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Abstract: With the rapid development of nanotechnology, it is critical to assess the potential harm of artificial
nanomaterials (ENMs) on plant-microbial systems. In this study, the effects of different concentrations (0, 0.50, 1.00
and 2.00 mg-g') of nanomaterials such as nanometer silica, nanometer titanium peroxide and nanometer zinc ox-
ide (nSi0,, nTiO, and nZnO) on the physiological characteristics and rhizosphere bacterial community structure of
rice seedlings were analyzed by pot experiments. The results showed that the activities of superoxide dismutase
(SOD), peroxidase (POD) and catalase (CAT) in rice seedlings increased significantly after the treatment of three
nanomaterials (P<0.05, the same below), and the soluble protein (SP) content significantly decreased only when
treated with 2.00 mg-g™' nTiO, and 0.50 mg-g~' nZnO. The treatment of 2.00 mg-g~' nSiO, and 1.00 mg-g" and
200 mg-g~' nZnO significantly reduced plant height (PH), fresh weight (FW) and dry weight (DW) of rice seed-
lings, while nTiO, treatment had no significant effects on PH, FW and DW of rice seedlings. The results of high-
throughput sequencing showed that compared with the control (CK), the dominant phyla were Proteobacteria, Ac-
idobacteria, Chloroflexi and Bacteroidetes, and the abundances of plant growth promoting bacteria and denitrifying
bacteria such as Bacillus, Flavisolibacter, Kaistobacter, Rhodoplanes and Candidatus Solibacter significantly in-
creased in the rhizosphere soil treated with three kinds of nanomaterials. Pearson correlation analysis showed that
the relative abundances of Catellatospora and other genera were significantly positively correlated with the antioxi-
dant enzyme activity and the biomass of rice seedlings, while the relative abundances of Candidatus Koribacter and
other genera were significantly negatively correlated with it. At the same time, the bacterial diversity decreased and
the community structure changed significantly in rice rhizosphere soil treated with 1.00 mg-g™' nSiO, or 2.00 mg-
g”' nZnO, but nTiO, treatment had no significant effect on it. The treatment with nSiO, or nTiO, significantly in-
creased the abundance of genes related to amino acid metabolism in rice rhizosphere bacteria, while nZnO treat-
ment decreased the abundance of functional genes related to cell movement. In conclusion, three nanomaterials with
the same size can directly produce physiological toxicity to rice seedlings. However, nZnO and nTiO, showed the
strongest and the weakest toxic effects due to the smallest and the largest hydraulic diameters respectively. Three
kinds of nanomaterials, especially nSiO, and nZnO, indirectly caused oxidative stress and osmotic stress, and affect-
ed the growth and development of rice seedlings by changing gene function, reducing the diversity and changing
the community structure in bacteria from rice rhizosphere soil. Among them, nZnO had the strongest inhibitory
effect. The order of the toxicity of three nanomaterials to physiological functions of rice seedlings and bacterial
community in the rhizosphere was as follow: nZnO > nSiO,> nTiO,. The results of this study provided a scientific
basis to reveal the potential damage of nanomaterials to rice and microorganisms in rhizosphere soil, and conduct
the environmental protection and resource utilization of farmland ecosystem.

Keywords: nanomaterials; rice; oxidative stress; rhizosphere bacterial community structure; functional prediction

YRR TE G54 H T R AE = 4k Zs (B ) 220 A ML ZR K R A DT Tk HE B A BR
A AT YUK REEVEREI(1 ~ 100 nm) s iz ROE 58", i T ENMs 7638 5 ¢ A LK [ 44 5 5
T0 L (%) 40 Bt Ry JEE A 5 1) B 50 T ) B P A ) SR YRR B2, S EOLE L g BRUK
Bifi 2 HOK AR & R B N T 90K #4 Kl (engineered i T RABUKAIR D, B BF5T £, 1P
nanomaterials, ENMs) %)) /S W 4E 7= F1 6 H , ENMs 38 1Y) ENMs SR AE P AN [R) 20 21, 52 ) S A VR AR
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PR, FEAEY A REIEH A KD, Yang 259 & B 2
000 mg - L™ 44K L4 (nCuO) FA K E AL E(nZnO)
AL I ] R RK RS AR R R, Yoon 4P
WA nZnO MR KGR A& Y, b, 9k
MARIERL Y P 0 35 PR AT R BN S 3O AR B EKRL,
WOEAVE RIS e S 1 A | A0 L B A 4
TR PE R . Servin 267 761 55 44 >k — 4 fb gk
(nTiO,)Ab BB JIN B & BE, Hont F 3 4604k Ui (CAT)
TEHERE I T BIR R 1 S A B (APX) T T AR
Shaw S5 RIFFE 15 B AR [R] 25 5, nCuO Ak B v 42 55
K A A 95 {L T (SOD) . APX FI45 JbE H ik
WD (GR) I 1, I R AR I 000 IR 1 7R 3 i il
(DHAR)FI R S HTIA ML B4 7 il (MDAR) ) 6 4

