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Isolation and identification of arbuscular mycorrhizal fungi
from high phosphate soils

ZHOU Xiaoqin', HUANG Xinru', HE Junliang', XIE Hongyun', LI Jiangyong?,
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1 Guangdong Laboratory for Lingnan Modern Agriculture Science and Technology, College of Forestry and Landscape
Architecture, South China Agricultural University, Guangzhou 510642, Guangdong, China
2 Institute for Environmental and Climate Research, Jinan University, Guangzhou 511443, Guangdong, China

Abstract: [Background] Arbuscular mycorrhizal (AM) fungi have a wide range of host species,
environmental adaptation and remarkable plant growth-promoting capability. However, high phosphate
level in soils has seriously inhibited the growth of AM fungi and the AM formation. [Objective| This
study aimed to isolate and identify indigenous AM fungal strains resistant to high phosphate in south
China, and to provide novel materials for mycorrhiza research. [Methods] The AM fungi from high
phosphate soils were identified by classical morphology and molecular systematics. [Results]
Twenty-five AM fungi species belonging to 7 genera were identified from root-zone soils with the
available phosphorus concentration of 53—131 (88.2+£17.6 as average£SD) mg/kg, including 12 species
in Acaulospora, 7 in Glomus, 2 in Septoglomus, 1 in Claroideoglomus, 1 in Rhizophagus, 1 in
Sclerocystis and 1 in Paraglomus, among which Claroideoglomus etunicatum and Acaulospora mellea
were dominant. At the high phosphate level of (87.7+8.0) mg/kg, AM fungi still formed arbuscules and
vesicles. However, when the phosphate level reached (99.7+1.2) mg/kg, total colonization frequency and
arbuscular abundance were significantly decreased in mycorrhizal roots, but vesicles were still be
formed. [Conclusion] In this study, 25 AM fungi belonging to 7 genera that might be resistant to high
phosphate concentration were identified from root-zone soils containing (88.2+17.6) mg/kg phosphate in
cultivated land in Nansha district of Guangzhou city. The isolated strains such as C. etunicatum and A.
mellea could be used as experimental strains in further studies on the high phosphate inhibition and the
production of high-quality AM fungal inocula resistant to high phosphate.

Keywords: arbuscular mycorrhizal fungi; high phosphate tolerance; high phosphate inhibition; isolation
and identification
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WHES 70% L0 B RE A A YT BB TR AR AR
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W, s BEASEAAR LA AR SRR, AR
T AM EC R R BHE) R o AF AR
i DA T 410 ) A TR AR T B i) ML 2 3 25 94
FRUSIOIAT20 ORTT - AM. LT U] o) 37 e 9l O
P A B A K H N RARIE B AL 475 A
SERTAEN FAh, HHTHE R AL R
B AM B 2 2OE TR B A i, e e
bErp, AR FNEGEZBIMG], R T HEL
FRAR BB . AR XE LR E DR 4 R4 Y
TP A RN . DRI, R 0 O T2 1 v )
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AT BEA TR = W 1AM LR 1 73 B
TE, AMUBEN AM B S B HL T 58 55
T B Ak AF S 4R BT B B B TSR KL, IR RE NI
o BRI (8T A A 7 A TR AR A B PR 0 P 25 T
TSR HE T M e AM HIE R, A8 T+ S
AM ELREINREREFIAOM SR IR, TN AM
FLRR I T ARl A 7 0 A AR B R4 55 T
F% LAl 555 15 AR N P B Al

WEERE

1.1 FEKFILR

Green Tag Mix, w5t MEREAE W RHA R
ova]y BN &, Bio-Tek Zvw]; T #AA
pClone007, bR A YR HEABRAR . £
R MAL, Tr B FE A B HREARARA
Al AL R, e Rk <4t PCR X
B LR 255, Bio-Rad A F].
1.2 SBREXTRHRE

HT oy E RA R BRI 1 AM K
P, 7E 2021 4 9 A 10 H, e Miim
DX Ml A 77 W 7 A v 1 DX s POV SRy SRR (LA
BRVELI IRy F 0 Ak M) o 7 SR A Hb N ] 1
gt A DA SN A AR X A IO

WEAEOT , AR ik 3 (40-50) mg/kg
PLE 254l AM EUB 94 KA AM TR
AT Lt A B, B RAR M R P
FPRE HE . BRI G R Y B, A
EMESELR, MK EAEMBESE BN
(10-50) mg/kg, MM = B 08 H A TE 2 KR
bR AR R AR AL (FE iz b A K E Ny
AR ) o TEAN R RAE 4340 1 2F 248 0 1
PR A A 25, AFRERT I 11 4
B O R B i >50 mg/kg) R AR X 1 43R
FER, B RAE S0 R B R AR I 7 2
HYITERE 1.

