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KARNERFERE ( Rhizophagus irregularis ) TP 25 BRI BTRBE IR . Z5RFRW], PN SRR ER AT HSZH]
HAMA I, SRS ZER AR L, PSR R A2 B A A R R TN FEYR N 1 mg L R S mg LT B, 5 EEIAL
AHEG, RV BREFZHEFP L P =B R T Y SOD W& MM S T 26.25% . 42.3%, TR NEREFZHEFNZ 1Y SOD V& ML 2N
R AAFA o PERIAR YRR (7 5 R P BBV R T, FEAR ARV BE R | mg L' IR I ROAR 28 v A e B L G T 79 290 3 e
i 80.03%. 33.6%, TITE 5 mg-L ' iF, W45t 49.43% . 8.53%, MANRACEE sk m A4l B8 . AWFFEIES: T MR
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AR Kb A RO R SFIH, B0
1K TR . EREE s e H #2380,
W 4 8 TS YUIs OBk g™ L, HETE X
SIEERAMAHTFBROREE Lk TR, 1k
W | A= 1852 55 JLFH ( Kalogerakis et al., 2016 ),
Hor Pk 2z Bofbse ik AR L bR i 4R i
P, ARESXT REE A S LA B s IR, A7
FEZ UG XU o AE B S AN B8 AR5 R AR
TIESOK R E SR SR, WRERASE, FITIX
BN, RS EIGIUMERE A A BRI AT
5% (Dadaetal., 2015), HTFHYWERETHE—
ERFE], SHAMBE FEAMALKRNN S, MYXTES
J& B 18 R — X R R e A . X —
KU, TEREMN R —MERE I A B TAE
S RIARRT I, sl A PR AOIE S T AR (] Py
TAERCRAX S, S EHNAZ, BRI
WBERGEMEZARZ —, B4R
FRE A B SN E 4 W S R B A RE R

EARE R, FIRER) ZAE, I
HAe 5% Bryd sy RiFrdbA R, e
B, TR E AR A A8 200 % B T
Br, “HBABEREMERALE £ Z AR T AR
WA ESEIVAS . TR R R G 5,
PETAE P AR S R, DGR R A
X4 JE PR B 4R, AR R E AR E
15 BE L AR I B G ER . AR AR iR
. MHESE X EhREE S0, R IES R
EHRE ST, ALY IR R X E 4R W R E A
(Zhang et al., 2015), Sub[FEAS, W ERHLREE
B FRROL (JEHDE N P AF ). Fue 4hiid
AR IA A L 895 4 B B A DG PR Y 2%
ik BCEARBRGUE SRS, IR A i A 2
R, WRtEY X TESENZEE T, 868
BEEIRTGY T YA RARG, NiEFAES X
EEEBERIN LR, B E R0 (Garg
et al., 2014; S, 2017), HIMIEESEEIGY
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WS RIAHYME Zad fE v, A - AR BB R 1Y
WY H 2332 86 . AR R, M THLE
TSI AP -RIR RIS B R 2 A R —
Y =N E SR SRR IEE Y E Y, A
SotGE 4R E Y B E 3R (Khan et al.,
2014 ),

JSE TR A S R G A R 2 R ALK AR A
Yy, 735 ( Phragmites australis ) HIJZ#1#H 2057
TN e RE A T E A TR T B2
HY)Fh ( Korboulewsky etal., 2012), B4G, 1EH
RABE I AEAEY) T i W H b B A5 e ) 1z
M —Fh i 2544 ( Massacci et al., 2001 ), 73
— AR R AR AT T, RO A AEX AR T Y
Z RS, PEEIAT DL R A K IR
ALY . HOR, SR RT DL
EW IR, WEESRTEY, Flune:.
By G (Yeetal., 2003), VATERFSEEM, 18
AR, MELSEMWAT, AEEA BRI
FEP AR S AE Y B (EARSE, 20085 Liu et
al., 2009 ). HJ&, MHYMEE MR F LA AN
YR AR AR L BR, J5E T AH
XHRER CONTFZCR I B A Y ), BRET
%5, CH—SHE A AR AE A E 4
BTG RS E ik . WX —MERE, R
FRR i Z M m HAR R Z BRI AT R AEY &
ALY, ELSXFIAE ) e R 4 T W 3 AR AE T AT)
REREI I . B A E VIS B RY), (HAKE
B EZET (Guoetal., 2014), 125 A
EX— . WAREWEBGIA, IR =5 E A
POGELAL b, BERR T AR R BRYE, E e,
PAAR TR T DA ok 3 G AR R A ok L
WA, HK, @ hfetE s+ oAl
Y FATL 3G fan 7 =5 X6 J 360 A T 52 2 5 2 v 4 1) A=
WIS, FEAERR T EALREZ BN RS2 3/ M
THOT, MmO EE T2 ; &5, H
T AT 35 B TR AR LT IR S AR v
5 B PR PRI N A B REAR B, AT 25|
AGNRAE D R, WICFE AT 36 N TR MGE, B
T AR AR Bl 3 PR G 25 AU