AT YRR AR MM EH AR LR,
AT DLl 7R HE AR B = S A W VR A AL P
i 3 P AT A A 2 A R e R RV )
RetEAN P RE RN GORA R B IR N
ORISR B IRJEE %) 52 Vi) R i 4 J 8 1) BRI (B 66
YR A1 A A N ) . AR RTIFSE & B, nCuO
OR300 7 1T i KRB AR PR 20 R R VR 2 R
TR T B 7EAR KRS b RAAIK T AR B - e A
YAESRGERREEE, RIS &3, 490 K41
FHnAg)Z& T8 T 3 ZURU A DA b AR T IR
SRR R TRATAT IR | (BB A S R 2 A e TR
JEBIARNT F B, McGee S50 A AFF 5 38 & BRI v
JE nAg ] 5 3 R AR A 4 R S R R S
AT ISR, nZnO W] i ROS L 5% 31 240 75 41
i FE T 22 B L B0 T O PR R TR MR nZnO AL PR
YN FETE S P & AR R HLRRAR T i ik
AR TR B RE TR LR . 7E nTiO, MM REE T, A
TR H R o8 T TR 2R RN T R E TR 2 5 A0 34 el
AFDRT = B2 108 S5 RRARR , 5% M) N T e v 200 TR R 7 2
GIEZ 2 Ct

KRR D REENREEYZ —, T4k
N TGO R K R TS s 2 282 e, K
I LRI A S NID O SN e oo = B A L NS S LD
TGRSR AR X 7K R 0 5 1 A5 X N S i & G
B, ARWESCE S AR, AT 3 Fh AR R RN
K AR (nSIO,) A8k — A AL EK (nTiO, ) AT 40 K 41
AEEE(MZNnO)FE A A1 T X 7K R4l A BRI P2
P RER AL 25K 2 REE I T RESE IR By 52, L)
A T A 25 R G0 0 PR AR 47 5 8 R FH B LR 2
WA

1 ##l57 % (Materials and methods)
1.1 R

RIS 3 R KA R 99k A (nSiO,) |
gk A AR (nTIO, ) A K AL B (nZnO), LA I 3 Ff
YR AL ER B 25 AN KR (1) A R 2 m] R I
A% S L B (TEM) UL IR (R B 9 K R AT R
AIRAL), BT R 1 fn, KK RER T R
PEAONBL2EBEK R TR EES 3 %, (G 3R
A PRSI KRS B (AR ZE 110°11' 59", Jb46
25°05'11"),R4E 5 ~20 em RE )+, = AT,
FBRZeR, T 2 mm G4 A
1.2 Rt

IKFE G 56 S % SCHk [21], % 8 2 [ R
(CK, 0 mg-g™")5 3 Ak £ (0.50 ,1.00 F12.00 mg-
g ) A AR RE L A Ak BRORT AR AL BE 4N oK MR
(nSi0, .nTiO, 1 nZnO)3: 10 Kb FR | 4E40 3 3 A
52,3630 f, BARHTr R S BCBURL R R
JNFRIE B /K FERD T, 10% H,0, 3329 10 min JE47
TR, IG5 FoKk 20 s, B TG 25
TR 12 h, BFGK A EFREL 0.50 ,1.00 g Fl
2.00 g 43N 400 mL JEEE7K H SR FHHE RS I 40 i
MR AE 400 W 254 T 8 75 23X 20 min, 15 2] 44K
MRLETER . ¥ 400 mL AIGK2IRBIMAE] 1 ke
P g IR AT, BIAS 2 3 Rk (0,50,
1.00 F12.00 mg- g™ YRR R 135, 25 0 R 4 4
MIIA 400 mL JCREKIRA], A0y L4 1 ke, I
£ 30 3 B 30 13 HIES A A 30 MR GRS A
FHE 18 cmx13 ecmx6 cm), K B 3= Fh B KA Fh
A LR 30 G HE 12 N3 kL, BTH
RE N T A 340 35 5% 30 d, B4l FAROGIROGIR 14
h, 2215 10 h), HE 25 °C 1B 65% ~75% ., FibE3
d, BEEAA 100 mL 2 AR R BE A 49 K A1 BHT) Hoag-
land B IR LRI 755 LR GOR M ARL B TR BH] 2%
JE—E0), 25 X RN 100 mL Hoagland &35, 4F
KPR TR GO E R IR —3K
1.3 gk
1.3.1  PrafbE R B S e

