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Abstract ;. Mycorrhiza is the most common symbiosis in nature, which can greatly promote the ni-
trogen uptake and utilization by host plants. In the function of the mutualistic symbiosis, mycor-
rhizal fungi play an important role. This paper summarized the research progress in the mecha-
nisms of mycorrhizal fungi in promoting the nitrogen uptake and utilization by plants from the as-
pects of mycorrhizal anatomical structure, physiology, biochemistry, and molecular biology, with
the focus on the available nitrogen forms and the factors affecting their utilization, the nitrogen
metabolic pathways GS-GOGAT in mycorrhzal fungi, and the ornithine cycle in mycorrhizal fun-
gi. It was pointed out that arginine was the main nitrogen translocation form within the hyphae,
and NH; could be the main nitrogen translocation form in the interfacial apoplast.

Key words: mycorrhiza; nitrogen form; isolated genes; metabolic pathway; physiological

responses; anatomical feature.

P AR (mycorrhizae ) J2: H 28 At fie 43 ik 1Y — AT
WALE G HIK [ 97 % WA ALAE P BT B TR AR
(XI3CFF,2003) . BERME DIEP R —KEHR 555
W EFARFIE U —Fp A0k, RIS ERIE S
L) R i TR AT 2oy 3 R R RIAMAE TR
R (ectomycorrhizas , ECM) | N A= B AR J2 N 4= B AR
(ectoendomycorrhizas , EEM) i} PN A= B AR f0, 45 A
AR (arbuscular mycorrhizas, AM) | ¥t 5% ££ 28 B AR
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(ericoid mycorrhizas, ERM) | %28} 3 (orchid mycor-
thizas, OM ) | 7K &t *% ZE & #2 ( monotropoid mycorrhi-
zas, MM ) | 2% ¢ 15 25 I8 # (arbutoid mycorrhizas,
ARM) 75 (Harley ,1989) , TR R A= R AT A A 2 i7F
TS 7K 53 FIR ) J5 36 57 70 2 1Y W WO ATR T, R
JEXt P N Zn Cu B YL ( Clark & Zeto,2000; Parni-
ske,2008) . ARMENEY YA AICER X THEYHY
HERAE B REZMEN, EAUREY A HUER
PSS, I A S5 —Selil LA R 4 R G, B
PR R B 20 B i o3 BRI A, PR B MY
AR RS RO T TP A S LR
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WA & (Gobert & Plassard ,2008) . i A EL
Xof 2R AR I S AL RO A — > B ) IR A (Jo-
hansen & Jensen,1996) ., LA AM E.5 FIFE ) A A4 K
AT RO, SR BRI R 2 E N 21% ~
50% #k H T 5 H I A 1 LM 22 19 W0 ( Tous-
saint et al. ,2004; Jin et al. ,2005; Manjula et al. ,
2005) , £ &b A R X AN H B B AAE T 75%
(Jargeat et al. ,2003) , BRXFICHLAMUC I HEE
b, BRI 1 A AL AR A A T 75 A7
PMLECHAE Y 7T R 9 A 2 (Hodge at al. ,2001)
H AT, OC T P AR B T AR 4B W ORI R &UR L
HIBFTE 2 BUS T — s dE e (H 2 H Y 2 5 1L
BRUA S5 MLATS Ak T A5 B S 25 B B, TR AT S
AR IR HIA BT 54 b PR A PR AR AR B B HoAE A
HARAES RS RIVE R, SR A B TR AR e 1Ly
A7 A HAEAR O P 5 2 e J A AR BB 5 b
AR AR O A DL R A S S AR
AR SO TR AR L T AR P WU RUR R E S R A T
T RGEES I HATOE S AR TR [ @ kAT T 53
A, LA Ay B - a2 PR AR B TR BE 5 S (AR A

1 EREFAFANEEESEEZWER

L1 REAREE AR ARES
FARAESRGE D, I EE R TR 40 h
TCHLAFMAHLA, Hrb NO,"-N 1 NH, *-N & Al
HAEA AR PR 3 2R AL AU (B 582, 2003) .
KBS RER A HLA, Bl —Se kg ¥y BA 43
AR G ECE R 2R B AR I RE D, BT
TEARRARLE AT H A 1 T AR L T ke sk
#ar A ( Paungfoo-Lonhienne et al. ,2008 ), iR 56 IE
B NE e AM HEY) S AR AR AL B AL 2R TR
HRAEY, 7ELL NO,™-N NH, *-N D) b 5220 57 B2 Sy nfe
—RIETEOUT MY A KA BB TR e
T, ELUA R R s T[] 30 B ) B
(Tibbett & Sanders,2002; Wallander,2002 ), iX i
W T ARALAE ) A s E WL A A LA RE T, 1B
WS I AT 8 75 3 b 2 A T TR AR L T 4
WSR3 2 TR AR TR T A7 7R JIT 7 A 1 T 422 412
HEVER . FIFH RS o3 % B S A 25 6 R R bRic 4
AR WF5EFUE W, AR B AT DL AR A A
"NO, -N " NH,"-N FIHE 2o HLROFH H i iz 2 9F
FAHEY) (Manjula et al. ,2005; Cristina et al. ,2007)
Talbot F1 Treseder (2010 ) {8 £ T T 60 4F A9 SCHik

T, S5 T 26 Fh TR A EL RN 20 iR U g L R 1Y I
WA T, J S0 8] A ) B R T 22 /0 AT L) ] —
TE 0 MR A S A 4 By e — U, T HG v 79 2
Rt 2D Res — AR B AT . B TR R
MRS A MLA, AM LT I8 RE 5 1) ] — LE3¢E o3 it
WAPLSRA (AT JLT B K DNA) VR A A7
FIIE— U ( Manjula et al. ,2005) , AT DL b 44
FEHLA MY 1L (Hawkins et al. ,2000) , DAEFA: B
ZMAN A AM K & R i 5 AR, Atul-Nayyar 45
(2009) KB #e b AM H 5, YA KAy
A EBCER 1035 5 TR IR B AL B AT X R, R
QNI AN [ P TR R L B LR R e T 25 AR
K, AREREE L= TSR, AR R
B WA HLAS AR BE ) BE58 (Mader et al. ,2000;
Manjula et al. ,2005; FAHIESE,2010) .
1.2 SUmEAREEAHARICRH R