Ak, —S R HIAEY B R IRAEA R B 4 JE s
P DX IARSR AT AE S A G, X R R HA 1)
Pl fiETs B X B &R e b, SR, A
=5 10 4 i sk Mk St A7 Mk A e v A B 2 THT Y T 1
BUHNE B2 5 A I HRAE AR . R, AR
Wt P R — RS N AR BRI RS
T 4 WS S A e 3 PR R T T R R R 1Y
25, X R A bR RE 1 EA T IEA

1 MREFE
1.1 AEMFREREEEFIKIE

AT 00 25 AR T LR T A R R R R R
Friefit, Kty b/ NERTE S, RO
WK . TP BRI B IG AR A R
IR PR BT, DRIR SR T3 T T4
WECAMEAE o BE VIS HRBERE( Funneliformis mosseae )
NARNEREERE ( Rhizophagus irregularis ) HEEIETT
K rE Rl m et 2845 T R g v B 7 A
T2 15 go TERFEIGFRFAT, WHRRAIA =05
( Trifolium repens L. ) YE R 15 E53 510 % 3 ~H (Hh
FHME, 2004 ), TESCETFUATET, 49 EarmmEn
W SR AR BT <1 om /MBI —E
HEAX TS, & 9 Hiffi,
1.2 EYEERAREEEM

FEREFI RIS MBI T 2% RN R
o FEEEREPE 15 min BENASE RS P LB FKE
WS, SRIEHE RN T (1) TR (2)
HERNEEVU AR SRR, (3) HERMR N EREERR A .
FRIKb R ZH B S50 PP HUTA 100 g 18247 100
BE TR SRR 10 g BEVY BN BERE A7) 0
R P ERRUIMAGE A . P37 F 10 g
EEEKE (121 C, 2h) MRHNEREERFF, L
A A A o A B A S 0 2 v IR 4 2K 1 3
%, INIMITHBREE iR 2% , A A B2 B 3446 R 100
FiFhF (Wangetal., 2017 ), &M AILR SRS,
P A AL B 1) P S AR = N, B —
JAZEAT G T A AR A T R 1 R LS s b
HMARIREE XTSI 2 R T, IR RS R N
R H MEIE 14 h, $HEEDY 30 °C, BEEMTH] 10 h,
MREER 20 °C 5L WA AR H 1/4 58 B2 1) Hoagland
MR EFRIRGERERE Y . i 100 mL/& /], 43R
2—3 d XA AL AN EAE R Hoagland 2l R F+
W LA 1k P =BT AR K R B B Bk = W55 1B FR 00
% (Hoagland et al., 1950), =% LIENFIE MR
IKIRBE R bRifE GB3838—2002, ik Hhin 5256
[ B U0 R :0.02.1.5 mg-L™'( Al et al., 2002 ),
AR OB B> 3ANER (34), 78
AR 21 d N, A A BB TR R RS 3
d B4 1K,
1.3 AFHEKISHRNE

X725 Ay ZE R O S E 4 A
WiFrER (55 3—5 JJE ), K= (ER) IHHEMRIG
HEWHEF R ERGEAERZ R (5 7—9 J
Ja, BIt235d). BEREYLER: 10 BRI 4500
FEZEMPRE . R 2O A R (R EREIECE
TREAE R ) BARR A (Arias et



ST UGG - TR LTS 7 =26 HR AL AU R BE ) B4 )

573

al., 2010 ), KFUSCHIE 4 i 2588 /K vh e T,
GBI ZEER o BAR R ER 7o TR RS R A
T AR B R R YR . AR 453 T2
A, BRSNS T 70 CHLRTPAL R (29 48
h ) ( Headley et al., 2012 ), % Pereira et al. (2010 )
W75, TR T 488 (SVI), AR (SRL)
RAFTEFEELCSD), VIPEM P54l i i AE K E B IS O
R G PTAL PR RN, ASBFSE RIS T T RARAK
ik (MRAEIEE, 1989 ),
1.4 MENXRZES DT

BT VR S 0T A% PS5 AR AR 2 S R
(=196 C )R UG i U Y (SR RERIZI 58 1L,
PR T80 CokAR ), HLIRPHI& ¢ s ,
VAT , PRI 5 SEhist 4 43 (A 24 1ot
R ELHIEAE 0—4 CHRIFF it T, BAkDEf
fig (SOD) Ml R AW UM (NBT ) )ik, o
ALY (POD ) SRATERIE M (QNNM ) Ak,
HEALERE (CAT ) R H,0, JH#E:, PidhiiRid
Al (APX) RHIFURIMIRER ( ASC) Fdbik,
i S PUIR LR A R B ( DHAR ) >R HETIA MR £
(ASC) &, AMeH LR (GR) SRAE )5
RUNR e B ISEe A2 AT Rk ( NADPH ) %A 4bik,
AWEH K s-F5 RS ( GST ) SRAH 1-8-2, 4- R HoR
(CDNB ) #5673k, $RECE W Bk 58 5%
Carias et al. (2008 ) M Meier et al. (2011 ) FIBFFE
15 AERTEEARFEEEFRREIENT