FREL 30 d S B K R4 it B 0.50 g,
SY TR B BRI 1T mL B2 A9 0.10
mol-L™" PBS ZZ ik (pH 7.8) /b5 43 BEwb | vk IS BF
JEE R 2] 3 R A 7 mL PBS 2% i 5 20 Vi Ve I
BROSIHRWEE 10 mL B0, F 4 °C .4 000 -
min~' B0 10 min, FTA 15 TR A 5 O G A A 45
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&, AT AL G 4R Ak ) 17 AL B (SOD) | i 4 Ak W) il
(POD) i %8 1k L (CAT) F1 1] % 1 4 1 (SP), SOD
TP R SR FH 0 DU s (NBT) 6 Ji 5, POD 34 1
W52 2R RO A By B CAT T PRI 52 2% FH 48 4z i
5, SP E il e R % S vk, DL b S AR AR
RIS H G EPIR Ik,
1.3.2 16S rDNA & &l ¥

Z IRPHE PR RS L i AR PR 38, AR
Bt 3 A AR R IR A HE AT DNA $2HRURN /&5 38 520 7
G3MT. R 0.30 g i 1+ 3% £ ] DNA 4 Bt 5
& (PowerMag Soil DNA Isolation Kit) M\ %4~ 1+ 3 #E
anPECE TS DNA, $EHUY SHEVS DNA i i B s
A R A G, & &G IF R A -20 C &,
K147 Barcode A4S 5514 341F HI 806R AT
PCR ¥ 34, 43 7 4y 2% 1% 21 A6 377 & Agencourt
AMPure XP #¥k 214 I 7% F Elution Buffer, 5¢ ¥ 3C
PERY . HeJ5{#H Hlumina 23 &) Miseq PE300 il ¥
PGHAT A I Y, ¥ R 2%300 bp, K HUE H
B ug 4y R 1Y Clean data fii FH 7 %71 8F 422 4K
' FLASH 347 Bf #2, 15 B4 24 Tags, | JH A
USEARCH A 97% H)— EUPEJEAT Tags BRI —1
OTUs(operational taxonomic units), ¥ OTUs #3154
Y5 Greengene HEXTHEATHIAER, R A PICRUS

() nSiO,

(v22.0-b) %t 3 U E My o e S AR R 2R T
TS AT
1.4 HAEA3 by

K0 R 8 (R-33.1) . Excel 2021 X5 #4T5E
o387, R SPSS 21.0 BAF it A7 B R 2 Uy 22 53 A
(one-way ANOVA)#I Duncan Z 5 H3st, H R B /4A0
Origin 8.5 #XAAER

2  Z55 (Results)
2.1 FRYRIA RIS KRG 4 AR B 52 1)

WE 2(a)fi7s, 5 0 mg- g™ % HR(CK)ALHAA [,
0.50 mg-g ' f12.00 mg-g™' nSiO, ZbFH K 0.50 mg-
g ' nTiO, Zb¥fY SOD i ¥4 & & JH = (P<0.05, T
i), ft i o CK AZLBEAY 135 f%, nZnO 4ZLFRE) SOD
T it A P e 8 A S R T AR T A R
f£2.00 mg-g™' nZnO 4bFRJE , KAFLHT SOD 11 i
FHahn, WE 20)Fiw, 3 R E A nSio, b A
nZnO AbFEfY POD {14 3 1 2 54, B nZnO ¥k B
B4 POD & 2B B L THE#4,2.00 mg- g™ AbH
POD %4k CK AbFEFY) 1.36 15, 0.50 mg-g™' nTiO,
AbFE ) POD i M B 5, i CK AR 1.44 £,
iMi 1.00 mg-g™ #12.00 mg-g™' nTiO, ALFH41 ) POD
TEERA _ETHP>0.05),