5 M) TR AR L TR R A U3 1) PR R R EmT 70 g Ak
YA SRR EFIFR BT AR 43, Horh NO,™-N 72 - 4 v
RS SPEAR 5 | BB i 4 HIOVE F DG B ik A AR &R
( Tinker & Nye,2000) , —EA T ,NO, -N A&
H AR ACAE D R R BMERE, RATE T BRI T,
IR R A 2 PO R P R Sh LR
117 NH, =N DU 55 9 S e 1A i g e, 7 - 3 v 9 3% 3
PR S  AEAEAE AR 28 8 FEE i — 1> 75 5 X ( Smith,
1980) , 35 A A AR L I A 45/ IR AL 1 Hird

ARXHTT 55, B AR L 0 A AL R ) R s e B i
TIEP AR IR EY, 52
LS S MRS Y UL — M0 7 F IR A G Y, IF
HAFIERXE T — s BB 132 F2 (Talbot & Tr-
eseder,2010) , — J7 TA], F& AR BB X 20 JL R 55 IR 3R
SAPLAR WS T AR BN EE LR
FERRBIBRESFAAR O ; 55 — 7 11, A HLAAE 7> 14 A
B 5 B ANEE AL 25 D7 T 22 S AR R, X BRI T AR I A
XA HILZRUREE A R WS 52 i PR, JHE v -t Y 5%
Mep (L 2 e BN, i 2 T AR L T R 6% ) —
RS ERESESHA, MRRESEAR
RE R AR g B A B3 IR R G 28 AU I A RE Bl L T I
( Abuzinadah & Read, 1986) ., 73 7b, ¥t B 48 2 HAR
LT A I P A A5 5 AT S e R 2 I 1) W e
FArE A i AN Y HE 77 ( Whittaker & Cairney,2001)
TE VR BE AR B A5 0F R AL RS AE S AR ECTE (Rhi-
zoscyphus ericae) BEWS MY Z R EL HH W I 91% AL,
R T AR 72% ( Grelet et al. ,2005) , {H
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R B3 ES W

SERRRE SR 5 1 AR R ORI Z 18] A S
AL ENTZ 8 L] 25 A TERE

2 EREERHEMIAERZINS FHIE

2.1 WIREFTCHERNSAREE G
Y HEIA

2.1.1 HMREETCEIMNSAREIZMHEH
B 2R RE S RSTCHLA AR 2 ik A
AL B AR S, T TR 1 0 SR A7 A R AL G 26 2
EvnFizEN ., IMEERAERD AR BEEA
AOBIFFE AN HAL R AR LR 2R T HRTE 2200 2 31
o A A ) AR EL I 1) 8 Eh B s R L EE R 3R 6 A, A
HEEREFEA S A~ (Javelle et al. ,2001,2003 ; Mon-
tanini et al. ,2002; Willmann et al. ,2007) , 75—
2006 “FH Lipez-Pedrosa 55 AM H B& H 43 2515 21 19
GintAMT1 , JXSEHe 128 8 1 2k N A 4 AMT1  AMT2 |
AMT3 25 R 6] J& T Mep/Amt % J& I K i,
(AMT2 1 AMT3 ) B U SERE R 2001 AFESME BAR
W Hebeloma cylindrosporum ' #£47 ( Javelle et al. ,
2001) ,BlJ5 Javelle MIZ T T 5@ BES T Mep/Amt 5%
G 3 AR R IS H R R AT T R Gk
B RFRMRIRITHT, 45 Rk W40 M o8 BT T 83
Meim A P R IR A P VEH (Javelle et al.
2003) . BFFEE IR 530 A AR LT D AM EL TS
B E] 3 A5 NO,T-N Fe iz A O 1Y §% 18 B 1
:HcNri2 (Jargeat et al. ,2003) \TbNrt2 ( Montanini et
al. ,2006) , GiNT ( Tian et al. ,2010), 3 H 3 i}
NO,™-N AJ A5 G SE L R 20K

®1 HESBEIMNEREETREEERHEEANER

BIRA LR 15K R B 275 5 55 Y ( Okumo-
to et al. ,2002) % H: R ( Regenbrg et al. ,1999) L K&
22 IR EL B (Struck et al. 2002 ; Trip et al. ,2002) FF753
B TIZMRA RIS, E R E AR B AR 1k
HEBT 4 DA (R 1), HP 2 AEEREEMN
AME AR H B Amanita muscaria 1 Hebeloma cylin-
drosporum "/ B (Nehls et al. ,1999 ; Wipf et al. ,
2002) , {HAifF 55 & I A& XF 5 B 2% 3k #F 47 o T,
AmAAPT W RIK 73 At R AE AR IR T I AL mus-
caria #2247 ,/ﬁﬁﬁ*ﬁ%*&;ﬂ%ﬁiﬁg'?lﬂ:ﬁ?%\
IE, Cappellazzo 55 (2008 ) Fcilt N AM EL & H1 4325 2|
— PP B 1 1 BE Y : GmosAAPT 38 i e B 57
P52 e B AMKES RIS UE R « GmosAAP1 BB
5B G iR AR s i I R, s i B
pH FIRE AR R B HCBIME . X HHE T REE K F R
ROPHT B K P . GmosAAP1 5 B 1 & FE BR 1 15
fit BE R R G AE— B2, S IR N 1 i is 2 1 BRI
508, Morel (2008 ) |, Benjdia %5 (2006 ) 34 M 4h 4=
WA E R T B3 1 ¥z IR R I 22 Ik 0y e iz 28 1
. PiDur3 \HePTR2A HePTR2B 3 SE 4R 1 AR BT
A AR VLB T —E A7 TR
2.1.2 WREEHC RS AR B
RN AUTAEOR, WF ST R Ak A A T AR EDTE A AM
FLR T AR B T LA AR A v A G A (3R
2) AR AT UE B« 3 26 KL PR 4 A5 1Y 2R R
ZHABERNEARAB R, Hrh AM B 1
FRRA . ZEERFEH YR AR S H A
DI S 0 I 5 I8 - RO T 22 /R 16 I