PRV AR oy B 2Rt (ZERR)
FARZR (HERZERAR R Do FrAREIAFE 70 CT 4L
TEfEE, PHEYLE 100 Hit, MPFES R
i (C). A& (N). i (S) JLEHRAAH TN
Il %€ ( Vario EL; Elementar Analysensysteme GmbH,
Hanau, Germany ). RH3FF S H S SAE S, HER
FREEF29(0.3£0.000 3) g J5 L ek T4 % 2R G0
it (MARS-5; CEM, Matthews, North Carolina ),
THRR FHROBR HERAR (36% ). MR (67% ) M A
2 (49%) L 5:2:2 (viviv) (IHEBR A M. 4
FEMEf ot s, RABEEKECHI T 1% R
FEZRZE SOmL, FRAPIMI(B). B (P), 8t (Mg).
A(K), 85 (Ca), % (Mn), 8 (Zn). B (Fe),
i (Cu) MeH (Mo ) JTE A H L Jsk A 4 2 1A
JRTF KA (ICP-AES, Perkin Elmer Optima
5300DV ) K o %R A A B 1 1R BT O A g 0 E
(ICP-MS, Agilent 7700 ), % EF|F R HIAIHNE,
PRI E i R FGIEPRHER BT GBWO7605 (£x7% )
WEAEYIREAS . R T P P 35 Cu 4RER
Mean RRVRRE ST, I AT ¥4z %0 ( Translocation
factor, TF) M &4 Z %L ( Bioaccumulation factor,

BAF ) Hi>2% ( Alvarenga et al., 2008; Van der et
al., 2013 ),
2 #REIHE
2.1 ${ARME TEMEREEMASEKABHEN

KRS U E— B L HERR I iR 22 57
X2 SRl B T, AN IR B Tolp i B PR AR B T 42 PR
ARFRA PRSI SCAE PR AR 1 R

MG AT G H, FEHIRC B A 1 mg L
F, AP RAR B EEX SRR KR K
MATE. 4hEE . WK fFsHEEr-4
TR, EARI, $2Hh R PO R R FNAR Py BR
MR R REST 58S T 71.42%. 107.8%,
WG B IR T 34.46% . 5.74%, HARK
IR T 16.2%. 25.2%, fETEHEEr it E T
59.2%. 37.6%. HAALHRMEIE R 5 mg L7 B, HEIRE
DA I X Pl o R S R R AR, ELARR I N
Br_LaRFERRAN, ZErPAEROR | fRiE . ZEH, TR
M . 2Rk EE R A AR B
wr, H SR NEREEALL, Rl EE P ER SR AL B K
Al EARAIFR PR 2 . T RIS MR A, AR
PEREFF AR 3 MR EEHALEE T, 435 1.24
1.22. 1.16, & 5 TEEVE R R 1.1, 1.09. 1.05,
AN, HAL PR O mg L £ 1 mgL™', S5HE
FILHARLY, BEVGERPERE SR P BRE AR AL BRI 1Y) =6
FIFH SR PR B0 B B A R Rk dA, 2R AR
AR FATRENIE T %A fh
22 {AMETEMEREFNASRELRESEN
=AU

il 38 AN R AL B A B AR R A bRk
SRR 2 FTR AE AL YR E N 1 mg L' B
SARM AL, BEPURR RN P R AR T
) SOD. GST MiftEs Al m 1 26.25%. 110%,
TESAAL B S 5 mg L i, T3 BIHR s T 42.3% .
17.74%., POD., APX., GR ZEHia bl /i & bl
A Ao LA R B n () AR AR AU AR — 3 AR P R
FALFAPRT GR Z b, BEREIH TR Xf
AR SRR AL BRLE S5 M M AL T, TR A VR
M Img L' FHEE 5 mg L (0t B, AR
FIA A, RERSPUA A 22 GRS 1 1) A8 Ak 5 sk
AN, TEHEREXRRE . AEEEFT AR BB S (W B AR R
HL, PrAEALALS & 2 oA He B S e R 7 4 3
A—3%g, SOD. POD. CAT K APX Jif 5 b EHK,
L o o A Ak B R R () 34 i R B S B TR
R