(b) nTiO, (¢) n”ZnO
1 3 Fghkat e TEM
Fig. 1 The TEM images of three nanomaterials
F1 3FGAKMRERER
Table 1 Basic information on the three nanomaterials

ZFR HFifE/mm 4l % Zeta HL{57 /mV 7K 71 HAR /am
Name Size/nm Purity/% Zeta potential/mV Hydraulic diameter /nm
nSiO, 20 -248+1.6 396
nTiO, 5 -74+10 712
nZnO 20 -133+04 220




270 A% F O ¥ W %18 &
00mg-g? Oomgg!
_ [J0.5mg g _ [J0.5mgg!
500 @ 1 12001 () g2g
~ B imgg a Wli1mgg!
ko O2mgg! g ~ O2mgg' a
=5 T e 1000F
by = 400+ a a on - a a
2 £ Nk NN . & 55 ol b a e b b
H B g : r ¢
=% 3000 I I I c gy = — —
o =3
£z d =2 600}
= 5
= & 200F & 9
=T 52 400f
AJ Q RN <
EZ 100 =¥
2 oo %%
9 v
=
[75]
0 nSio, nTiO, nZnO B nSio, nTiO, nZnO
LR TP LRSI
Nanomaterials Nanomaterials
- 0Omg-g™!
-1 .
0.5 mgg ~ B 1mgg
=~ 1 mgg! a a ~ o 25 a O2mgg’ 2
o by 200p 02 mgg" a a ) g T a b
T 2 iy S a a
£ s £3 20} o The b +
~
S5 Isop b I 2 & i ¢
a3 b ¢ b jE S 15t
P =2
23 100F :j g. 10k
W o & o
N & =3
g S0f T3 sl
23 Z
0 - - 0 - -
nSio, nTiO, nZnO nSio, nTiO, nZnO
kAR PSR

Nanomaterials

Nanomaterials

B2 3R RxkfELD S E R

Fig. 2 Effects of three nanomaterials on the physiology of rice seedlings

i 2(c)Ur7w ,nSio, ABRFI nTiO, ALHLfY CAT
T CK ARHRAY 1.34 £ ~ 1.38 175 .1.33 1% ~
1.58 %, nZnO ALFEXF/K RS 1 CAT T 1 i fie i
Ve i i %, HAR AR FEl 7 CK ARBEIY 1.75 £%(0.50
mg-g )1 1.87 1%(2.00 mg-g " )Z[H], 4K 2(d)F
7,nSi0, AbFRAY SP & A % B4k, nTiO, Ab
PR SP 1 1t B & 94 K bR MR FE T T A R R
e 16 2.00 mg- g AMAFIRAK, 0.50 mg-g™' nZnO
AbBRREAR K FE4N T SP 5 /,1.00 mg- g™ F12.00 mg
-g ') nZnO b P iR E 4R SP A i,

3 FhRGRAP IR KRG &)y B AR P ek 5% 1 4N 3 2
7~ ,0.50 mg- g™ nZnO Ab 3 AT i 2 38 fin K FE 4
= (PH) A ef 5 B (FW), 117 2.00 mg- g™ nSiO, b
K 1.00 mg-g™ F12.00 mg-g™' nZnO kbFEIA Al G 3
WA 7K e &0 B 09 Bk 2 | & BT & T BT & (DW),
nTiO, Ab3R I 7K A &)y i fif o o AT o o A b 3
PEFZ I

2.2 3 FPGORMA R HRER A R AT S5 R4 ) 52 )
2.2.1  ARBr - SEANRREVE A0 TR L AL
AN VS AN o B 1A 3 (a) s, FE 11K
FEEAAET 11 4], H 28 JE 5 1] (Proteobacte-
ria) . FRFT I | ] (Acidobacteria) . 2% %5 [ | ] (Chloroflexi)
FIHUFT B ] (Bacteroidetes) &y 10 4~ 4b B K FF AR Br 1
BRI PEAANEET T, 0 i H 24 31% ~3136% 21.75%
~3028% .10.60% ~15.90% F14.58% ~1135% ., 3
TR AR Ab B b — 8 53 AR o 2 B S 3
b, FEAR R AR BE 42 T 26 5 1] (Actinobacteria) |
ZEFU P ] (Gemmatimonadetes) A JE AT T ] A 2
FI(TMD)ARR 21 . 5 CK ARG ANAE 3 ik
JZ I nSiO, AbFRAT 46 5y - SEHAT BRI 1 AN 2 M TR ]
(ARG = B, FOAR T = FE 3 & 2 5.02% . nTiO, 4k
BRAYAR TE KT B 1 AR X =F B2 K B T 85 22 31.36%
nZnO Zb 3RO B S REAR R AT 17 1) JLAT 28T 1] i Ak 4%
W€ [ ] (Nitrospirae) FIPER ] (Verrucomicrobia) i
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Table 2  Effects of three nanomaterials on the biomass of rice seedlings

