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Biological Effects of ZnO Nanoparticles as Influenced by Arbuscular

Mycorrhizal Inoculation and Phosphorus Fertilization

JING Xin-xin', SU Zhi-zhong', XING Hong-en', WANG Fa-yuan'" , SHI Zhao-yong', LIU Xue-qin’

(1. College of Agriculture, Henan University of Science and Technology, Luoyang 471003, China; 2. College of Life Science,
Luoyang Normal University, Luoyang 471022, China)

Abstract: ZnO nanoparticles ( NPs) are widely used in many applications, such as plastics, ceramics, glass, cement, rubber,
lubricants, paints, pigments, batteries, fire retardants, catalysts, and anti-microbial agents. They directly or indirectly enter aquatic
and terrestrial environments through application, accidental release, contaminated soil/sediments, or atmospheric fallouts. When
present in excess, ZnO NPs can induce phytotoxicity and reduce plant growth and yields. ZnO NPs can also cause Zn accumulation in
edible parts of food crops, and then subsequently enter human bodies and pose a significant health risk. Arbuscular mycorrhizae are
ubiquitous symbiotic associations in nature formed between arbuscular mycorrhizal ( AM) fungi and most higher plants in terrestrial
ecosystems. In addition to their well-known contribution to plant nutrient acquisition and growth, AM fungi can improve plant tolerance
to various environmental stresses, but mycorrhizal effects vary with environmental conditions such as phosphorus status in both soil and
plants. AM fungi have been shown to alleviate the negative effects of ZnO NPs and zinc accumulation in plants, however, the role of
phosphorus fertilization has been neglected. A greenhouse pot culture experiment was conducted using maize as the test plant inoculated
with or without AM fungus Funneliformis mosseae. Four levels of phosphorus (0, 20, 50 or 100 mg-kg ™) and two levels of ZnO NPs
(0 or 500 mg-kg™') were applied to pots. Shoots and roots were harvested separately after two months of growth. Mycorrhizal
infection, plant biomass, P and Zn concentrations and uptake in plants, and soil DTPA-extractable zinc and pH were determined. The
results showed that ZnO NPs did not significantly affect the growth of maize, but inhibited root mycorrhizal infection and plant
phosphorus uptake, and led to the accumulation of zinc in plants. ZnO NPs and high phosphorus supply decreased root mycorrhizal
infection, but AM inoculation significantly promoted plant growth under all phosphorus supply levels. Phosphorus application and AM
inoculation increased soil pH, but reduced the bioavailability of Zn derived from ZnO NPs, decreased the translocation and
accumulation of zinc in maize shoots, and thus produced beneficial effects on plants. In general, AM inoculation showed positive
mycorrhizal effect, especially under low phosphorus conditions and addition of ZnO NPs. Our results showed for the first time that both
AM fungi and phosphate fertilizer could help to mitigate soil pollution and the ecological and health risks posed by ZnO NPs.

Key words:ZnO nanoparticles; arbuscular mycorrhizae; phosphorus; maize; phytotoxicity
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Fig. 1 Root colonization rate at harvest of inoculated maize plants

under different levels of phosphorus and ZnO NPs

x1 B B NK ZnO MERBLEMENENHTESTER(F M)
Table 1  Significance levels ( F-values) of AM inoculation, phosphorus, ZnO NPs, and their interactions

on root mycorrhizal colonization rate and plant biomass based on a three-way ANOVA analysis

A ik P 711 73 42K Zn0 WA x B BRI x QK Zn0 B x4k Zn0  HEH x B x 40K ZnO
ARG — 28.45" " 199.85 " * — — 32.06** —

i bAoA i 190.85**  258.67* " 0. 18ns 1.0lns 8.24" " 3.89" 1. 21ns
MR = 157.13**  105.52** 0. 00ns 3.95* 13.87** 0. 63ns 0. 34ns

1) ZHEFEMEER, + FR P<0.05,  + 3R P<0.01,ns FREFADE “—" FIRTIITHT 45 5

BWHE I, IAEREKF- 50 mg-kg ™' | 100 mg-kg "B
RFRE K. ZEAL IR IR Zn0 B0A 25
SO b ER o AR R A ) B (AR AR AL B 2
P R BEALFEBR AR ) . R 1 AT, 400K ZnO XHEY)AE

ER(SEFNTE % EC)
2.3 FORAEMRBET R

I3 2 LA, 5 A 4R A PR R 3 B
Wk AFANAE RS INGAK ZnO B X AR 22 il W i i A

KICREEH, HA S EN R E I Z A EEH. SR L, b3 55 W i i 7F IRk
R2 ATREBIMMK ZnO K FETEXM EHHFR BB REE"