4 Jm i vl A AN e A 2R R
F (Reactive oxygen species, ROS ), #i|anta% A=
TFHHE (0-). HHHHE (OH-), 4k
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Table 1 Parameters related to the growth and development of Phragmites australis
iy HIALFRYEE Cu treatment =Bl JEEVYRR AR HNERIERRA
Index concentration/(mg-L”")  Aseptic agent group (C)  Funneliformis mosseae group(FM)  Rhizophagus irregularis group (RT)
MrmA KR 0.02 3.224+0.47b 3.60+0.31b — 3.07+0.09b —
Elongation rate of shoot/ 1 2.69+0.08b 3.06+0.78b — 2.42+0.32b —
(mm-d™) 5 0.68+0.18a 1.64+0.08a 1 1.31+0.30a 1
AR 0.02 1.65+0.16b 2.01+0.34¢ - 2.30+0.28c¢ 1
Elongation rate of rhoot/ 1 0.77+0.18ab 1.32+0.19b 1 1.60+0.20b T
(mm-d™") 5 0.45+0.10a 0.90+0.23a 1 1.10+0.25a T
/R 0.02 415422.57b 532+6.42b I 400+34.99b —
Shoot length/ 1 406+31.16b 499+16.45ab I 372+17.55ab —
mm 5 329+9.04a 468+12.02a 1 348+14.66a —
isSN 0.02 147+6.42a 260+17.64b 1 213420.89a 1
Root length/ 1 135+4.83a 241+18.73ab 1 199+£3.21a 1
mm 5 123£12.64a 234+21.06a 1 193+2.43a 1
E vl 0.02 2.23+0.06b 2.6+0.17a 1 2.43+0.12a -
Basal diameter/ 1 2.17+0.12b 2.33+0.12a — 2.440.1a 1
mm 5 1.87+0.06a 2.23+0.12a 1 2.440.17a 1
AR 0.02 333+19.08b 382+17.06b 1 341+18.34b -
Leaf area/ 1 307+25.11b 341+24.01ab — 320+27.3b —
(mm?) 5 216+16.82a 301+14.5a i 267+£27.97a i
o, 0.02 181+15.1¢c 194+12.53b — 169+10.79b —
. 1 155+14.42b 168+14.53a — 160+13.65ab —
Rachis length/mm
5 111+13.58a 150+7a T 140£11.93a T
ZEMTE 0.02 125+11.86b 152+11.81b 1 106+11.75a -
Shoot dry weight/ 1 115411.55ab 137+12.42ab T 99+8.64a —
mg 5 105+1.88a 132£11.57a 1 96+8.81a —
WETE 0.02 31.1+2.45b 52.4+4.23b 1 38.6+3.35b T
Root dry weight/ 1 27.8+0.76ab 43.9+3.55a T 34+2.76ab T
mg 5 23.3+1.67a 40.5+2.48a 1 30.7£2.72a 1
’ 0.02 - 1.10+0.03a 1.24+0.07a
Mycoi?zﬁfdﬁri dence 1 — 1.09+0.05a 1.22+0.04a
5 — 1.05+0.02a 1.16+0.03a
. " 0.02 408+44.02b 4724+50b — 404+63.01b —
Gk 23
Seedling vigour index 1 383+48.45b 515+31.78b I 405+31.26b T
5 188+20.58a 309+26.58a 1 279+28.44a T
AR 0.02 43.5+4.35a 37.1+1.76a l 33.7+2.19a l
Specific root length/ 1 50+2.87b 41.9+2.38ab 1 37.442.07ab 1
(mg™) 5 61.6+5.24c¢ 47.4+4.06b 1 42.343.47b !
T 0.02 17£1.31¢c 22.8+2.26¢ T 19.9+2.44b —
Survival index 1 12.5+1.31b 19.9£1.53b I 17.2+2.06b I
5 1.2+1.04a 3.3+0.76a — 5.2+0.76a 1
REMERIR AR 22007 (Duncan K86 ). #3k H T B DLW BAR EL TR AL BIAH 5 ETR R Z IR/ E R ARBRAER (1), R4

B3 (-), FAMHATE (). =3, T

Different letters indicate significant differences among the 3-level copper treatments (0¢=0.05) after one-way ANOVA (Duncan test). Data are mean+SD

(n=3). The arrows indicate that the mycorrhizal treatment is better than (1), equal to (—) or less than (|) the control treatment. The same below

A (H0,) 55, WRAHE BRI B A et
/%jh, 2t AN E AR N, (AT ANS . Al

SEMSEEAEZ N, RIS R RS W Ky
?9&(& WAL AR SZ A, AR B A S
YA, S SIEEY N PUE R TR,
TSR AN A PN 2 A7 B SR A A, SRR A X T 4
@A RS2 (Das et al., 2014 ), A#fged, 4k
e N AL L R R S N Nt 5 e 2 R A e4E i )
TG PEREE e s B 3, PRI e BT R
FRARAY, XU P 2R I PR T BR R G R 40
LR RS R T FRRE W Ty A4 sh A P, b,
PAHR TR A R 50 3 B R 0l G P B e 5