YKA R W/ (mg-g™") R /em fif J5i it /mg Tt /mg

Nanomaterials Concentrations/(mg - g‘]) Plant height/cm Fresh weight/mg Dry weight/mg
0 35.10+1.60a 460.83+64 40a 9040+5.15a

i, 0.50 3487+161a 45997+108.56a 93.03+17.18a
1.00 3498+145a 45820+16.69a 89.80+1.67a

2.00 32.60+0.70b 410.83+2591a 76.33+4.76b

0 35.10+1.60a 460.83+64 40a 9040+5.15a

ATiO, 0.50 33.73+0.72b 45723+5901a 86.73+8.96a
1.00 3547+093a 51020+30.05a 93.03+5.86a

2.00 35.00+141a 503.73+£36.60a 9137+531a

0 35.10+1.60b 460.83+64 40b 9040+5.15a

0.50 38.53+049a 575.83+7686a 101.67+21.15a

nno 1.00 30.90+0.30c 419.53+9.04b 83.17+11.72¢
2.00 31.57+040c¢ 433.87+6.51b 86.33+3.54b

1.00 -----—--——
—H—----
Unclassified l s
Duganella .
Taxon Others(<1%)

0.50

Relative Abundance

R e = = I R
v wnn wn

$22Z2E2E2888
SSZa5Z25< 2

B Cyanobacteria
B Nitrospirae
Other(<0.01)
Verrucomicrobia
B ™7

Gemmatimonadetes

M Firmicutes

[ Actinobacteria

B Bacteroidetes

B Chloroflexi
Acidobacteria

1 Proteobacteria

KFERBR L

Candidatus_Koribacter
Flavisolibacter
Kaistobacter
Geobacter

ESphingomonas

Nitrospira

|Ramlibacter

Candidatus_Solibacter

Anaerolinea
Anaeromyxobacter
e |Bacillus
DAI01
Rhodoplanes
£ s T 4 35 4 35 3 =

0
I -0.5
-1

B3 3FPRMELEST

1 (a) BEISLAL; (b) AHXTEEHRE ;L 2 0.50 mg-g™' ,M & 1.00 mg-g™" ,H »2.00 mg-g~

BB AR AR (KT ) RAEX FERE(BKTF)

!';nSi 2N nSiO, ,nTi & nTiO, ,nZn 4 nZnO,

Fig. 3 The composition of rhizosphere soil bacterial community (phylum level) and heat map of relative

abundance (genus level) in rice treated with three nanomaterials

Note: (a) Community composition map; (b) Relative abundance heatmap; L stands for 0.50 mg-g™'; M stands for 1.00 mg-g™';

H stands for 2.00 mg-g™"; nSi stands for nSiO,; nTi stands for nTiO,; nZn stands for nZnO.

XFEBE T 2.00 mg- g™ nZnO Ab PR B ERFT 1 11 FIPE
TR 120 IR 6.75% F112.23% ,1.00 mg-g™' nZnO
Ab PRI BT T BERRAS 4.16%

VEHUITA Ab B AREAR PR 3 rp oA X = B HES (37
T 15 BERE RO ANEE , PR RS f
M ESZ RIS, W 3(b)r] I, CK 4h# 5 0.50
mg-g~' nZnO F12.00 mg-g~' nTiO, AbH 40 FETE
ZERBCA AL B R —25,0.50 mg- g™ nZnO Kb B