Table 1 Isolated nitrogen transporter genes in mycorrhizal fungi

A B AR FL VA SCHRA I BT
SN Hebeloma cylindrosporum HcAmtl HeAmi2 HeAmi3 Javelle et al. ,2001,2003 ECM
LN Tuber borchii TbAmi1 Montanini et al. ,2002 ECM
(5N Amanita muscaria AmAmi2 Willmann et al. ,2007 ECM
MR AR Hebeloma cylindrosporum HcNri2 Jargeat et al. ,2003 ECM
THARER Tuber borchii TbNri2 Montanini et al. ,2006 ECM
RE Paxillus involutus PiDur3 Morel et al. ,2008 ECM
RIERR Amanita muscaria AmAAP1 Nehls et al. ,1999 ECM
R Hebeloma cylindrosporum HcGAP1 Wipf et al. ,2002 ECM
EZ/N Hebeloma cylindrosporum HcPTR2A Benjdia et al. ,2006 ECM
EZN Hebeloma cylindrosporum HcPTR2B Benjdia et al. ,2006 ECM
K Hebeloma cylindrosporum HcOPT1 Miiller et al. ,2007 ECM
HIER Glomus mosseae GlmosAAP1 Cappellazzo et al. ,2008 AM
AR Glomus intraradices GintAAP1 Cappellazzo et al. ,2008 AM
Bk Glomus intraradices GintAMT1 Lopez-Pedrosa et al. ,2006 AM
MR AR Glomus intraradices GINT Tian et al. ,2010 AM
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Table 2 Genes involved in the metabolism of nitrogen compounds characterized in mycorrhizal fungi
i LT Py SR MR
i BRI J Tuber borchii TbNarl Genbank ECM
Tl BRI I Hebeloma cylindrosporum HcNarl Genbank ECM
A 128 3 Do i Tuber borchii TbNirl Genbank ECM
VA R 340 J5 i Hebeloma cylindrosporum HeNirl Genbank ECM
B ARG 5 Tuber borchii TbGLN1 Genbank ECM
A S ke B B Hebeloma cylindrosporum HcGLN1 Javelle et al. ,2003 ECM
B R BERE Glomus intraradices GiGS1 Tian et al. ,2010 AM
Manjula et al. ,2005
BB G L Glomus intraradices GiGS2 Tian et al. ,2010 AM
BHR A WG Glomus intraradices GiGluS Tian et al. ,2010 AM
Carbamoyl-phosphate synthase Glomus intraradices GiCPS Tian et al. ,2010 AM
glutamine chain
G E BRI A Glomus intraradices GiASS Tian et al. ,2010 AM
2 IR 2L ity Glomus intraradices GiAL Tian et al. ,2010 AM
H o B2 Glomus intraradices GICAR1 Tian et al. ,2010 AM
B A SRS Glomus intraradices GiOATI1 Tian et al. ,2010 AM
Manjula et al. ,2005
5 R IR Tl Glomus intraradices GiODC Tian et al. ,2010 AM
Wit Glomus intraradices GiURE Tian et al. ,2010 AM
R Tuber borchii TbGOGAT Genbank ECM
AR = Hebeloma cylindrosporum HeGDHI Javelle 2003 ECM
A3 R A Tuber borchii TbGDHI Genbank ECM

WRNEZ AR, Hrd NH,*-N 28 HR B
WS IE A AAMRSNE 225 S SO A AL il
RS AN U (GS) |, T NO, =N WU 75 e 48
BS PRI I ( NR ) LA KO il 2 148 JRL S ( NiR ) 38 Ji oy
NH,"-N, GS Fl NR J2 A B A v Y 5 B PR il ,
FLIE R AT B R e LA R AR KT,
AM EL RS 2R ( Arg) B0\ 2 DA AR L B TR WSCR )
AR EEM =Y, RN 22 H 4 — R
FI AL SR 5 2B AR R Arg, 4K 1T DL Arg BOTE 2k
% EHNH 2 (Bago et al. ,2001) ,5 Arg & AHE
PR AL 4 24 BE e & g (GS) | B R &
(CPS) AR (Glus) HKE = BEHIRZLMH I (AL) |
WG U (ASS) 58, CPS 25 Arg BERER) A
Y&, ASS Fll AL & Arg A IR Ja 9 A5 4 AL it
M5 Arg 43 AHC OB 5ORS 2R % (CAR) | 5%
iR AL R (OAT) | 5 &R B R i (ODC) LA K IR
fiti (URE ) , JIK i fc 24 i 1k IR 3R 43 % R 2 R0 CO,,
Tian 45 (2010 ) 43 A7 13X S g L PR 1) 1) 25 265k, &
LSRN 4 mol - L' KNO, I M AMNE 22 H 5 Arg
B A S B T I P R A 4 h ISP PRGE RS T, 8 b A
KB KAE, B S 7E 72 h NEERER GG KE, M5