FEARE AR A R FE AR XS e, sk 2ol 73 A DL EE
FRE A E SRR A 3L, (HAAHERR FRAR B
JEARIGRTE FAEYA S A A MIIAZRE T, WHAb Y
THIGEff T4 30 i BB ds . XIS (2015) R
FHBCR Y Kottke EFRIRIGTRMIIE T AFIRALL |

DDT Ab PN 4 J@ AL BEXT /M B AR B 21 90 a5 2 T
W ( Xerocomus chrysenteron ) EBHETERISZM, W
AR, IRWEMN Cu. Cd LhFHREMR S X
chrysenteron F=l, ©nHHAE POPs M4 EE
BTG YIREL T X POPs HYREMEE 1) miNa% (2018)
A T bt 0 G S#h#h ( Pisolithus tinctorius )

WRIR Y SN ( Pinus massoniana ) 7EIHE T 5
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Table 2 Antioxidants in roots of Phragmites australis
BRI il b ‘ Iﬁ?ﬂ]éﬂ JEEVUBREERLH MR BREER L
Antioxidant component Cu treatment coillcentratlon/ Aseptic agent group Funneliformis mosseae group — Rhizophagus irregularis group
(mgL) (FM) (RI)

A ALY L 0.02 17.00+2.00a 22.67+1.53a 1 19.33+1.53a -
(Superoxide Dismutase, SOD)/ 1 26.67+£3.51b 33.67+2.08¢c i 28.00£2.65b —
(Umin"g™" 5 19.67+1.15ab 28.00+2.65b 1 28.67+4.04b 1
A AL 0.02 2.63+0.31a 3.13+0.80a - 2.93+0.49a N
(Peroxidase, POD)/ 1 5.00+0.36b 6.63+0.31c 1 4.17+0.76a —
(Umin g ") 5 8.30+1.30¢ 4.83+1.16b 1 3.97+0.50a !
AL S 0.02 2.27+0.25a 2.87+0.67a — 2.40£0.17a —
(Catalase, CAT)/ 1 5.33+£0.31b 3.83+0.42b l 3.60+0.40b l
(Umin g™ 5 7.50+0.56¢ 7.530.49¢ — 4.90+0.44¢ —
UK MARE A A A 0.02 5.27+0.31a 4.27+0.5% - 4.40+0.56a N
(Ascorbate Peroxidase, APX)/ 1 11.47+1.31c¢ 8.20+0.95b l 7.07+0.71b l
(U'min g™ 5 7.43£0.45b 11.00+1.67¢ 1 7.43+0.70b -
T S PUIR LR 1A I il 0.02 0.27+0.02a 0.37+0.06a — 0.21+0.02a —
(Dehydroascorbate Reductase, DHAR)/ 1 0.18+0.03a 0.14+0.02a — 0.25+0.02a —
(U'min g™ 5 2.73+0.25b 1.374+0.42b ! 1.33+0.06b l
23 I H R S 0.02 0.57+0.15a 0.49+0.06a - 0.36+0.04a !
(Glutathione Reductase, GR)/ 1 0.83+0.09b 0.64+0.08a l 0.52+0.08b |
(Umin"-g™") 5 0.80+0.06b 1.27+0.06b 1 0.57+0.10b !
AEHE R s-FER B 0.02 0.1620.03a 0.19+0.04a - 0.14+0.03a =
(glutathione S-transferase, GST)/ 1 0.40+0.05b 0.84+0.08b 1 0.68+0.06b T
(Umin"g™") 5 0.62+0.04¢ 0.73+0.10¢c 1 0.77+0.06b 1

JEEREPEER 225, SRR, BRI EA
557517 SOD ., POD., CAT jfth, FMHREFI MR ER
FH)TF [P E/E M . Tan et al. (2015) %446 e /R
( Solanum photeinocarpum ) #17 Cd AR AL, £
Fiks FCRE 1 Glomus versiforme )5 %546 IHN POD |
CAT KAedhiig it F e ( APX), 4t H fkid i
fif (GR) EMHEE S TIEA4, Hr POD
PEIGIRIAR] 226%, {HI2: SOD 7rHEmis [CH I G 4t
ATCARA, XU BRAR B TR R G A
g AR A P B S o R AR AL 4%
REZE, WEHEST, (HSMAIN FAR H I RERG R A
YNPERRERE T . NV EES RS TR
I IR A0 B3 48 ROS MR BRI ALY
23 {AME TEMERERMNAETEFTERII
EEA

ENGE D& TS ER LR = NS S
C. N, P, S, B. Mg, K, Ca, Mn, Fe, Zn K&
Mo iX 12 TR R BTR3NS 3 Fis ., T8
SR UE N, F—WREME T, STEF4HHELT,
B IR TUR TEAMR N BER IR R S B DY BR A8 R AL JLA 1
PR MR IR AR E A ANFNE
BTN, S5HEFNAMEL, SFRoRaEEEA
AR BE I /N TG R . 45 G AT sSCHx A
HEAER KB AHARIRI AT, R W0 5 B
PIER, FAREEEEFRICRMWNO T EZ'Es] T
A