M 2F 40 AT & J8 (Bacillus) £ & b CK Ab B &
237.00% , ¥} 050 mg-g™ F12.00 mg-g™' nTiO,
GEBRL T 3 Flk FE 1 nSiO, kb FEER S —2 | A E
J&° N Candidatus Koribacter J& . Kaistobacter J& . & {4,
+ IR B (Flavisolibacter) J& F K 48 % 1 J& (Anaeromyx-
obacter) , Flavisolibacter J& 1 Kaistobacter & ) & &
Sl CK b3 22.83% ~ 128.00% £11 36.86% ~
221.58% ., 1.00 mg-g ' f12.00 mg-g™' nZnO AbFEHY
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ooz 4R 18 &

YHTR HE 7% A5 A R — 25, AL 8 N Candidatus
Solibacter . Kaistobacter Jg . K “A. 14 J& (Anaerolinea) Fl
RAEZFFE . nZnO Ab PR H PR a5 B e 29160, 45 VR 1)
gE IR IR H5 CK AL PRI B0
2.2.2  RPR - ANTE AT R B 25 7 A
i#i i Chaol ,Ace ,Shannon Fll Simpson 8%k &
NI o ZREPE, QN 4 R, 5 CK A3
L, nTiO, Ab P F) 7K A5 AR Fr - 8 40 T8 #F v 79 H 34 4
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Fig. 4 Effects of three nanomaterials on the a-diversity of soil bacterial communities
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# :(a) nSi 2N nSi0, , (b) nTi 4 nTiO, ,(c) nZn & nZnO;L 4 0.50 mg-g™' ;M 4 1.00 mg-g™ ;H > 2.00 mg-g~' |

Fig. 5 Effects of nanomaterials on B-diversity of rhizosphere soil bacterial community based on Bray Curtis analysis

Note: (a) nSi stands for nSiO, ; (b) nTi stands for nTiO, ; (c) nZn stands for nZnO; L stands for 0.50 mg-g™!;

M stands for 1.00 mg-g™'; H stands for 2.00 mg-g™".

il 6 (a) it s, PCL Bl AN PC2 %l 57 #ik 28 43 5l
28.42% F124.62% , Rt BTk R K 53.04% , B 2=
SRR, AR b B A A0 T R S 2 B I
A, PC1 X} nZnO R b 3 (CK 4L 3 | nSiO,
I nTiO, ZLF)HAT T X 43,2k A CK &3 nSiO, Ak
P nTiO, &b 3 1) 240 7 B 7% 5 s H0 B 3 A X R 2,
Mz, CK ACFRFN nZnO A FH A 20 T AE V5 AR X A 25 458
T, R B 25 5 (r=0.4599 , P<0.01), /KFE4)
A B S AR X B e ) 27 AN SRR Pear-
son AH 43 Hr 2 B (I 6(b)), Catellatospora %5 J& 5 7K
FELTH CAT 7 P il 3 1E A ¢ (P<0.05), Candidatus_
Koribacter 45 )& 5 CAT Jif 1 . % 1 A & (P<0.05);
Candidatus _Solibacter J& 57K F4h i SP & &= B 3% 1F
FHF(P<0.01), Nitrosovibrio J& 55 SP & & it 2 i AH

FK(P<0.01); Sphingomonas J& 57K f& 41 SOD & P
L2 TFAH X (P<0.05), Clostridium J& 5 SOD 1% ¥k il
Z 1 F & (P<0.01); Catellatospora J& 5 /K 75 4 i
POD 7P g 3 1F A 5¢ (P<0.05), Alicyclobacillus F1l
Bacillus %5 J& 5 7K F& 41 i ¥k = (PH) | fF 5 52 (FW) T
JFi i (DW) 2 i 2 1EAH X(P<0.05) , Bradyrhizobium J&
5K AR R (PH) 1.3 57 A G(P<0.05)