Table 2 Phosphorus uptake in maize shoots and roots under different levels of phosphorus and ZnO NPs

442k Zn0 w Hb b A/ me - 7! MR R/ me - 7! FE R B S/ mg - 7!
/mg-kg ! /mg-kg ! -M +M -M +M -M +M
0 3.51+0.91 f 7.11£1.53d 2,26 £0.41 ghi 2.77+0.84 fgh 5.77 £0.85 ef  9.88 +2.29 d
0 20 3.73 +£0.67 f 6.85+2.29d 3.73£0.15 cde 2.93 +0.26 efg  7.46 +0.78 def 9.77 +2.25 d
50 4.28+1.07 ef  6.42+1.25de 3.96+0.18 cd 3.36£0.36 def 8.24+1.08de 9.79x1.41d
100 22.74%1.59a 23.00+3.29a 6.53%0.20b  6.95+0.13ab 29.27+1.40 a  29.95%3.43 a
0 4.09£0.44 ef 12.17+1.07c  1.02£0.37j  2.69+0.14 fgh 5.11+0.58 f  14.86 +0.99 ¢
00 20 4.20£1.29 ef 11.13+2.57 ¢ 1.66 £0.85ig 2.58 20.69 fgh 5.87 +1.77 ef 13.71 +2.68 ¢
50 5.56 +1.08 def 11.0422.06 ¢ 2.07+0.50 hi 4.32£0.68 ¢  7.64 +1.28 def 15.35%2.04 ¢
100 17.09+1.46 b 22.08 +0.67 a 3.37+0.32 def 7.4421.19a 20.46+1.78 b  29.62 +0.51 a
gl 119.94** 63.04** 154.04 " *
W 339.36** 168.37* 425.30"
YK ZnO 9.63*" 47.59% 0.52ns
P x B 3.07" 11.65** 1.45ns
B x 492K ZnO 26.89** 78.13%* 55.27%*
WK ZnO x B 14.24* % 2.47ns 14.47 % *
FH x B x 49K Zn0O 0.18ns 4.38" " 0.63ns

D) ARRVNE FREFRIR A AL BRTE P <0.05 B3, —FZRFZSIEER . + « FR P<0.01, * FIR P <0.05,ns F/RERABH
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Fig. 2 Dry weights of maize shoots and roots under

different levels of phosphorus and ZnO NPs

AT A BT AT b 25 A Ak, 7 1 Wl Ak 3 g 2
T 5 T A 2R Tl O O ) i 2 /K T R A A TR
Tk, BRIk ZnO FE 3 B N
RS B (AL FERR AT ) | E AN B B RRAG
R ZR B IS, 7 v RN AL 38 0 e R A
2.4 FORMMREES o SRR

IINGIK ZnO ¥ 50 3 38 IR Ak 35 20 S AR
FRPEOE (R 3) MMILE (K 4). TERBINYEK
ZnO Bl | 22 1R 22 B0 0 B AR Ak L - 3 43
AMRA RS B A B E M. B9k Zno
10 0 O 11073 o = g = S 7 N B T i e ) 5
RCHb 156438 5 1, I Wl A B P R AICAR R AR
H. SR ESPEERER, WK Zn0 | il 1%
BT LA e R, HL = 2 AR
B EZHAER.

FHR 4 T, ANTSINAK ZnO B, 5 ol Ak 3
T, - 53 FIRR FR R AE 5 2% TR AN e B IS 1S
o BRSNSk ZnO B, M L R4 A
MR FRPE S S A b Bl Bl 7K ST 04 v i TR
AR IIAR ZR B i, (EL A o B8 ) AR ALK L 3R 4
BPER SR, R 2R BR 90K ZnO | it
| 2RO b AR B R R R, S H
[ A7 i 25 58 HAEH.

®3 AEBMAK Zo0 AFTERM LHSMRAERE"