Arg FHEAT DG ) 32 DR TE AR A1 B 22 v ik ARG, 77
RN 22 ik m bl BT, SN RIAE S T
5 Arg B B AR SC S B 23k, Hix ek Z it
] Az () s, HAR R ) GS WA 25 FbE AN
], 3 PR AR A 5 HEOR TR ) GS AT REA (R
FhEE, BE RIN GiGS1 HA W] B2 iR A
IR iR R AT 0 3L R, 1T GiGS2 W7 v e 3 2
KT HAMRM ., —MIAk ODC 55
SRR LA 22 W 18 B B O, T Tian 45 (2010) & 3K
GiODC TERR N TE 22 FAR 1B 22 vp i) e ah #AR AR
A PIAN A AL T A A R A8 4k, 33 55t 18 B
GiODC T AR B TE A AE F 32 202 2 i i) & BT
3E 5 R K
2.2 HREFEP R Kz

Y LA B R AH PR, — &
NADP A6 9 45 20 R i A IR 12, 50 — S &k
Jie 6 W3 R 5 IR B& 4% ( GS-GOGAT) (Manjula
et al. ,2005) , TEIEH LG 0L T, A9 £ 2R H
GS-GOGAT &2 AL TCHLA , B AE DA i) NH,*
TE GS MTER T 5/ &AL R EEALE &, &R
TR , K5 A% E R AN AT 2 B e A A 1 A PR Rk
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31 % s

AR
/:_Enlk%%%/b\

W S A F R O P AHA S 5 0N, B R SE T
2o G I A R AR T R I K — P
SR B2 BZ RS, LR 23
W LR | 2R R AR N 45 P R F (Javelle
et al. ,2003)

117 A AR L A B D = 498 R S TE WL R T B 4 37
T, VLI B 22 R P BEAFE— B AR R S
EASMER AR, R E R BAME E AR B TGS/
GOGAT &K I R A B FE IR ( Vezina et al. |
1989 ; Chalot et al. ,1994) . W53 & BIWITE AM HH#
T HEZEN LT NR Al GS 15 1 ( Stmdaresan
et al. ,1988 ; Kraldoff et al. ,1994) , F AN AM
LR N A7 A2 5 R R 9 A TR AR AR G-
GOGAT, Hodge % (2001) BI . AM FL T ( Glomus
mosseae) P E B gt GS 1) cDNA 4K | [A] i 6 15
2T Glomus intraradices "% % [F i) cDNA F B,
Manjula 5§ (2005 ) i i £ ) AM AR F8 5 22 H GS-
GOGAT & 424 i ) mRNA K SFIER T AM
GS-GOGAT i 42 (M AE7E , I H 2 1 22 [ 4k THL A
HEIRE (ABJELEE,2009) o

TR 22 A BT MRS R 3R A R I B 3 1% A )
RN SE EERAE AM FPbfT, FIAa A4
FIELL NO, -N N EWIE AL 22 % % (Johansen
et al. , 1993 ), {H &t = &b B ()i 4. Bago 55
(2001) DL AM P& 221K P =ik BE Y Arg 7 B R AR HE
T AM TR 22 N AE7E [5) 30 ) A AR A [R] 1Y 2 24008 1
W BN H 22 Ws i) FEIRA, 5 AR
SEES AN i 4 R Y R LR R (Manjula et
al. 2005 ;Cristina et al. ,2007) , 348 11 AM ELTE
SR RAGA A BRI A Arg 1K I 2952 40
FEArTF 5 Arvg B HUAH G 4 3 TR S 7R AR A1 B 22 v
FIk SRR 53 A O 1) BE P 7E AR P9 TR 24 b g
ik, BAEUEREEN, Arg il 52 BH RIS
(T SAEAR SN 22 iz i, B E B R AR N 2 DL 2
R IENFHE 0, UL 228N B 5 7 iz
FnT R R UM RZ AR ST AT X s i 2T
PRTIE SR A PR 1l B2 AT A i P (R B T

AR AT A R AR AM B
PEIER ) R LA AR RS Bl (H 2 2 401y
PR — A 583 U Arg 76 T8 22 [0] (15385 7 28, AR
P22 Avg [P ES TORAT A4 B S &R 2%

], PR R 5 7 SR A5 5 55 0 BRI AATTXS
TR EL A MLA A S R 5] T e AR
T BT 2 ST TARUESE
2.3 GUETE TR MR LB AR AR AR A0 e A T R AR
iz

AR TRAR EL RS A 2R T AR L 25 25 A
X — WS R AR BE S, (E AR P o 22 e 3R i 25 A
YRR S 25 RK0E . B T5ErrmFA Zpridid
9 AN W T NH, =N I A 2 R AN
Arg S A A TR ECTE A AM LB P AR £ R
UL, Bt UG IR W Ay 2 TR A L T A AR
FRAH AT BT AMA B iz 1) 3 EE 2L (Chalot &
Brun,1998) , (HILA BIAF 5% 5 A0 1] T I AL N A%
BIE 0, WFoE & MBS B 15 (Medicago truncatula)
1 HAH JKAR ( Lotus japonicus ) H3 R W43 B 153 T
it NO, ™ -N Heiz A LA, 2448 FitEin NO,~-N
J& i FE R RARAR 2 rh B R 2IR i e HE I A A5 2
A Al e AT %S BT MA Y 412 JE 25 (Hohnjec et
al. ,2005) ;Manjula(2005) il Jin % (2005) &8, "C
TCERIR A R — R RN 22 12 i EAR N
22 ARJEIEWA e 77 AR A b, 25 ARG
PG I DA B 55 K 2 3k 40, DU Arg 437 A=
() NH, " 7] 5 A% 5t 1 R AMA R a2 1 E 2R K,
[i] — M [a] , Selle 55 (2005 ) 7EAME BAR 53] 17—
FHAYHEN . Gutther 25 (2009 ) ) FH #40¢ S S0 b 1 4
AR BEHAR R iR A5 & A AR A 4 M A 4, JF M
I3 B AT B — B o B v o A0V B R 5 as B Y
R——LjAMT2. 2, B 5% J 30 . ok 356 PR 7 TR AR v sy 2
R, I HXFERYE pH A AR 38 AR | B RE SR
JETIfE EAMKISTER X2 | A5 NH, 558 %
PIA G, NH,* 5 2] T34 28 B X 38 4 36 NH, "/
NH, 4 99. 998% , J& LAMT2. 2 Wl i) B, 4R
T A P BRI () e ds e 5 R AMTR. 2 iz
2 NH,, MidE NH, ", % &SR X IR — AR
PEEREE , I L0 5 5 0 1 i 32 ML g e h P e iz
BL, Gutther (2009 ) #& i, LiAMT2.2 7] BE W i
NH, ", SR )5 1£ 85 5 32 i 2 o, ik JC Fi fir 119
NH, ZEAEYR AT, XA ALHAS DU S 1 i ik
JE NH, XY 48 n 2 FAEH, KR FiEr H 3
FESHHBTAMA DR IF R T HY AR R IE T 78
WS e A S T HY IS s i T