AWRFEW, EESEPAFNT, B TER

TARHI) TR 22 A SE Ji& 1 A A AT W IACES 5 40 Jo 1y 28 (1)
T, IfE WK ARG (PRYEREIRREG . IREGSE ).
APLR (FIR . #rEIR5 ) S T N, P45
BV AR, BB =0 MAER S
A, eI IR R T TR SR A AR, BN
Y AW, M Wk MY NS R
JE, RFIERR A 220 B (19 ( Smith et al., 2011;
Willis et al., 2013 ), 7EHIIME 0T, HAREER
YERARSRAEP 5T, — A B 540 Z [l (% 40 HAE
F, TR P =5 A e, R AR LA
REME IR P AE KISl E A 1ER

B RSS2 A X0 2 35 HYSZ I o Zhou et
al. (2017) 43871 Cu fE 7% ( Tagetes patula )

TR R, 45K, &3 Cu 5EE 7 d
5, WARMYIWIE AR B Cu DT X fetEkk, Jf
H Cu 5383 _E #5870 095 I sl b s XA
i Cu F BB AT SRR, MAMZE PR
N TR 22 A] DA EEVE H [ K Y Cu, SEBR L, TR
LT TR 22 1 R B AR 5 R BT AT T AR Y Cu B,
RS THEYIXT Cu Bz, RIE, 287 17
PRI RIEAS, MBS, Seh B FE Y
TOUR o i, SRR, WIREEEM D ES M T
Cu B XA R TG TR BEEAE AT A T O G HT
R g IR, Merlos etal. (2016) 5% T M
R EE Rhizophagus irregularis ¥ PIFh T KFE
PRI Cu B4 BN A AL R B 52, 45 SR R TR AR
HESHEYNIEE LR ENEYE S EY &
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Table 3 Nutrient element content in the roots of Phragmites australis
W(mgke™) HIALERHE Cu treatr{llent TR E VU BRFERELL TR L]
concentration/(mg-L ) Aseptic agent group (C)  Funneliformis mosseae group(FM)  Rhizophagus irregularis group (RI)
0.02 17 310+1 017¢ 17 340+874b — 16 777+963b —
C 1 15 103+379b 15 884+620b — 15 626+552b —
5 12 471+10 74a 13 428+583a — 13 821+616a —
0.02 7 982+214b 7 884+150c — 7 491+145b l
N 1 8 091+96b 7 434+51b l 7 310+73b l
5 5 865+116a 6 659+122a i 6 844+125a i
0.02 531+28b 481+£21¢ l 445+20b l
P 1 303+13b 333+14b — 324+13a —
5 216+22a 247+18a - 291+£11a 1
0.02 1293+101c 1 134+54b l 1 085+28b l
S 1 1 145+£104b 1 109+64.58b — 1 033+32.59ab —
5 894+50.85a 939+53.36a — 967+55.43a —
0.02 71£3.21b 49+4.36a l 51+7a l
B 1 62+6.56ab 48+6.11a l 46+7.02a l
5 54+8.19a 40+4.16a | 41+6a |
0.02 986+49.08¢c 866+49.5b l 810+47a l
Mg 1 857+69.51b 831+72.55b — 787+50.08a —
5 677£37.24a 711438.97a - 732+40.13a -
0.02 14 516+726¢ 11 489+586a l 11 384+1 082a l
K 1 13 135+543b 10 783+427a l 11 011+1 031a l
5 10 594+503a 10 197+556a — 10 4434960a —
0.02 768+31.48¢ 650+13.32a T 597426.29bc l
Ca 1 705+39.8b 658+41.63a — 568+12.49b l
5 576+40.7a 609+37.29a — 511£13.87a l
0.02 186+7.21¢c 124+4.16b l 114+6.66b l
Mn 1 1114£2.52b 122+2.35b I 108+7b —
5 65+4.51a 78+4.01a 1 81+6a 1
0.02 720+113a 659+93a — 685+77a —
Fe 1 1468+118c 1318+133b — 1168+126b l
5 3 889+99f 3 083+104c i 2 206+107¢ l
0.02 48+7a 39+1.53a — 36+3a —
Zn 1 111+9.54b 76+6.08b l 75+5.29b l
5 170+17.69¢ 115+13¢ | 9443.51¢c l
0.02 6.67+0.23b 5.33+0.68a — 4.33+0.54a l
Mo 1 6+1b 4.67+1.15a - 4.33+0.58a l
5 3.67+0.45a 4+la — 4.67+0.58a —

BTSN, SR AT Cu M2k, T E
TEAF (2017) W58 T A RDESINBEERENS L T AR
FLMR A 220 TR F K . R e BRI 5%
My, Z5RRHT, TR AE A X S me b B, $EFh
AR E I Funneliformis mosseae Y315 T F KM
B M, HLRIE (R R RN 5 AN IO L
fits AL A 2 e o 5560 1 b B OR AR K R B R H
IR, A BT AR T I PR R B B 17T ik
AR TR IR R
2.4 EMERER XA RSB R0