Table 3 Zn concentrations in maize shoots and roots under different levels of phosphorus and ZnO NPs
WK Zn0 W W1 3 55 2 Bt /g kg T 757 o7 bt /me-kg W1 5 5% o R A B o B
/mg-kg ! /mg-kg ™! -M +M -M +M -M +M
0 52.79 +4.03a 39.23 +4.41bc 36.73 £3. 12a 31.13 £5.07ab 1.45 +0.24a 1.30 £0. 31ab
0 20 48.12 £8.56ab  34.22 £2.31c 32.12 +0. 12a 24.93 +1.27b 1.50 £0.27a 1.37 £0. 03ab
50 40.92 +7.60be  32.59 £4.32¢ 32.51 +4.35a 33.49 £0. 74a 1.26 £0.19ab  0.97 £0. 14b
100 32.75 0. 57¢ 35.70 2. 78¢ 33.50 +4. 84a 30.05 +£9. 18ab 0.99 +0. 16b 1.30 £0. 49ab
0 1065.09 £92.37a 508.74 +15.39¢d 658.61 £29.95a 717.85 +88.90a 1.62 £0.07a 0.72 £0.08d
500 20 1007.70 £75.37a  475.56 +24.68d  695. 60 +53.56a 647.49 +77.52a 1.45+0.11b 0.74 +0. 06d
50 700.46 +33.85b 488.92 £13.69d 736.02 £72.82a 656. 10 +£89. 53a 0.96 +0. 10c 0.71 +0.09d
100 570.67 £47.76¢  299.23 £23.90e  713.05 £19.00a 546.45 +56.79b 0.80 +0.05d 0.56 £0. 10e
gl 516.65* " 5.24" 37.23%*
i 86.46" " 2.70ns 15.07""
44k ZnO 4625.09" " 3207.16" " 44.88" "
TR x B 26.75% " 4.07" 6.24""
B x 44K ZnO 475.22" " 3.82ns 22.44%*
Aok ZnO x 76.47" " 2.46ns 1.29ns
H x B x 492K ZnO 23.53"" 4.19° 3.09"

1) ANEVNE FREFIR [ — 90K Zn0 KF-BFHE P <0.05 B3 =HEF 20458 + « FIR P<0.01, * F/R P<0.05,ns FIREFARE

2.5 Wik)s 3 DTPA-Zn & . pH

2 5 A0 Bt AR E X DTPA-Zn S8 %A
B ER (HAETINAK Zn0 B R AU R, P, &
Bl DTPA-Zn 75 5 88 5 FEAR. B REAKT- 13

T3 pH AT B S I m i R T AR B
KA AREIMYK ZnO B, B2 XT DTPA-Zn % 8%
B RER I AE AR AR 3 pH; R Ingk
ZnO I BEEFRAR DTPA-Zn & &, JF7ED | Emsmb
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Table 4 Zn uptake in maize shoots and roots under different levels of phosphorus and ZnO NPs
49>k Zn0 B b R EEIR i/ mg - A MR/ mg - 4! b bR i e/ AR AR R i
/mg-kg ! /mg-kg ™! -M +M -M +M -M +M
0 0.19£0.02cd 0.2320.02c¢ 0.03+0.01d 0.0420.0l cd 5.87+1.0la  5.43+0.77 ab
0 20 0.19+0.04 cd 0.2320.03¢  0.03+0.00d 0.0420.0l cd 5.89£0.99a 5.83+0.65 a
50 0.17+0.06 d  0.21£0.02cd 0.04+0.02cd 0.06+0.01 b 4.42+1.78 ab 3.83+1.01 b
100 0.31£0.00b  0.39+0.03a 0.08+0.0la 0.0720.01ab 3.75%0.50b 6.01 £1.65 a
0 3.02+0.81 ed  2.71£0.37d 0.44:0.19¢ 1.15£0.22b  7.22+1.38a  2.400.40 b
00 20 3.23+0.33 bed 3.06+£0.22 cd 0.61+0.30c 1.19+0.22b  6.49+3.35a 2.62+0.33 b
50 3.59+0.51 be 3.60%0.56bc 1.20+0.02b 1.79+0.18a  2.98+0.40 b  2.02+0.33 b
100 5.23+0.04a  3.8420.03b 1.43+0.04b 1.7820.19a 3.67+0.07b 2.17£0.24 b
B 7.00* 71.85%* 17.12%*
02 25.68" " 41.22%" 10.12%*
4k ZnO 1771.98** 1205.32%* 22.46**
P x B 3.74" 1.41ns 4.84"
BRI x 942K ZnO 10.95%* 69.63%* 25.96%*
Y4k ZnO x B 18.12%* 35.41% " 0.62ns
R x B x 44K ZnO 4.38** 1.07ns 2.29ns

1) REVNG FRERIR [E— 91K Zn0 KFEIF P <0.05 B35 ; ZHERITZEIER: « + KR P<0.01, = FIR P <0.05,ns KREFALF

F5 EHRBFKSAEBEIHK ZnO kF T 11 DTPA-Zn £ 870 pH &
Table 5 Soil DTPA-extractable Zn concentration and pH after plant harvest under different levels of phosphorus and ZnO NPs