B JER T AM WISOR] A JEHL A A 3 78 42 A5
BB SR AN B 2258 1 AN 6] 1) 52 B P b
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Fig.1 Model of nitrogen transport and metabolism in the arbuscular mycorrhizal fungi

PR S ARRICHLAAIS SR 77 16 58] 5 AR A A S I A0 B eV P Bt , R 77 S AR A g A mh A I TR A T RESRI LR o SRR T

Jin et al. , 2005 ;Guether et al. , 2009 ; Tian et al. , 2010,

WA TRIE B LA, SR 5 T8 i — ZR 5 i S 07, 4 3
BN Arg, HL2BER DA Arg 5 2 BBERILEE A B
AW RUZ BRI B 22, 3 5o 5 E ARG P 1) i AR
WK Avg 43 NH,*,NH, " 7E 2 Y A i i ie
I, T TR 22 55 0 240 i 1 S T B AMACRR T H R
NH; , NH, B J& 3E A W0 20 i 5T, 2 5 8 90 09 397 bR
R

3 EREERREEYREF AREEENS

M 2D E 51 1 ( Turnbull et al. ,1996; Nasholm
et al. ,1998; Bennett et al. ,2004) , KEB AP I A
FL A& F 2 5L 1R 55 A HLA Y BE 7 ( Cappellazzo et
al. ,2008) , PEARELTE AT LI B 55 W a3 ] 42
P kAT 3270 WA BT BCHAB ) 5T 1) SR AR X X R A
INEARIH . WF9E % B, At BY A6 2 T AR ] LAy W i b
H G W LT DRSS AR 8 A S SR A LT
I N 2 (R R SRR E 24,2008 )  HEF AM EL
TR AT o - S AR o 2 P A R 5 il 1 3 4, AT
IA HLAE A AL B ( Hawkins , 2000 ; A AR % 55,
2004) . BRItz Ab, 22 B 2SR AR 27T DL 3 WA 5
A HLIR , BB AR ZR AR KA B pH, DA T e 2E M 25
PEMIBTHIRER . RARSRAF (2004 ) & L 550 AM
B AR AR B pH AR, I EL AR B2 5 AR 1=

PRBIEMR KR, MERRILE I FoTR s )
S5, A HFFEUE B NO,~-N Wz i 4 3% 3 B ok A
TP 5 A B BT R A BB R il
Yrelid it 5 WA 1] )iz i i pL o A A (TR
55,2002) , BRAh, T 228 38 v U SR AT XL
SRHIE, R A T — A5 1) gl Hh e A T
FAB 7 1o i T 51, 3 o o U 3 e (2 1 A )
RO BTG 3R Y A LA

T3 Hh, AR EL TR Y A G T DL A A
H L ER AR R NR A GS WE LT 103X 79 2
TP AR AR A4S ¢ B R H A ( Marschner,
2001) ., Gomez %5 (2009) i AM E.I& Glomus intrara-
dices 17 % Medicago truncatula , FEMAZ I P B
2T Glomus intraradices W) — > AUTT |6 Z ¥, i
AUTT B 2 A0 M AT A B AT W 1) — B alk, i
AR AM 9 ABCA 7T BEAFAAE H MR 4, 33X 504 A
AR B o T AR LR — AR 20 WL s 4R it T 20 TR
(Gomez et al. ,2009)
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B AR B T i iR A AR AR T, 7EAR &R JE R K
PER I AR B 22 PR 254, ELARSIN R 22 40K i 2544 ]
PRUE DA 22 L2 5y i 28 A i X0 o e v A AL e i —
SE A P AR ZR ME LR ) & 42 A (Benjdia et al.
2006) . S35, AM HIE I 22 AR B iR, 5
JCRTE R 22 W] DL TR 2 LAY s B R 715
W (Liet al. ,1991) . BRUAZZA B RRPESL, R AR FLIA
R Y AT A SOt A 0 25 EAE AR R A K (L 814
85,2011, JuHOR X T A R BS54 1Y kL BS AL B
IR Y-$ &K N

HR P HLUKF- L R B 2418
225G LG SR S5 44 1 TE B8R T 1 22 S5 AP 4
JHE0 P 2 kv AL, PP AL AR DA 56 RT3 2 )2 A1 e
METE AL ZE /D 10 1% ( Gomez et al. ,2009) , H HIIME
PR B 2288 28 1T DL L B4R AR BERIE i ne G
WA | B 22 AR W AT 1 3% 4 R K 43 R B4 B % 2R B
(FBAAAE,2003) , ZEFEBAFE (2007 ) FEWFE AN
IKFEFI A I 2 R 1 22 570 & 30, TRAR mT DA
K FEROHR TE LE , 1T MR IEE b 0/ 15 37 43 (3R 10 4 3
JIAESC B ( Alexander et al. ,1984) . 40 g~ i #E #1
PR 2230 AT AE A AR T WA R A 4, O35 3k £E AE
P22 R BRI oy B T A A IR TR TR AR S A i
AME2EAKOF L, AM BB 1) 42 e ] i 25 2 0 4 40
TR AL R 40 B ) S A B R P Y
RN N S TR 5 e S Y I L b ] o
LI O T = B 24 S Gt | B R S R Gt
Sy AR B, R TN B 5T 1) A R (R ES AN SR
%£,2008) , HARERZ B EEUESE , (A2 X 851 1
AR AE—E R 10T S5 A E A A,