AN [] TR R L TR 2 o Ak BT R AE S5 v o A
TR OLANFE 4 Bz o 7R AL PR B ik BE AR (b f v
FERAR N ERFEF M A TR B SR A T AR T
TEHAAL PR 2 A 1 mg-L ™" B 25 K kS 2 rh vk
JEE A G A4 80.03% . 33.6%, TMifE S
mg L B, TSR 49.43% . 8.53%, MR
FEPIER AL 3 . T AP TR B
Wiz ng, BV iy s 4R S AsuEtkie g,

TR Y PR S, R IR B R e T
(1 mgL™"), RUEEEPTEREFAD PRI 2 P YA
ESAER T E A A 2 AR, AR
Rz S A A e 43 ) AR TR 25 34.16%( 1 mg L)
J% 42.5% (5mgL™" ),

— 5 THI P AR L T e AR A LUK AR B AR Y
S A Yy Hh 3% 4 R s AR (A
PEHC), M AR RS SR, BRES
(2017 ) W5 —H % ( Orychophragum violaeeus ).
%% ( Solanum nigrum ) 2 4 ( Ophiopogon
Japonicus ) 5 EE VY A AR B8 B RN O AR 96 4% A
( Rhizophagus irregularis ) J5% Pb, Cd {54+ I1E1)
B BON I I, HEME AR L ] LA R P
Cd [taA N ez, Sttt 13T Pb, Cd
EEHEE Sy, Mmvs/b T8 Pb. Cd &5, HA
IFi) BT AR B TR 5 A ) I 20 T SO B R A AR 5
Wi, HEHREE PG AR SR T B P, Cd HA R
BRERE, HEWZAS T RAMESR Pb. Cd -
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Table 4 Cu mass fraction in Phragmites australis exposed to Cu
Eitan AL PR EE Cu treatment TCHE I JEEPEERERLL RN BRFEE R

Index concentration/(mg-L”™")  Aseptic agent group (C)  Funneliformis mosseae group (FM)  Rhizophagus irregularis group (RT)
0.02 16.67+1.15a 14.67+2.08a - 22+3.61a -
‘"“;:"‘fl 1 28.67+1.53b 35+2¢ - 51.67+5.86b 1
(mg'ke ) 5 898 5¢ 102+7.94¢ 1 13324 36¢ 1
0.02 80+3.06a 68+3.61a - 75+3.61a -
w_‘l"("‘/,l 1 1 582+41b 1 724:144b - 2 114+109b 1
(mg-kg ) 5 4726+249¢ 3 598+356¢ 1 5 129+285¢ 1
. 0.02 2.09+0.34a 2.24+0.49a - 2.37+0.63a -
shoot’ 1 3.31£0.5a 4.8240.71b - 5.15+0.97b -
(ugplant ) 5 9.33+1.04b 13.56+2.13¢ 1 12.76+1.47¢ 1
- 0.02 2.51+0.64a 3.57+0.57a - 2.91+0.61a -
o 1 44.03+8.51b 76+17.22b 1 72+11.35b -
(ng-plant ) 5 111£23.15¢ 147+34.28¢ 1 158+24.85¢ 1
0.02 4.6+0.98a 5.82+1.05a - 5.28+1.22a -
Mpant 1 47+8.98b 8117.92b 1 77+5.31b 1
(ngrplant ) 5 120424.08¢ 161436.39¢ 1 171426.23¢ 1
5 RAL 0.02 0.207::0.009 7b 0.215+0.018 8b - 0.292+0.037b 1
Translocation factor, 1 0.018+0.000 5a 0.02+0.000 6a — 0.024+0.002a —
TF 5 0.019+0.001 3a 0.028+0.001 1a — 0.026+0.001a -
HERL 0.02 - - - - -
Bioaccumulation factor, 1 28.7+1.53b 3542b 1 51.745.86b 1
BAF 5 17.7+1.7a 20.4+1.59a — 26.6+0.87a 1

BRI S Z—. BT T (2017) 2047 3 MHER
PR NTIRMARE ( Preris vittata ) As FEBURE T 5%
A &3, 3 FhEREER A AEA R 3w
TERIARLHL EER As Fram, HhghEir Uiakees
( Claroideoglomus etunicatum ) X} THRIAE As $EHL
AE I A B dr ek BCR , 15 4B B ER e A+
WRIA TN RE R B RUA IR As IS EAEZ
—o BFEHEF (2017 ) LEWFFE BAR Q0T 52 0 AR B 55
K (Sedum alfredii ) ¥ Pb, Cd. Zn EH154LH) 1
BB RCRAT I, AR P BRI BE PO 450 A
G, RERAXT Pb, Cd. Zn AYHEEUR S5 G
BRI T 164% K% 44% (Pb), 350%K% 200%
(Cd), 75%K% 35% (Zn), FFMHRNERBERR A/
SR AR B AL TR SR, L IREHEERD
PR BB i A5 KBS S KX Pb, Cd. Zn B R
B EYGN, Hrb Cd EEREH T 1, UM
HRER A RGRCA R 5 R% Pb, Cd. Zn JLHJE
Cd FHRIHCR , IR 138 Pb. Cd. Zn 75
QoK