FHEMRX HERTY 3 om AYSEE + &4k
BT, BYRAEYH EER S, RAREEHIZR 3-20 cm
Ab 12 500 g (FHEYIR FOMIX L1, A
A B A R 3 AR X R A
FEHRANT G, FRICEE RS 200 ¢ T4, R
A O (BT - TR B 0 I T B AML FL TR A 1Y,
FEAR K R U TR -t AM B4
B, A 100 ¢ X TR, IRk
I AM HIHE T T2 MBS RO T R 5F
YE
1.3 AM EFEREREN

BRFEETFTELOEN, A 10%8
KOH, T 90 °C/Ki&iH4k 1 h, RH 2% HCl %
M5 min, VEVE 3 K, A 0.05%0 & B ik gL
W, T 60 °C /KA 30 min, PEEIFEO)E, KR
B STHESN (4 15x5 ID)FERBE A B, TRk
M5B T BT B AR AR e R PO
1.4 AM EFENESFEE

T RME T AM ERATFHH6 . K
NG TERR . ERRELIES, DR SR
JRE. RN S YRR TS, S
F AT AM FL I GE DR 0 BT R (http://

www.amf-cmcc.com/Home/am) . [E FRER 388 7%
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Table 1 Sampling information of the root-zone soils containing moderately high phosphate concentration
KA S WAEM A A AR 7%
Sampling  Longitude and Potential host plants” Phosphate content (mg/kg)  Spore
point latitude FATHE SEHJE+SD  density
Duplicates ~ Mean+SD
1 22°52'10.31"N THE, e 53 57.0+4.6a  395+71b
113°25'16.57"E Ludwigia prostrata Roxb. 56
and Lygodium japonicum (Thunb.) Sw. 62
2 22°48'10.70"N DS N OIN ) 56 79.7£21.0b  470+71bc
113°25'33.37"E Ipomoea aquatica Forsk, Stachys japonica 87
Migq. and Setaria viridis (L.) Beauv. 96
3 22°52'14.10"N 4= 73 80.7+11.6b  175+25a
113°25'14.54"E Asarum sieboldii Miq. 75
94
4 22°52'12.42"N TAER | T 67 81.0+13.5b  236+30a
113°25'16.33"E Lindernia antipoda and 82
Alternanthera sessilis (L.) DC. 94
5 22°4822.10"N A, HoEE 73 82.0+8.2b  247+43a
113°25'33.16"E Ipomoea aquatica Forsk and 84
Carex breviculmis R. Br. 89
6 22°48'10.50"N TRE . KTk, HRIE 80 87.7£8.0bc  233+30a
113°25'33.19"E Setaria viridis (L.) Beauv., Stachys japonica 87
Migq. and Portulaca oleracea L. 96
7 22°52'12.42"N KR SRR, Siknl, B 80 88.7£9.6bc  242+22a
113°25'16.33"E Stachys japonica Miq., Setaria viridis 87
(L.) Beauv., Portulaca oleracea L. and 99
Echinochloa crusgalli (L.) Beauv.
8 22°52'22.90"N HhAREE | MGRAE R 82 95.7+13.5bed 239+13a
113°2526.09"E Euphorbia humifusa, Commelina communis L. 96
and Setaria viridis (L.) Beauv. 109
9 22°48'11.20"N LT, TR, M THZ iR 99 99.7+1.2bed  217+22a
113°25'33.16"E Portulaca oleracea L., Alternanthera sessilis 99
(L.) DC., Commelina communis L., Ludwigia 101
prostrata Roxb. and Euphorbia humifusa
10 22°52'10.31"N oy, WEE, TR MR, MR 99 105.7+5.8cd  261+27a
113°25'16.23"E Asarum sieboldii Miq., Metaplexis japonica 109
(Thunb.) Makino, Alternanthera sessilis (L.) 109
DC., Setaria viridis (L.) Beauv. and
Commelina communis L.
11 22°48'10.45"N T, TR MR KIR. SRR 99 113.0£16.4d  486+77c¢
113°25'33.25"E Portulaca oleracea L., Alternanthera sessilis 109
(L.) DC., Euphorbia humifusa, Stachys 131

japonica Miq. and Setaria viridis (L.) Beauv.

T * MTZ LR A IZMEYIRIX, HIGZEY TR Z LA b & i AM BRI 27 FAHEY) . A5 %2 80

K100 g +, DISESELSD £on, ARVNE FHERR B E M2 5 (=3, P<0.05, Duncan’s test)

Note: *: The plants may be the host plants of the AM fungi isolated from this soil sample, as the soil sample was collected from
the root-zone of these plants. The unit of spore densities are in per 100 g soil, which were showed as the mean+SD, and the

different lowercase letters indicate the significant differences (n=3, P<0.05, Duncan’s test).
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JF /% (International Bank for the Glomeromycota:
BEG, http://www.i-beg.eu/). AM HE 7KL\
] 3k (http://www.amf-phylogeny.com/) , AM H
1 [E BR %% 5 J% (International Collection of Vesicular

Arbuscular Mycorrhizal Fungi: INVAM, http://
invam.wvu.edu/) . ER 98 B K S K5 5% B 0RO

(Glomeromycota in vitro Collection: GINCO,
https://www.mycorrhiza.be/ginco-bel/)l Colegdo

internacional de cultura de glomeromycota: CICG
(http://www.furb.br/cicg/index.php?lang=EN) 5§