AN WA Sk R0 0 L T A0 1 iR g A
g FEE IR 7 is RO fe v, JEBE
EHEEENEA, S bR G X R B AT 5 B
WAt A7 BE f, FLAL B 2 B4 TR P (Kottke et
al. 1998 ; RS ZE 2001 ), Arg 7F AM EL B A H
RESEPREREZEN PR FIEM, E 90% 1Y
Arg #IAEAELE T 22 AR 0 (Jin et al. ,2005; Man-
jula et al. ,2005) . 122 4R FL TR ) WAL AN HJ2 &)
HWERIE 4540, A B S8 BUE 22 AR R 40, X
AT RETEFR AT I 038 i v 2 ¥ T B4R ( Cole et
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5 TFHEEA

SV ST AR L e BEAE A ORI T R Y

RIS T iR (HOE AR 2 i) A HE 2 o
T, AR — LA SR R S, AR EL A R
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Wi RS, Iz B4R 2 2 MAMERAR AT AM A
T, HAB AR AT W 5T LA AL F25 1, TR AR LA
PR A ORI R R R DL RS 8 3 k4l 2
BORIRTF AR BB, 1 25 A b 5 A B A G
()R 2R A SR RIAR D | TR AR 1) £ 7 5% 3 2 A o] 5% i
A FMY) Y RS T BB SIEEREY
ANFEPLE HETEATE R, 500, A LARSE Y A=
K— P EEW BEA R RS I MARMENED
ZHFRZ BT E N, HCF AR A H A
LA TR AN BIRA . BEE RNA T TILL-
ING (€ )15 HE R 41 SRy 9848 ) 45 e Inl st AR 24 R
A BG5S 4 35 PR A I e T AR AR TT, D J,
FOG DT EIH R AE AR 5T L B R T , TR 5 A
PREAE A FH A ZR WAL TR A Wr g 48 75, 55 IR AR
HRETEN ST A B s AE gkl ARolk DL 16
FREEAL I B

S 3k

R, W, BB W, 2009. MK AR A A ZE WF ST
JE. AEAEER, 29(10) ; 5627-5635.

BEY, EAA, BE%E. 2007, ZYUEKRERHARIES
REMER RHAMYLH. LHEEW, 44(2). 274
279.

XISCEE 2003, AR, R4, (4): 36-37.

filielz. 2003. HEYIEFEE. JLaT. P ELOL KRR A

ERIBENG  HRRIR | Kottke 1. 2001. FHHLT-AE 14 26 ik B 0F 5%
P. tinctorius—P. massoniana WA, JE] j(%?iﬁi( EP/N
Bl2ERR) , 40(5) ; 1156-1162.

RS, RS, R, % 2004, MHFH BRI KRESH
AR PRRORIAEE AT, AT, 13(2) ; 211-216.

ERIE, FINLE, EN. 2011, =EMFRYAR 2 AR L E PH
AR IEE RIS, Bl #4f, 27(1) . 77-79.

B o BRAE, 2R B 2002, AM EEXTEA KR
B, IR R, (4) . 22-23.

FINLE, KE, % IS 2010, =4 H: Y AR 2L I U A
TRt e FL e A . E AR B, 43(4) : 868 -
872.

TRFH, UL, 2008, 2 HE AT Y A AR K TR AR L L AR
WFoE (TE2RAe30) . dbat, dbaikoll K2z

KA, A, BN, S 2003, AT D 5 IE
NN AR PSS, Mol BL2E3E5T, 116 262-268.

A ¥, RU/NT. 2008. A TR AR I A A # BT 5T A .
MOl K== ( B AR | 32(5) ¢ 135-139.

Marschner H(ZEHA&13%). 2001. &MY FESE. b
T P ER R R

Abuzinadah ,RA, Read DJ. 1986. The role of proteins in the ni-



PIVEKFE A5 ¢ AR LT (2 A 0 IR ] P R IR ) WS e

1309

trogen nutrition of ectomycorrhizal plants. 1. Utilization of
peptides and proteins by ectomycorrhizal fungi. New Phy-
tologist, 103 . 481-493.

Alexander C, Alexander 1J, Hadley G. 1984. Phosphate uptake
by Doodyera repens in relation to mycorrhizal infection. New
Phytologist, 97 . 401-411.

Atul-Nayyar A, Hamel C, Hanson K, et al. 2009. The arbus-
cular mycorrhizal symbiosis links N mineralization to plant
demand. Mycorrhiza, 19 239-246.

Bago B, Shachar-Hill Y, Pfeffer PE. 2001. Could the urea cy-
cle be translocating nitrogen in the arbuscular mycorrhizal
symbiosis? New Phytologist, 149 . 4-8.

Benjdia M, Rikirsch E, Miiller T, et al. 2006. Peptide uptake
in the ectomycorrhizal fungus Hebeloma cylindrosporum .
Characterization of two di- and tripeptide transporters
(HcPTR2A and B). New Phytologist, 170 401-410.

Bennett JN, Prescott CE. 2004. Organic and inorganic nitrogen
nutrition of western red cedar, western hemlock and salal in
mineral N-limited cedar-hemlock forests. Oecologia, 141
468-476.

