY
R R, S S, FRAEES B
IR ARAE VI GRE . pH (H . B35 R FIA: (4
CEE . RBAEB KRN, £RER
(Geomyce) Fll 1 2F % 5% J& HL 1M | IZ A7 15 T F )
PO, TR IR G o R 2 EEAEDT,
ST E B UK Z RN | T | RS RUEY)
Y30 o M R R A R HERE A A PR,
Tapia-Véazquez %54 LHAG TCHLBE IR R4 41
FHE R B R AR, ATAE At Fh i A& . If
TE 15 CREMEH AR B PEN o HA ™
A A ALRRIG W IR Eh Vs e, IS BERCR = T4
B, Singh 25 1 W AEIUAR + 3 HP R GE TR
MR EL A LAY, Gawas-Sakhalkar %5 M Jb#% 1
Herp RIS B Bk PG162, Rl T R B BRI
(8 Tl A =10 Rl A Vel o M A A A TR
R BB RE = AR R TS PR RR MR B ER Y. ILAh, Jain
S AR TE T THRUHE A 245 P AR K 5 72 (Arnebia
euchroma) #i2 H 7 B 3K 1% — %k N 4 H H
Penicillium sp. ARF9, i% N4 B 1 20 °C4+1F
T, HABMBEE KSR
N5k 2,8 (indole-3-acetic acid, IAA), 1-Z KL
N BE -1- 38 R i % 1§ (1-aminocyclopropane-1-
carboxylate deaminase, ACCD)FIEkZRAA, I A %L
PEETE EAAER S, AR 9 HRNAE BT
HRIENYE, BBTE 15 CHEAK,; HAPH 4 k%
RETE 15 °CHEdE T RZh B ARG, AR V4 3 Ny 1
FLIE T B 400 S G wb il AR 25, BUR EATTHE
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AL E I BOA KA A9BSRk B
PR, AWFFARTFIEIX T A Ja 2l M2
Jr TIFTE B SOT 2544 38 N By PR P ¥4 T8 W AL
PARCEA TR B S AR A 0 A I A P LB
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