91k Zn0 W 133 DTPA-Zn/mg-kg ™' -4 pH
/mg-kg ™! /mg-kg ™! -M +M -M +M
0 0.85 0.08 d 0.93 £0.06 d 8.25+0. 11 cde 8.01+0.18 f
0 20 0.73 £0.09 d 0.86 £0.06 d 8.26 +0. 14 cde 8.08 +0.13 ef
50 0.71 £0.04 d 0.73 £0.03 d 8.21 +0. 10 cde 8.20 +0. 08 cde
100 1.57 £0.08 d 1.82+0.05 d 8.58 +0.03 a 8.54 +0.23 ab
0 68.07 £5.40 a 52.41 +4.52 ¢ 8.17 £0. 14 def 8.16 £0.02 def
500 20 70.28 +5.81 a 51.76 £5.07 ¢ 8.26 +0. 12 cde 8.31 +0.20 cd
50 62.22 £3.71 b 53.67 +4.83 ¢ 8.30 +0.05 cd 8.52 +0.12 ab
100 62.87 £6.35 b 54.45+0.32 ¢ 8.39 +0. 05 be 8.71 +0.04 a
el 64.17%* 0.22ns
h 0.74ns 33.90* *
2K ZnO 5463.36" ¢ 8.38**
PR x 2.62ns 4.46* "
HF x 44k Zn0 66.65* 19.63**
2K Zn0 x B 1.02ns 2.39ns
7 7 x B x 402K ZnO 2.59ns 0.27ns

D) ARVNE FREFRIREITA L BRTE P <0.05 B3, —FREFZESPEER . « « FIR P<0.01, * F/R P <0.05,ns F/RZEFA WBH

1 pH BEFHE. BINGEK Zn0 530 DTPA-Zn &
T RN (R pH BIRON AR 2, 2 B K
FIEE R AR5 .
2.6 TRARZN

FEAR R B2 T MEAR S R AR TR S5 AN B T
ST ZEM FEE T AM BEENEN, Z2E5ES
IR AL B S HED A AR . AR RN
IE(EFIR AM EL TR XHAE AR A ) o sl W i i i (2 A
M, AR RMSIE. B2 6 nTH, AM E B g it
FORAE AR A B B, A 1 b 1A L BRI

W B AR AR T BB . BRI, (EAE TR A K ZnO
FAFT, R o O | TR AR AR B
Wl R LA ARV AEREE | RNk ZnO
FIF P BONRE.

ARG R, B . 40K Zn0 KA T,
R YRIFE. X 5 0TS R — 80, 1 AR Hw |
R INEES B IR AR, BRR e R A oL R
JH A AR B I 750 0 A R G £ A IO R, L
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Table 6 AM feedback percentage under different levels of P and ZnO NPs

442k ZnO 173 W/ % P W/ % Zn Wi/ %

/mg-kg ™! /mg-kg "~ i34y RF b B4 R&R M35y [iES

0 61 57 103 23 21 26

0 20 48 46 84 -21 21 13

50 30 23 50 -15 24 6

100 17 11 1 6 26 -21

0 86 108 197 164 -10 161

00 20 9 108 165 55 -5 94

50 44 39 98 109 0 44

100 40 28 30 121 -27 13

FECEIDH AM BB R Y. BACOE ST MR R YR
MY 28 2 | S WK T el A 4l il o MR
B R AR A0 RE S5 R0 NI AM B
R 2242 G S AR AEL ) TR AR RO PR AR, R R
R, Mgk Zn0 BA PTG 16 e B
Ko B Zo®t ) AT X AM B 7R AR — 2 B
PR GOR IR AM EL B 1% 5 R BN B 2% TEVD
B E R, 99K Fe0(0.032 ~3.2 mg-kg™') . 44k
H2(0.01 ~1 mg-kg™") WA FEAREL 2423 11 =1 1Y
BRARR YR (HTE 55 55T, 90K Z M 2 (270
peeg ') 2D 22 [T BH R TR R AM ECTR Y
AR Yk Zn0 X AM H AR YGRS
gk ZnO W0 W FR AR B T A % D) M
%[840].