Cappellazzo G, Lanfranco L, Fitz M, et al. 2008. Characteriza-
tion of an amino acid permease from the endomycorrhizal
fungus Glomus mosseae. Plant Physiology, 147 . 429-437.

Chalot M, Brun A, Finlay RD, et al. 1994. Metabolism of
[“C] glutamine by ectomycorrhizal fungus Paxillus involu-
tus. Microbiology, 140 . 1641-1649.

Chalot M, Brun A. 1998. Physiology of organic nitrogen acqui-
sition by ectomycorrhizal fungi and ectomycorrhizas. FEMS
Microbiology Reviews, 22 21-44.

Clark RB, Zeto SK. 2000. Mineral acquisition by arbuscular
mycorrhizal plants. Journal of Plant Nuirition, 23. 867 —
902.

Cole L, Orlovich DA, Ashford AE. 1998. Structure, function
and motility of vacuoles in filamentous fungi. Fungal Genet-
ics and Biology, 24 . 86-100.

Cristina C, Helge E, Carmen T, et al. 2007. Enzymatic evi-
dence for the key role of arginine in nitrogen translocation
by arbuscular mycorrhizal fungi. Plant Physiology, 144 .
782-792.

Gobert A, Plassard C. 2008. The beneficial effect of mycorrhi-
zae on N utilization by the host-plant: Myth or reality? //
Varma A, ed. Mycorrhiza. Berlin: Springer-Verlag: 209-
240.

Gomez SK, Javot H, Deewatthanawong P, et al. 2009. Medica-
go truncatula and Glomus intraradices gene expression in
cortical cells harboring arbuscules in the arbuscular mycor-
rhizal symbiosis. BMC Plant Biology, 9. 10 doi: 10.
1186/1471-2229-9-10.

Grelet GA, Meharg AA, Alexander 1J. 2005. Carbon availabili-
ty affects nitrogen source utilisation by Hymenoscyphus eri-
cae. Mycological Research, 109 . 469-4717.

Guether M, Neuha B, Balestrini R, et al. 2009. A mycorrhizal-
specific ammonium transporter from Lotus japonicus acquires
nitrogen released by arbuscular mycorrhizal fungi. Plant
Physiology, 150 . 73-83.

Harley JL. 1989. The significance of mycorrhiza. Mycological
Research, 92, 129-139.

Hawkins HJ, Johansen A, George E. 2000. Uptake and trans-

port of organic and inorganic nitrogen by arbuscular mycor-
rhizal fungi. Plant and Soil, 226 . 275-285.

Hodge A, Campbell CD, Fitter AH. 2001. An arbuscular my-
corrhizal fungus accelerates decomposition and acquires ni-
trogen directly from organic material. Nature, 413. 297 —
299.

Hohnjec N, Vieweg ME, Puhler A, et al. 2005. Overlaps in
the transcriptional profies of Medicago truncatula roots inoc-
ulated with two different Glomus fungi provide insights into
the genetic program activated during arbuscular mycorrhiza.
Plant Physiology, 137 . 1283-1301.

Jargeat P, Rekangalt D, Verner MC, et al. 2003. Characterisa-
tion and expression analysis of a nitrate transporter and ni-
trite reductase genes, two members of a gene cluster for ni-
trate assimilation from the symbiotic basidiomycete Hebelo-
ma cylindrosporum. Current Genetics, 43 : 199-205.

Javelle A, Morel M, Rodriguez-Pastrana BR, et al. 2003. Mo-
lecular characterization, function and regulation of ammoni-
um transporters ( Amt) and ammonium-metabolizing en-
zymes ( GS, NADP-GDH) in the ectomycorrhizal fungus
Hebeloma cylindrosporum. Molecular Microbiology, 47 . 411
-430.

Javelle A, Rodriguez-Pastrana BR, Jacob C, et al. 2001. Mo-
lecular characterization of two ammonium transporters from
the ectomycorrhizal fungus Hebeloma cylindrosporum. FEBS
Letters , 505 ; 393-398.

Jin H, Pfeffer PE, Douds DD, et al. 2005. The uptake, metab-
olism, transport and transfer of nitrogen in an arbuscular
mycorrhizal symbiosis. New Phytologist, 168 ; 687-696.

Johansen A, Jensen ES. 1996. Transfer of N and P from intact
or decomposing roots of pea to barley interconnected by an
arbuscular mycorrhizal fungus. Soil Biology and Biochemis-
try, 28. 73-81.

Kottke I, Qian XM, Pritsch K, et al. 1998. Xerocomus badius-
Picea abies, an ectomycorrhiza of high activity and element
storage capacity in acidic soil. Mycorrhiza, 7. 267-275.

Kraldoff M, Zimmer W, Botlle H. 1994. Genetic evidence for
the occurrence of assimilatory nitrate reductase. Mycorrhi-
za, 5. 23-28.

Li XL, George E, Marschner H. 1991. Extension of the phos-
phorus depletion zone in VA-mycorrhizal white clover in a
calcareous soil. Plant and Soil, 136 . 41-48.

Lopez-Pedrosa A, Gonzdlez-Guerrero M, Valderas A, et al.
2006. GintAMT1 encodes a functional high-affinity ammo-
nium transporter that is expressed in the extraradical myce-
lium of Glomus intraradices. Fungal Genetics and Biology,
43. 102-110.

Mader P, Vierheilig H, Streitwolf-Engel R, et al. 2000. Trans-
port of "N from a soil compartment separated by a polytet-
rafluoroethylene membrane to plant roots via the hyphae of
arbuscular mycorrhizal fungi. New Phytologist, 146 . 155—
161.

Manjula G, Philip EP, Haim J, et al. 2005. Nitrogen transfer
in the arbuscular symbiosis. Nature, 435, 819-823.
Montanini B, Moretto N, Soragni E, et al. 2002. A high-affini-

ty ammonium transporter from the mycorrhizal ascomycete
Tuber borchii. Fungal Genetics and Biology, 36 22-34.
Montanini B, Viscomi A, Bolchi A, et al. 2006. Functional



1310

31 % s

properties and differential mode of regulation of the nitrate
transporter from a plant symbiotic ascomycete. Biochemical
Journal , 394 . 125-134.