2.2.3  KAEARPR - 40 TR Y D) e T s ()

Kyoto Encyclopedia of Genes and Genomes
(KEGG) £ 8 e f— G ACIHE #6434 6 A~ K2 il
1 F(cellular processes) I 5% {5 E AL P (environmental
information processing) . 1% 1% {5 B 4t #f (genetic infor-
mation processing) . A ZS ¥ J% (human diseases) . #7 [k
{1} (metabolism) 52 4= ¥ 1A £ 45 (organismal systems).,,
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FE AN ACEHE BT B A AR 1, 5 A ihiE
FHOC Y LA 24 26, Horb & 25 ) i BRI AE X 3= i >
1% A 23 26, 3 Mg kB8 n , d SE R AL 20
AEHE PR By AN B2 & T CK 4B, 7E 1.00 mg-
g™ nSiO, AbFE K 1.00 mg-g ™' A12.00 mg-g™' nTiO,
AP B 5T AR5 Dy he 2 DR AR o B 2 T, B
1.00 mg-g ' F12.00 mg-g™" nTiO, 4b B34 hin T HiAth
FAEIRACHS | 5 A= 3 AR W I il R0 AR 2 e A R Y
AR =B (H 35t 1% {5 B Ak 3 fi 15 AT D) g Ak A
FARXT F R B % TR, 5 CK AbBEEL,1.00 mg-g™
H12.00 mg- g™ nZnO 4b H ) M AW A BRI AR
20 A AR RN AF S A0 SR AE AN A )y e A R A R T
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AN iz ) A7 5% 5 B s R 2R 45 T R kTR 1Y
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] r=0.4599
027 p=0.001
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Fig. 6 PCoA analysis of bacterial community in rhizosphere soil of rice after treatment of three nanomaterials (a) and

correlation analysis of physiological indexes of rice with abundance of key bacteria genera (b)

Note: (a) Three replicates of the same color for each treatment; L stands for 0.50 mg-g™'; M stands for 1.00 mg-g™!; H stands for 2.00 mg-g™';

nSi stands for nSiO,; nTi stands for nTiO,; nZn stands for nZnO; (b) * represents P<0.05; * * represents P<0.01; SOD means superoxide dismutase;

POD means peroxidase; CAT means catalase; SP means soluble protein; PH means plant height; FW means fresh weight; DW means dry weight.
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F3 KERERTIEAFNINGRERFETR
Table 3 Functional gene abundance annotation of rice rhizosphere soil bacteria
gt oie
Metabolic function
AR
Amino acid metabolism
AR A=A B9 5 B

Biosynthesis of other secondary metabolites

CK L.nSi M.nSi H.nSi L.nTi M.nTi H.nTi L.nZn M.nZn H.nZn

1053b  106lab 1067a 1068a 10.7la  10.70a 10.6lab 1059b  1069a  10.69a

126a 126a 1.26a 1.26a 124a 123a 127a 123ab  123ab 121b

KA PR
Bk a B ;H, 1067a 10.64a 1065a 1067a 10.63a 10.58a 10.73a  1059a  106la  10.68a
Carbohydrate metabolism
ES
EH@L.Z?] 320a 322a 3.16a 3.10a 3.16a 3.17a 3.12a 3.08ab  3.14ab 3.06b
Cell motility
o FR A2
i A {nﬁ?_ . 3.59a 3.62a 3.60a 36la 3.58a 3.56a 355a 357a 345b 343b
Cellular processes and signaling
AL
RERAH . 6.04a 6.00a 598a 6.00a 5.96b 5.94b 6.03a 6.10a 6.0la 6.08a
Energy metabolism
XK
PR . 225a 224a 223a 223a 221a 221a 224a 226a 225a 220b
Enzyme families
B R
. b ) PSRHIRER . 2.39a 239a 237a 2.38a 236a 236a 237a 2.38a 235b 240a
Folding, sorting and degradation
i EPSPUEE
. l,é%{n . . 255b 2.52be 251c 2.52bc 2.50c 25lc  2.54bc 259a  254ab  2.57ab
Genetic information processing
B E A AR
%*B; % o AR . 2.58a 253a 248a 249a 242a 240a 2.50a 240a 233b 235b
Glycan biosynthesis and metabolism
&
. ,HEI Rt ET_ 3.88b 3.95ab 396a 395ab 3.98a 397a 392ab 3.88b 391b 3.85b
Lipid metabolism
i
993a 9.53a 96la 947a 9.68a 9.83a 9.88a 995a 1034a 1028a
Membrane transport
R
. 257a 2.55a 2.55a 2.54a 2.55a 2.55a 2.55a 255ab  2.54ab 2.50b
Metabolism
i SRR A B N U AN i)