B, DK (iR ) WER KRN M
HR[29,31-32]31T AM H# & FINEE .
1.5 AMEENDFREFEE

TERAL 0 3558 T PRI+ 8 T 88 v b
FERRE, WA R RO 3] PCR & b, LA
PEW ) DNA /M BHR , >R Green Tag Mix
MEIY R )i T Y 1. 5 —4% PCR R
GeoA2/Geoll 7|¥1%f, PCR KWiikZ: Green Tag
Mix 5.0 uL, GeoA2 (10 pmol/L)F1 Geoll (10 umol/L)
%04 L, TR 1.0 uL, JCHE/K 3.2 uL.
PCR JZ i %51F: 94 °C 3 min; 94 °C30s, 40°C
I min, 72°C2min, 30 XJE#; 72 °C 10 min,

DIFERE 100 A5 A5 — 404 387 VR A ssidi
¥ H AMLI/AML2 519X #1745 — 4 PCR,
PCR JZJWfA%: Green Tag Mix 5.0 pL, AMLI
(10 umol/L)Fl AML2 (10 pmol/L)4% 0.4 pL, %i—
¥ PCR W) (FFE 1004%) 1.0 uL, JCH7K 3.2 uL.
PCR JZJ¥j %/4: 94 °C 3 min; 94 °C 30 s, 50 °C

F2 AM EEFELERER PCR 3|4

1 min, 72°C 1 min, f§¥ 30 ¥; 72 °C 10 min,
B — R PCR W) E AT B B e e v vk
YIH 2y 800 bp Ay H Ay 4571, 8 i [ i) &
AT, SRAH T #4A pClone007 4T T/A 78
M, %1k A Escherichia coli DHSa 3274
H, WA TS S0 mg/L AR H R R LB 15
FEIHEE R R . H PRV ER ALk 2
TR TAE YRR A B SIIF  0 J7 91)
#2222 NCBI B M%) BLASTn T 1 #5475 ] 48
K, K MEGA X FI48#21% (neighbor-joining
method)f Ht AM ELH 18S rRNA JE[H ¥4 R 58
KB, KH ClustalW #E47 £ 751 LX)

SR

21 RESBENEESENRTFEE

W 1 PR, 15 SR X A 500 5 &
A%, VI K (57.0£4.6) mg/kg, K H 2 Fhid
RN T HEMEBELSEVDRX, BFHER
(395£71) 1~/100 g +. 4 55 5 5 EMEK 4
AT RO X5 2 5 43 312 (81.0413.5) mg/kg Al
(82.0£8.2) mg/kg (P>0.05), VEAEMIZT FAHYIIA
2 B, SBURTRAER . TR, KRR, H4%
AERE, TR (236+30)1/100 g - Fl
(247+43)1~/100 g +(P>0.05), 11 S ARIX 47
RS R, P (113.0+16.4) mg/kg, FF
FHEYA S R, BDERTE . R MR
HFRRLFUK TR, T2 (486£77)1M/100 g 1

Table 2 The PCR primers required for identification of AM fungi

ik il TR SRk
Primer Sequence (5'—3") Product length (bp) References
GeoA2 CCAGTAGTCATATGCTTGTCTC 1 800 [33]
Geoll ACCTTGTTACGACTTTTACTTCC

AMLI1 ATCAACTTTCGATGGTAGGATAGA 800 [34]
AML2 GAACCCAAACACTTTGGTTTCC
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(). 3 SHMRX EMHBFEERN, N
(175£25)1~/100 ¢ +, AUBEFH S E N
(80.7+11.6) mg/kg, ZF FAHMANA 4= —F,
HY T UL, 07285 S R A 5 AR X - A
MG RAR, FEMYEEMEE . LA
B R, 0 R
22 TS AM AR FREFEE
A SO 5 (57.0£4.6) mg/kg B 15 45
A R B — AR A R A5 SR R
% )T 9 5 B 2R BR 3% B (Paraglomus  occultum) ()

18S rRNA H: [ 7 S AHAVE Hr ik 99.60% H 4% 5K
KR — (B 1), £UiZ AM HE N P.
occultum. IR E EHAL 2 BRI YR
b (NMDC, J75114°5 - NMDCNO00010KN)
F1 GenBank (J¥ 5115 5% %5 24 ON911286).

A RO S 1M (87.7+8.0) mg/kg Y 6 5+
FErh Pk 2 A, Hoh—Fh AR 18S
rRNA FE K #4955 (0 A E B (Acaulospora
mellea) ARITE L 98.35%H-# BRI N 7] — 4
Y 1), E£WHIZ AM E# Ol B 0 IR (%

Acaulospora mellea (ON911285)
Acaulospora mellea (MN596374.1)
Acaulospora mellea (MG253629.1)

Acaulospora foveata (MT108836.1)

Acaulospora lacunosa (HE610426.1)
Acaulospora spinosa (MT108841.1)

Acaulospora koskei (MT102366.1)
Acaulospora scrobiculata (MT108830.1)

Pacispora scintillans (MT108833.1)

— Scutellospora calospora (MK592811.1)
Gigaspora margarita (MT108843.1)
Gigaspora gigantea (MT108838.1)
Gigaspora rosea (AJ852607.1)

85
59

42
65
99

Acaulospora

100

74
o 100

- e

92 Claroideoglomus claroideum (MG253626.1)
Claroideoglomus lamellosum (KX879068.1)

100 LF. Claroideoglomus etunicatum (ON911287)
85 L Claroideoglomus etunicatum (MW349795.1)

Glomus flavisporum (MT108840.1)
r Septogiomus constrictum (MT108831.1)