I3 — 7 T AR E G e AR AR R X AR
PIREREER, AIRH I EICAE R 3ehits, dEm AT
HIEA YIRS (Wuetal., 2015 ), Kanwal et
al. (2015) 7EMR LI ETE ( Medicago sativa ) 1%
FHERBERLR A G X Zn, Cd A9 IMCIR R & L,
HAEWHRAEYAELL, FRCEEERER R T Zn
Cd Y& B B, IRAUEESE (2017) MIBFSEE A,
FERD M BRAR B P /D Cu p R 5043 ) 35S
Wiz, e TE EESE Cu Mk, [FEH#ES 5

miE By R, BE T ESBEAYR N RS
aw, dEMEE G Y R AR AR R ECR
TER BB E B4R Cu 155 TN TP R
BURBIVER . Ak, AN[R] AR B A2 XA AR R
LR A5, H 2 (2011) BIBFSE
SRR, AR BRAEFR A FRA P = B AR
#h Cu g i E R, I EE Y BRI A IR AR R AR
S RO B R B R A E A PR HARTT Cu
A, WA, PR E R T REE i
RE=Y, EAR . AR . Bk 58455,
U IREE , BEAREREE ol AR B Cu, SR
HEHUA S P ) SR EE A e (XUBS RS, 2017 ).
T4 B AR B RAURZ 2 R A AR K E 4R
FhEEEN R REm, I, MRIGE 4SR5 Y2
T B i e A S M A - AR LR 4L T SO0 fk
BRI IR 2R 8147 5 4R RO A AR .
3 it

HARRIA T, PR AR B T SRR R M
AR EBIISBIAFEREAFETE, FA 3R ER
PERF N AR E 2 T S VBRI Fh AL s vIfie stk
RAXEFRTCR WL, ANFEMHAET, STE
R, EFRICR e AL 0 AR TR B i/
TIHER 4 ; i SOD, POD, CAT. APX & GST
T a5 P A A T AR AL B R R AR N, DB TR
R L A ol 0 Pl 0 o L P M AR B 559, A
SETiE AT DU R RS S PR A A 2 IR A
T2 B3 3 AR A =5 P B o] SR I 1) 8 7S R W Aok
GARAR RN, H B DA AR BB 1) = R 4
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Effects of Mycorrhizal Fungi on the Copper Absorption and Copper Resistance
of Phragmites australis

WU Jieting', WANG Li%, ZHAO Lei’, BAO Hongxu', MA Fang®"

1. School of Environment, Liaoning University, Shenyang 110036, China;
2. State Key Laboratory of Urban Water Resource and Environment/Haerbingongye University, Haerbin 150090, China

Abstract: The use of mycorrhizal technology as a bioaugmentation technique for phytoremediation of heavy metal contaminated soil
has attracted wide attention of researchers. In this study, the symbiotic system of Phragmites australis mycorrhizal fungi was used as
the core to analyze the stress-resistance response process and copper absorption characteristics of symbiotic systems under different
copper stress conditions from the aspects of stress resistance and copper absorption efficiency of Phragmites australis. The results
showed that the growth and development of stems, leaves and roots of Phragmites australis were inhibited by copper stress.
However, compared with stems and leaves, the effects of copper stress on Phragmites australis roots were more significant. When
the copper concentration was 1 mg-L™' and 5 mgL™!, the SOD activity in the roots of Phragmites australis inoculated with
Funneliformis mosseae was increased by 26.25% and 42.3%, respectively, compared with the control group. The SOD activity of the
Funneliformis mosseae inoculated group showed a downward trend. Inoculation of Rhizophagus irregularis increased the copper
concentration in Phragmites australis. When the copper concentration was 1 mg-L ™, the copper concentration in the stems and
leaves of Phragmites australis was higher than the control group by 80.03% and 33.6%, respectively. When the copper concentration
was 5 mg-L!, they were higher than those of the control group by 49.43% and 8.53%, respectively, and the degree of increase was
significantly greater than that of the Funneliformis mosseae inoculated group. This study confirmes that mycorrhizal fungi can
promote the growth and nutrient absorption of Phragmites australis, reduce Cu toxicity, increase its absorption efficiency of Cu, and
provide a new reference for mycorrhizal fungi to strengthen phytoremediation of heavy metal pollution.

Key words: Phragmites australis; mycorrhizal fungi; heavy metal; plant; phytoremediation; stress resistance