458 v R SSORE 1) R A 0N, 5 R R DDA G
ol VIR Pt 446 R 22 B I VR 2 i e A I e
BHEAVE R 3 5 B R bR . EE T
F5E % B 500 mg-kg ™' BILHK ZnO ] FKRAE AR AR
K1 500 mg-kg ' (Zn) BYANK ZnO 5§ ZnCl, If:
WA W E R G M AERK 500 mg-kg ™ BN K
ZnO £ EMAR K GAE BRI R KPS AR R
TEFT A B K F T ,500 mg-kg ™' BI4NK ZnO (30 nm)
WA B E R TR AR, BAR, BR T U, 9K kL
O ER 7 e AR TR ooy NV NN V= L 7/ B~ wk = S2
BRI pH, AL & 855 ) S8 m , AR %R
3K 2 PR] 28 06T 45 e 0 oK UK F) A= R0 0T R % 7 A 5
HWU.ZS’J‘

AM BB ) fe R WA 5 VR FH 2 0
= C N L7 31 K 7/R2 08 N W Wy Y (AR 73 R il P ERES
PER. ABHFIEREUGIES:, AM B 1E 250 LT REMS
PRI TE R TR AR AR RN (R 6) , JEHIEAEA T |
WINGK ZnO 04T, REYK Zn0 %H B E ¥
M R AR (AT AT Ry A RS OR RS . AN, #E

AIEESET  BINAK ZnO 30 AR 22 X5 85 i 11
(£ 2), MIHEREA B UCEEER (B R AR 52
BRACHRISE T A L. fEARDTTE R AM FLE e 5
MR E N I S0k 25 52 R AL e IR A, (RS 2 4
P AR X T AR AM B 1Y HAth A 257 T
BBR T WE, AM BB L BE S R A B 3R 0 R A I
W, gl BAHA RO F IR TR

RECTHEYIBE . FEAZ AR RO R I, 8
BEZ IR ARG BRI, Ko it o 8 A e 2
{EALA 5T 2 W B BB Al R B 1) I, X 55 AR B 19
FEMEA OGS LR S e 2 DRI G T
P HAR S5 AR AR, ARDFE R, 90K
ZnO SFEUEY B & B 020, (O B nT DL 2
(R 153 B 5 Bk (3R 3) LA 138 19 5 i
Pl (2 4) . i RImE ¢ AR AR AR AR 2R 0 B I
W (H51E T RRAER AR 2R A FR B 40 ) B 1] 3t - 758
SRR GiOK ZnO TEK R TV R R
Zn®*  BERRAR Y Zn® B BERR B . 4K ZnO 1E 1+
Serh A B 2o HEDIBERR B AL AT RE 2
Tt e AT e A e % 1) b 958 0 P o 1) B LR 2
—, [RIIRF 3t ] LA A B9 oK ZnO S A AN ) Wi Y
K.

TEBFTG Y 5T AM LT — R AR AR 9 1
(JEHCR M ¥ 00 ) A B OB 1 3 70 4 20 S
FAG) , DA X i 32 A e ) DR 3 P D ke 2 A ) A
KRBT UE S, B R AM EL T (14 1 5 it 9 2
L, LR T K S B 55 VB A 3 370 1) 2
PO, 3 PR U I AR AR, 22 45 M A U R A
K TEARBEZEAF T PR O . B Zn® " 294
K ZnO BIHEYTEVERLS 2 —  iEREFIFER AM H I
Pffi -3 pH T . BRI AP BRI X2 AT
AR HLIE 2 —. 992K ZnO FBELE T K b 350
M, BN Z TR A A S AL HAE I (HE AM K
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W AEAE —H A R A TP AT . BeAh, =
FHEL 22 () AT B [R) b A A A R R o
RRABTIL.

A ZnO 5 Y AEAE 516 - T 1 7R B LA K B
TERCE AR AT B o3 vh il SRR DT X - 4 BRI
FAEY = e T . AML B P& 1 7T A1
TR ZnO FP R LR WA SO B L) K M L
PRI IZ , J0O0F T AR B 1 G 1T 7 | 7B 17 A 2 e
BB — 2 B . A, AM LI AT DA
11)/1E0EE B0 B e AT D7 NN 3 (3N =9 DR 3 WS S
P4 G TR T A — 7 BN R

4 it

(1) JREGIK ZnO Fijita i A F) T £ K AR 4=
e AHJZHERD AM HL I TE T A B KCF T 1 25 (2 i
YK,

(2)500 mg-kg ™" 94K ZnO BEA B E R oK
A B AR A e R B FR e, O DR BFTE
BOREARIR N (AR 8 1 R ) — 8 R W R PR R AR
A

(3) Jite Bl A0 42 17 2 ] fifE - 398 pH Tk . R AN
K ZnO WAFI YA RO, AT AR EE 0] oK M |
TR B2 AR B A Hh AU AR .

(4)HzFp AM FLEAE 2806 DL T o AR Y
BRI , JUHAEARHE . B8k Zn0 S50 T 520
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