Claroideoglomus

100

68 E Funneliformis mosseae (FR750227.1)
Funneliformis constrictum (FR750212.1)

70 [ Rhizophagus intraradices (FR750206.1)
100 Rhizophagus irregularis (FR750223.1)

‘Paraglomus occultum (ON911286)

100 ‘r Paraglomus occultum (NG_017179.1)
0.02 100 ' Paraglomusoccultum (AJ006799.1)

73

Paraglomus

1 ET 18S rRNA EEFIIIER AM ERZRLEHN  FH MEGA X BAFBIEEMER G LT
W, R 2 B R B 2 BRI 18S rRNA JEH 7 418 S S M il A R e kA

Figure 1 Phylogenetic tree of AM fungi based on 18S rRNA gene sequences. The branch names consist of the
names of the AM fungi and the accession numbers of the 18S rRNA gene sequences; Scale represents the
evolutionary distance.
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2 J¥ 41 NMDC %5y NMDCNO0001005 ,
GenBank &35 ON911285); H—FleAffify 18S
rRNA KK 35 54T -HER B85 (Claroideoglomus
etunicatum) )AL F5 15 99.35% H R 25 [F]
— (1), FHIZAM L ML E T Bk
#(HWR 745 NMDC %5 4 NMDCN0001004,
GenBank &35 ON911287), M4k, MA L
B o i M (105.745.8) mg/kg B 10 5 £
(79.7+21.0) mg/kg ) 2 5 A ZEH R X + i
SR T BT R

DLEZERERY], 8 A AMBES &N
(57.0+4.6) mg/kg MR IX 1= ZRERPERS & (Paraglomus)
AM HEFERRERE . 708 B A S 50
(87.7+8.0) mg/kg MR X + By B F J§
(Acaulospora) B (0 LB 55, DU M40 85 H A 5K
W R (91£16.4) mg/kg HRIX 1 1 W BR %25
J& (Claroideoglomus)4) £ T HER B 45, ] HEH
A i i Tl ) RE A o
2.3 AM HEAFHHSFRIE

H1 T AM IR 731 % Bt 51 90 F1 PCR J
I AR, RS AR A T R
M RIZERY AM B o R, AT5EER 1 AT
SrFEGE, T TIERREE . ZECAR
B AM E R RS FER A, R BER
DX A S 7 )8 25 Fil AM ELER (81 2, $3),
fl 15 Bk % & H (Glomerales) ¥k % % F}
(Glomeraceae)ER B 75 J& (Glomus) 7 B, FaEk$
%% & (Septoglomus) 2 Fl . 1 €55 J& (Sclerocystis)
1 Fi, MRS (Rhizophagus) 1 F, JTHHER
#t 75 Bl (Claroideoglomeraceae) i W Bk 1 %5 J&
(Claroideoglomus) 1 ¥ ; Z ¥ il 4& %5 H
(Diversisporales) Jo 1l & 75 F} (Acaulosporaceae)
JCHE B 5 & (Acaulospora) 12 Ry ZRERFERE H
(Paraglomerales)%@ﬁl@'%%3%4(Paraglomeraceae)
KER P 55 E (Paraglomus) 1 . il 45 R &

N, 2R AM BRAEA R SR A 4
i, 2 W R 5 AV (o O 38 R R A 5T
U BRI GGR 3).
24 SBIRXTIES AM ERHREKFE

P AR AR JOIR B MR S5 R R, AM EE
(87.7+8.0) mg/kg ML /KT N ATFRERC AT HIIE i
I RN TR 22 A AR IN SR (] 3A), B
PR (F%) . R YL E (M%) FIMEL T BE(A%) 5 H
WK F-(57.0£4.6) mg/kg T HULE AN 24 (& 3B), #
B AM FLIRTEIZ B KF T ATTRESE R Je 7™
B 58 8 B A T SRR B A e B R . R
M, YA K FA5](99.71.2) mgkg B, 13
AL B N B 22 FEE (K 3A), [HAAMEF
WE TR, MR (K 3B), Wik, AM
FLR TEIZBE KPS AT BE 2 2R A 1 A iz i
H R AR A A AR R ARG
3 Wk

WA 202042 7 17 H, CAHBRER]
(Glomeromycotina) ¥R ¥ [# 44 (Glomeromycetes)
Bk % % H (Glomerales) . % tf 1l % % H
(Diversisporales) . Kk EH (Paraglomerales)
R %% H (Archaeosporales) 1Y 12 F} 36 J& 3t
334 4~ AM LI i PP Rl 23 59 H A E (http://www.
amf-phylogeny.com/) . SZBRuF5E Fl A 77 hif FH
WA RNAR AR | BV WRE .
JZIiS(IE 2= S7 R /NER(IE 2 ¥ IFAE-SIiF= & 24
SEDBOIUR

ARSI T RGeS Ik,
AT T R D XA R 5 Ry (88.2+17.6) mg/kg
FROREAR DX -39 rh 73 M ] BE AT T vy A
PER) AM (8 2, 3 3), AFTFE AM Hi
RERE M BIRN BT, P A R R |
00 JU M 98 g 55 R R w1 O s 85 o A 1 AL
itk BT R J5 B R A A DG A B AR
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FIESIESY 23 JFIRIR IR MR Gilcsae 2. KRRRER
Claroideoglomus Glomus Glomus Glomus Glomus
etunicatum lamellosum multiforum glomerulatum macrocarpum