Morel M, Jacob C, Fitz M, et al. 2008. Characterization and
regulation of PiDur3, a permease involved in the acquisi-
tion of urea by the ectomycorrhizal fungus Paxillus involu-
tus. Fungal Genetics and Biology, 45. 912-921.

Miiller T, Avolio M, Olivi M, et al. 2007. Nitrogen transport in
the ectomycorrhiza association: The Hebeloma cylindrospo-
rum-Pinus pinaster model. Phytochemistry, 68 . 41-51.

Nasholm T, Ekblad A, Nordin A, et al. 1998. Boreal forest
plants take up organic nitrogen. Nature, 392 . 914-916.

Nehls U, Kleber R, Wiese J, et al. 1999. Isolation and charac-
terization of a general amino acid permease from the ecto-
mycorrhizal fungus Amanita muscaria. New Phyiologist,
144 . 343-349.

Okumoto S, Schmidt R, Tegeder M, et al. 2002. High affiity
amino acid transporters specifically expressed in xylem pa-
renchyma and developing seeds of Arabidopsis. Journal of
Biological Chemistry, 277, 45338-45346.

Parniske M. 2008. Arbuscular mycorrhiza: The mother of plant
root endosymbioses. Nature Reviews Microbiology, 6 : 763—
775.

Paungfoo-Lonhienne C, Lonhienne T, Rentsch D, et al. 2008.
Plants can use protein as nitrogen source without assistance
from other organisms. Proceedings of the National Academy
of Sciences of the Unite States of America, 105. 4524 —
4529.

Regenbrg B, During-Olsen L, Kielland-Brandt MC, et al.
1999. Substrate specifiity and gene expression of the ami-
no-acid permeases in Saccharomyces cerevisiae. Current Ge-
netics, 36; 317-328.

Selle A, Willmann M, Grunze N, et al. 2005. The high-affiity
poplar ammonium importer PitAMT1.2 and its role in ecto-
mycorrhizal symbiosis. New Phytologist, 168 ; 697-706.

Smith SE. 1980. Mycorrhizas of autotrophic higher plants. Bio-
logical Review, 55 475-510.

Stmdaresan P, Rata NV, Gunasem P, et al. 1988. Studies on
nitrate reduction by VAM fungal spores. Current Science,
57 84-85.

Struck C, Ernst M, Hahn M. 2002. Characterization of a devel-
opmentally regulated amino acid transporter (AAT1p) of the
rust fungus Uromyces fabae. Molecular Plant Pathology, 3.
23-30.

Talbot JM, Treseder KK. 2010. Controls over mycorrhizal up-
take of organic nitrogen. Pedobiologia, 53: 169-179.

Tian C, Kasiborski B, Koul R, et al. 2010. Regulation of the

nitrogen transfer pathway in the arbuscular mycorrhizal

symbiosis: Gene characterization and the coordination of
expression with nitrogen. Plant Physiology, 153 1175 -
1187.

Tibbett M, Sanders FE. 2002. Ectomycorrhizal symbiosis can
enhance plant nutrition through improved access to discrete
organic nutrient patches of high resource quality. Annals of
Botany, 89 . 783-789.

Tinker PB, Nye PH. 2000. Solute transport in the rhizosphere.
Oxford: Oxford University Press.

Toussaint JP, St-Arnaud M, Charest C. 2004. Nitrogen transfer
and assimilation between the arbuscular mycorrhizal fungus
Glomus intraradices Schenck & Smith and Ri T-DNA roots
of Daucus carota L. in an in vitro compartmented system.
Canadian Journal of Microbiology, 50 . 251-260.

Trip H, Evers ME, Konings WN, et al. 2002. Cloning and
characterization of an aromatic amino acid and leucine per-
mease of Penicillium chrysogenum. Biochimica et Biophysi-
ca Acta, 1565 . 73-80.

Turnbull MH, Schmidt S, Erskine PD, et al. 1996. Root adap-
tation and nitrogen source acquisition in natural ecosys-
tems. Tree Physiology, 16. 941-948.

Uetake YK, Kojima T, Ezawa T. 2002. Extensive tubular vacu-
ole system in an arbuscular myeorrhizal fungus Gigaspora
margarita. New Phytologist, 154. 761-768.

Vezina LP, Margolis HA, McAfee BJ, et al. 1989. Changes in
the activity of enzymes involved with primary nitrogen me-
tabolism due to ectomycorrhizal symbiosis in jack pine.
Physiologia Plantarum, 75 . 55-62.

Wallander H. 2002. Utilization of organic nitrogen at two differ-
ent substrate pH by different ectomycorrhizal fungi growing
in symbiosis with Pinus sylvestris seedlings. Plant and Soil ,
243 . 23-30.

Whittaker SP, Caimey JWG. 2001. Influence of amino acids on
biomass production by ericoid mycorrhizal endophytes from
Woollsia pungens ( Epacridaceae ). Mycological Research,
105, 105-111.

Willmann A, Weifl M, Nehls U. 2007. Ectomycorrhiza-media-
ted repression of the high-affinity ammonium importer gene
AmAMT2 in Amanita muscaria. Current Genetics, 51, 71—
78.

Wipf D, Benjdia M, Tegeder M, et al. 2002. Characterization
of a general amino acid permease from Hebeloma cylindros-

porum. FEBS Letters, 528 . 119-124.

EEET IS, 22,1985 4F AR BB SE A, EENFEAL S
AERTEAR A ZE WAL AIAHIEHIIE , E-mail ; sql2yyshf@ 163. com
REHE WhE