PR ERZE R WiikR Ik E R AERR IR FaRIRER B THEES
Glomus Septoglomus Septoglomus Paraglomus Sclerocystis
reticulatum deserticola constrictum occultum rubiformis

PEELNERE T EOLHER M B R El N E A T 5 7
Acaulospora Acaulospora Acaulospora Acaulospora Acaulospora
rugousa mellea excavata gerdemannii bireticulata
o™
V
YHik TR e POIRTCHE e 75 YRR HREFR MR35 R
Acaulospora Acaulospora Glomus sp. 1 Glomus sp. 2 Rhizophagus sp. 1

denticulata tuberculata

pRE 2o pRE 2o PRUE 29 pRE 2o pRE 2o
Acaulospora sp. 1 Acaulospora sp. 2 Acaulospora sp. 3 Acaulospora sp. 4 Acaulospora sp. 5

2 NE#HMRXLTPISELEEHN AM EEAF  HHIRA 50 pm
Figure 2 AM fungal spores isolated and identified from the root-zone soils containing moderately high
phosphate concentrations. Scale bar: 50 pm.
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Phosphate content (mg/kg)

3 TEHMSERXTIRD AM ERNERERKFE A AMRELH. a: IEG ih: BRAEZ;
ve W tv: BRI, B: WHRMRYKT . F%: WRBELERE; M%: REBE; A%: MEFE.
HARE A NG PR R R B 22 R (>3, P<0.05, Duncan’s test)., A & & 4(57.0+4.6) mg/kg.
(87.7+8.0) mg/kg F1(99.7+1.2) mg/kg FIAMRIX HHE/FHIER AHE 1. 6 Tl 9 5 RFELL, XN EMMIFEILE 1
Figure 3 Mycorrhizal colonization level of the AM fungi in root-zone soils containing different phosphate
contents. A: Arbuscular mycorrhizal colonization structure. a: Arbuscule; ih: Intraradical hyphae; v: Vesicle; tv:
Tubular vesicle. B: Mycorrhizal colonization level. F%: Total frequency of colonization; M%: Mycorrhizal
intensity; A%: Arbuscule abundance. Different lowercase letters in the histogram indicate significant differences
(n>3, P<0.05, Duncan’s test). Root-zone soils with phosphate contents of (57.0+4.6) mg/kg, (87.7+£8.0) mg/kg

and (99.7+1.2) mg/kg were collected from sampling sites No.1, No.6 and No.9, respectively. See Table 1 for the
corresponding host plants.

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



4670 Tl A 2 AR

Microbiol. China

Ebr BA 4 MR R AM B 5T
LM (BEG., INVAM, CICG #il GINCO),
T P 1) AR AML L TR 14 7 Jo % 105 £ 355 T
VERIBLAG (A Jb 5 T R 7 B Al 78 % 5 5%
P 5T B 2t 7 i DA T AR I T R B Y U R
(Bank of Glomeromycota in China, BGC)*’1l)
LT PUAMY R Bl A 0 F 5 Pir 55 2 57 ) SIF 4
W AM LR BT R LR 5 H O BT R R (http://www.
amf-cmcc.com/Home/am), Joi& 42 [E fr I if 2
Bl A B PR BCEILAS , BT (R e ) ol AP RS AT FR, HL
FOIF 605 J7 W B2 AL By o Ml i 8 4 3k -
SRR

Br 7 ERABRAEEES I, BTG
FHE TARETE R Ay B S E /Y TAR i 225 T
CRAR S ) WA 548 0 30k [29,31-32] 0 6 F 1
MO S FEFMARAT B A0SO e fiiid . @ e
A5 R R ) R R ) o P 2 M N B
W BRI, Ty e T
12:32 PCR 5 | Wi Jf- 1tk ) B, 38 oK B S 531 o e
A AM HE M, 2R E0E 2 8,
BT AEC A TR R GEORE A [R]— R A
HERG R A —20 B 22 5l R B 5 T Pk S B
TEAFFIII S, KBS E NG TS — 1% E
Pt S38b, X DT A1) B B8 E Y A E TR
PR, TR T ECR AR, HERY BT
PG, XELATE R N AR A5 i AM L 1
TR

DL BRI AT AM E 3 LRSS
AR o BRI, R e E AR R
S, AL HSEE . HAEE R AM LR AR BT
BAFE R, W A 2 Ay S o
AM  E B A [6] B BOE 25 FRAE 19 7] 40 Ak AR
JE, B ARG AL, /S AM
LD SOE UHER TR, [FIBTHE S AM H P %

RO TR, DUE TS0 AM HIF 492
W5 A e W 25 7 T R 2

H T A S5 RS E TR B, A5
T 255 ¥R 5 e (JUH R R 2 B FK )
RS AM HIEAT R 8k 3 5 it — b
WA, Al REAAE R A, Bl an B o Mg
1B R TCE PR )R AM B4 Acaulospora sp.1 T
SRR WA RS SCERHE . tesh, BT B
AT B BRI R AM L AR
PR, 7 ik — 20 o R R TR RN R R
P LAARAS i B TR TS S s A A SC L
il AT ARG B R R e A 7 A

AWFFEF, AM HIFTE(87.7+£8.0) mg/kg 1
B W AT T AT BRIE B (8 7 A e ) 32 %2
Y BB R 5 (A TR A8 1 TR BT 75 14 i 1y
iR S5 B R4 I 1 32 23 R Y, BT 40 1 T AR
A REHL A B R (BT 3). SR, K-
% AM HFETE(99.7+1.2) mg/kg MY E K T M
DL 3 FAEY) Z B ORI 1A SR (B 3),
RUNZWEACE T RERIR T RER 7 3% AM HA
535 EMY Z 6 08--Ik 8 A, B BARL
il i — 2P 5T

AT S AE A Wi 137 = B3 DT 40 <) AAASE TR AR 7
BLT E g 248 7R 101217201 (H AML L B o]
M 07 ey A O R B A K R B R AR AR TR B
PIALEMAE 2, S AM BREARKER
TN B ARTE B 7 AL ) i £ 48 /R 127 A%
R E SR Z S TR 4 i A B a5
RE 08 22 fif e w4 I /R ], S LR AT g 2
R WP ) B S - 14 e G R R T R
BE L BREETBLE AR Rk R L AED 22
AIRESZ A BRI IR, AM H R Rl REAATE
Z 5w . B AERRISRENE S
S5

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



JEl /N v AR T R AR L 0 B

4671

4 Hip

ARHIFGE 43 B4 T AT R LA T v R 1
7J& 25 F AM HEE, HAERS AM HE U E
g, Bk, mad e ik, it —%5
BUE AR AE B A TR X R AR AR R
1AM HEF, @5 FER AM HERER
FIORP 5 0E IRA5 B2 . BbAbh, B4 B AR (B dn&h
£ T B R R (O JC AT ¥ AR ) H T E AR R AT
PEEE IR, B B R T 2 e
Hil AM BB A K& B A B AR IE AR AH G HL
HIAFSE, MIMAFIFIEFT AM B R L5 7
Wk TAE

BT A T s e AML L B T 500 AN H g 5 At
TCE DB R PR RIVE A, 34 BB AN AR IE — [R] e & il
., ARALRE AL SR 3 8 357 0 2 R
AR SR A A, I R A 1 5 P A XA )
RE . TRAEME NP, SEE YR,
BEORIE T8 . A2, S RB4ED s fa bl
BHETI1, T ROl A 7 R EE (R 37 45 7
TET A LB A 5T 5 B AR Ry FH 25 5 JE it

REFERENCES

[11 Rich MK, Vigneron N, Libourel C, Keller J, Xue L,
Hajheidari M, Radhakrishnan GV, Le Ru A, Diop SI,
Potente G, et al. Lipid exchanges drove the evolution of
mutualism during plant terrestrialization[J]. Science,
2021, 372(6544): 864-868

[2] Genre A, Lanfranco L, Perotto S, Bonfante P. Unique
and common traits in mycorrhizal symbioses[J]. Nature
Reviews Microbiology, 2020, 18(11): 649-660

[3] Begum N, Qin C, Ahanger MA, Raza S, Khan MI,
Ashraf M, Ahmed N, Zhang LX. Role of arbuscular
mycorrhizal fungi in plant growth regulation:
implications in abiotic stress tolerance[J]. Frontiers in
Plant Science, 2019, 10: 1068

[4] XU, BRIV K. BRI db st BhaE e,
2007
Liu RJ, Chen YL. Mycorrhizology[M]. Beijing: Science

Press, 2007 (in Chinese)

[5] Li T, Hu YJ, Hao ZP, Li H, Wang YS, Chen BD. First
cloning and characterization of two functional aquaporin
genes from an arbuscular mycorrhizal fungus Glomus
intraradices[J]. The New Phytologist, 2013, 197(2):
617-630

[6] Wang WX, Shi JC, Xie QJ, Jiang YN, Yu N, Wang ET.
Nutrient exchange and regulation in arbuscular
mycorrhizal symbiosis[J]. Molecular Plant, 2017, 10(9):
1147-1158

(7] BRERA, T, MEME, Wi, K3 AR E N
FH AR B 8 E (0], i AR A %, 2019, 30(3):
1035-1046
Chen BD, Yu M, Hao ZP, Xie W, Zhang X. Research
progress in arbuscular mycorrhizal technology[J].
Chinese Journal of Applied Ecology, 2019, 30(3):
1035-1046 (in Chinese)

[8] Branscheid A, Sieh D, Pant BD, May P, Devers EA,
Elkrog A, Schauser L, Scheible WR, Krajinski F.
Expression pattern suggests a role of MiR399 in the
regulation of the cellular response to local Pi increase
during arbuscular mycorrhizal symbiosis[J]. Molecular
Plant-Microbe Interactions: MPMI, 2010, 23(7): 915-926

[9] Breuillin-Sessoms F, Floss DS, Gomez SK, Pumplin N,
Ding Y, Levesque-Tremblay V, Noar RD, Daniels DA,
Bravo A, Eaglesham JB, et al. Suppression of arbuscule
degeneration in Medicago truncatula phosphate
transporter 4 mutants is dependent on the ammonium
transporter 2 family protein AMT2; 3[J]. The Plant Cell,
2015, 27(4): 1352-1366

[10] Breuillin F, Schramm J, Hajirezaei M, Ahkami A, Favre
P, Druege U, Hause B, Bucher M, Kretzschmar T,
Bossolini E, et al. Phosphate systemically inhibits
development of arbuscular mycorrhiza in Petunia
hybrida and represses genes involved in mycorrhizal
functioning[J]. The Plant Journal: for Cell and Molecular
Biology, 2010, 64(6): 1002-1017

[11] Essahibi A, Benhiba L, Fouad MO, Babram MA,
Ghoulam C, Qaddoury A. Responsiveness of carob
(Ceratonia siliqua L.) plants to arbuscular mycorrhizal

different
levels[J]. Journal of Plant Growth Regulation, 2019,
38(4): 1243-1254

[12] Balzergue C, Puech-Pageés V, Bécard G, Rochange SF.
The regulation of arbuscular mycorrhizal symbiosis by

symbiosis under phosphate fertilization

phosphate in pea involves early and systemic signalling
events[J]. Journal of Experimental Botany, 2010, 62(3):
1049-1060

[13] Bakshi M, Vahabi K, Bhattacharya S, Sherameti I,

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



4672 Tl A 2 AR

Microbiol. China

Varma A, Yeh KW, Baldwin I, Johri AK, Oelmiiller R.
WRKYy restricts Piriformospora indica-stimulated and
phosphate-induced root development in Arabidopsis[J].
BMC Plant Biology, 2015, 15: 305

[14] Hayman DS, Johnson AM, Ruddlesdin I. The influence
of phosphate and crop species on endogone spores and

vesicular-arbuscular mycorrhiza under field conditions[J].

Plant and Soil, 1975, 43(1/2/3): 489-495

[15] Kobae Y, Ohmori Y, Saito C, Yano K, Ohtomo R,
Fujiwara T. Phosphate treatment strongly inhibits new
arbuscule development but not the maintenance of
arbuscule in mycorrhizal rice roots[J]. Plant Physiology,
2016, 171(1): 566-579

[16] E4H, BR7, sKEIR, mek, LA, /b, 14
[, SRIBLL. —Fh AT R: SR AR AN
B A )5k HEl, CN1245502C[P). 2006-03-15
Wang YS, Chen N, Zhang MQ. Efficient
drought-resisting and high phoshpate-tolerant nutritious
bush mycorrhizal fungus and its production process:
China, CN1245502C[P]. 2006-03-15 (in Chinese)

[17] Hiruma K, Gerlach N, Sacristan S, Nakano RT,
Hacquard S, Kracher B, Neumann U, Ramirez D, Bucher
M, O’Connell RJ, et al. Root endophyte Colletotrichum
tofieldiae confers plant fitness benefits that are
phosphate status dependent[J]. Cell, 2016, 165(2):
464-474

[18] Bedini A, Mercy L, Schneider C, Franken P,
Lucic-Mercy E. Unraveling the initial plant hormone
signaling, metabolic mechanisms and plant defense
triggering the endomycorrhizal symbiosis behavior[J].
Frontiers in Plant Science, 2018, 9: 1800

[19] Nagy R, Drissner D, Amrhein N, Jakobsen I, Bucher M.
Mycorrhizal phosphate uptake pathway in tomato is

phosphorus-repressible and transcriptionally regulated[J].

The New Phytologist, 2009, 181(4): 950-959

[20] Russo G, Spinella S, Sciacca E, Bonfante P, Genre A.
Automated analysis of calcium spiking profiles with
CaSA software: two case studies from root-microbe
symbioses[J]. BMC Plant Biology, 2013, 13: 224

[21] Shi JC, Zhao BY, Zheng S, Zhang XW, Wang XL, Dong
WT, Xie QJ, Wang G, Xiao YP, Chen F, et al. A
phosphate  starvation  response-centered  network
regulates mycorrhizal symbiosis[J]. Cell, 2021, 184(22):
5527-5540.¢18

[22] Olsson PA, Hansson MC, Burleigh SH. Effect of P
availability on temporal dynamics of carbon allocation
and glomus intraradices high-affinity P transporter gene
induction in arbuscular mycorrhiza[J]. Applied and

Environmental Microbiology, 2006, 72(6): 4115-4120

[23] Hofferek V, Mendrinna A, Gaude N, Krajinski F, Devers
EA. MiR171h restricts root symbioses and shows like its
target NSP2 a complex transcriptional regulation in
Medicago truncatula[J]. BMC Plant Biology, 2014, 14:
199

[24] Lauressergues D, Delaux PM, Formey D,
Lelandais-Briére C, Fort S, Cottaz S, Bécard G, Niebel A,
Roux C, Combier JP. The microRNA miR171h
modulates arbuscular mycorrhizal colonization of
Medicago truncatula by targeting NSP2[J]. The Plant
Journal: for Cell and Molecular Biology, 2012, 72(3):
512-522

[25] Javot H, Pumplin N, Harrison MJ. Phosphate in the
arbuscular mycorrhizal symbiosis: transport properties
and regulatory roles[J]. Plant, Cell & Environment, 2007,
30(3): 310-322

[26]Maeda D, Ashida K, Iguchi K, Chechetka SA, Hijikata A,
Okusako Y, Deguchi Y, Izui K, Hata S. Knockdown of
an arbuscular

mycorrhiza-inducible phosphate

transporter gene of Lotus japonicus suppresses
mutualistic symbiosis[J]. Plant and Cell Physiology,
2006, 47(7): 807-817

[27] Chiu CH, Paszkowski U. Mechanisms and impact of
symbiotic phosphate acquisition[J]. Cold Spring Harbor
Perspectives in Biology, 2019, 11(6): a034603

28] TR R, XU, R AR 7= ) s . SRR BRI
Bl 22 S s E M S B R &R 4 (http://www.resde.cn/DOI),
2017. DOI:10.12078/2017122301
Xu XL, Liu L. China farmland productivity potential
data set. Resource and Environmental Science data
Registration and Publishing system (http://www.resdc.
¢n/DOI), 2017. DOI:10.12078/2017122301 (in Chinese)

(291 E4hHE, skilube, Beimeoy, XUd, sCRGER. bk
b XA AR L T R B8 ) 4 9 0 5 B AR R IR
[J]. A=A, 2016, 43(10): 2154-2165
Wang YS, Zhang SB, Yin XF, Liu JB, Wu FX. Isolation
and identification of arbuscular mycorrhizal fungi from
China’s mainland[J]. Microbiology China, 2016, 43(10):
2154-2165 (in Chinese)

[30] Trouvelot A, Kough JL, Gianinazzi-Pearson V. Mesure
Du Taux De Mycorhization VA D’un Systeme
Radiculaire[M]. Paris: FranceINRA Press, 1986

(317 M B, ik, ZRMRue, MhAMe, FOBSE, k. Al
AR FCR Z R[], ARAEOll R 2740,
2020, 48(2): 76-80
Shang K, Shi L, Li HB, Yao LM, Zhou GR, Jiang L.
Diversity of arbuscular mycorrhizal fungi in different

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



JEl /N v AR T R AR L 0 B

4673

heights of Fanjingshan Mountain[J]. Journal of Northeast
Forestry University, 2020, 48(2): 76-80 (in Chinese)

(321 EA0H, XUTHHE. BRBE R T BRAR B B 70 2K AR
BERRNZLSR[T]. WA, 2017, 36(7): 820-850
Wang YS, Liu RJ. A checklist of arbuscular mycorrhizal
fungi in the recent taxonomic system of
Glomeromycotal[l]. Mycosystema, 2017, 36(7): 820-850
(in Chinese)

[33] Schwarzott D, Schiiiler A. A simple and reliable method
for SSU rRNA gene DNA extraction, amplification, and
cloning from single AM fungal spores[J]. Mycorrhiza,
2001, 10(4): 203-207

[34] Lee J, Lee SS, Young JPW. Improved PCR primers for
the detection and identification of arbuscular mycorrhizal
fungi[J]. FEMS Microbiology Ecology, 2008, 65(2):
339-349

[35] Parniske M. Arbuscular mycorrhiza: the mother of plant
root endosymbioses[J]. Nature Reviews Microbiology,
2008, 6(10): 763-775

[36] Choi J, Summers W, Paszkowski U. Mechanisms
underlying establishment of arbuscular mycorrhizal
symbioses[J]. Annual Review of Phytopathology, 2018,
56: 135-160

[37] Bonneau L, Huguet S, Wipf D, Pauly N, Truong HN.
Combined phosphate and nitrogen limitation generates a
nutrient stress transcriptome favorable for arbuscular

mycorrhizal symbiosis in Medicago truncatula[J]. The
New Phytologist, 2013, 199(1): 188-202

[38] Chen BD, Xiao XY, Zhu YG, Smith FA, Xie ZM, Smith
SE. The arbuscular mycorrhizal fungus Glomus mosseae
gives contradictory effects on phosphorus and arsenic
acquisition by Medicago sativa Linn[J]. Science of the
Total Environment, 2007, 379(2/3): 226-234

[39] Strawn DG. Review of interactions between phosphorus
and arsenic in soils from four case studies[J].
Geochemical Transactions, 2018, 19(1): 10

[40] Zhang X, Chen BD, Ohtomo R. Mycorrhizal effects on
growth, P uptake and Cd tolerance of the host plant vary
among different AM fungal species[J]. Soil Science and
Plant Nutrition, 2015, 61(2): 359-368

[41] Fan XN, Zhou XQ, Chen H, Tang M, Xie XA.
Cross-talks between macro- and micronutrient uptake
and signaling in plants[J]. Frontiers in Plant Science,
2021, 12: 663477

[42] Xie XA, Hu WT, Fan XN, Chen H, Tang M. Interactions
between phosphorus, zinc, and iron homeostasis in
nonmycorrhizal and mycorrhizal plants[J]. Frontiers in
Plant Science, 2019, 10: 1172

[43] Zhou XQ, Li JY, Tang NW, Xie HY, Fan XN, Chen H,
Tang M, Xie XA. Genome-wide analysis of nutrient
signaling pathways conserved in arbuscular mycorrhizal
fungi[J]. Microorganisms, 2021, 9(8): 1557

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