) L 4.15a 4.16a 4.16a 4.18a 4.16a 4.16a 4.14a 420a 4.15a 420a
Metabolism of cofactors and vitamins

w2 A AR EAL & R
Metabolism of terpenoids and polyketides

2.04a 207a 208a 2.10a 2.11a 2.11a 2.06a 2.08a 2.10a 2.09a

A SR 11 1R
E{L%J‘M ’M’Q‘ET . 1.78b 1.82b 1.833b 1.83b 1.85a 1.84a 1.79ab 1.80b 1.81b 1.80b
Metabolism of other amino acids
R
}FZ_JErMﬁ i . 324b 325b 323b 326b 322b 322b 324b 325ab 322b 327ab
Nucleotide metabolism
TEAE
RAEAL . 528a 543a 528a 529a 526ab  524bc 528a 526ab  521bc 517¢
Poorly characterized
45 4 1 %/—‘
.E%_J* BX . 7.14ab 720a 7.18a 723a 7.14ab  7.13ab  7.15ab 7.18a 7.05b 7.16a
Replication and repair
=R
. eding . 222a 222a 220ab 2.17b 22lab 222a 2.18ab 2.18b 2.19ab 2.13c
Signal transduction
LS
. 2.58a 2.57a 2.55a 255a 2.54ab  2.54ab 256a 2.53ab  2.55ab 249b
Transcription
i
. 4470 4460 445b 4460 4420 443b 446b 449b 446b 4.58a
Translation
S R A WK AT

o . . 2.89b 30lab 3.09ab 3.11ab 320a 320a 296ab  3.0lab 3.08ab  3.00ab
Xenobiotics biodegradation and metabolism

L T RESE PR A X 2 B % ;L oM 0.50 mg-g™' \M S 1.00 mg-g™' ,H 4 2.00 mg-g~' ;nSi J}y nSiO, ,nTi }y nTiO, ,nZn A nZnO,
Note: The unit of relative abundance of functional genes is % ; L stands for 0.50 mg-g™', M stands for 1.00 mg-g™', H stands for 2.00 mg-g™'; nSi
stands for nSiO, ; nTi stands for nTiO,; nZn stands for nZnO.
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i, eAh, nSio, 4bFEXT SP A = R AR /N,
O nTiO, AbH AT A SP & &, | vk B (1.00
mg-g” F12.00 mg-g ' )nZnO AbFE AT 42 55 SP & &,
SP VE Ry A A PN E 038 375 1 W) B, K R 40 1 T
T R 5 1 R AR PRI AN KA R e 5
M, nSiO, Zb# K nZnO 4b P34 7] i 2 FE AR /K FE 4
HRPR SR AT B T nTiO, AbFEXT K AE4)
T ST AT TR BE TR SR R AR AN
KA RIS XK R4l B 7 A AN [ 9 A PR A
WFFE I, 90 K b REFE A 40 v 1 35 %, B T NPs
FRFR T A] R4 AP 2 DL K NPs 9 287 R /N AR
JEEY Gk AR E A K RE AR (14 7 =X S e
ReE, EAR/N AR 0] 38 30 20 L RE | 20 6 5 A%
FRE P L % 5 -3 3 45, 3 RT3 Ao KRS A i ) 32 Blis
A AR FH R AR P, DA K 52 i 7K R 19 A= A T
3, HARB KGRI ARAR G iE A KRS 4, 3 8
SRR AR R B I EREEY ML, Josko
EBIFS R I, nZnO WYk FEZORIE TRE RS 1, i
764 rh nTiO, F1 nSiO, X B HCH I 1 42 @ 25
FES AR AEROE— S Z B, nZnO XFIR K 4%
B A R B P Y B S T nTiO, , T R R
Zn*"7E nZnO Xof A A B i 2 P R0 P ) 5Tk T
nZnO X} 2R FIA%/NER B B3 R 00 P ) 5Tk s nZnO 1)
FMEAE nZn0O 5 nTiO, “JCiR AW e 5 E 2 5t
fik ,nZnO 1 nTiO, XK /K G 38 R S FEPEN LT S5 0
DRAFURE 55 16 P S i 2 8, o5 | 35 400 o 4 7 35
A, AW, 3 B R R F ] (E A4 %
JCRANE] AR A H K ) BAR AN A, nZnO #Y7K )
HAZR/N, nTiO, 7K 1 EE K, H i, nZn0 F I
) FEPEVE ISR T nSiO,, i nTiO, BYTE P/ 55,
nZnO FRIH BRI FEERON, T IH B F nZnO kL
ANASURT R o 40 6 T, LS W A A P 5, i
M 49 o i 3 AR IR, BB A1, nZnO 78 3R 55 AR )
I A R Zo® B fdf 41 7 A= ROS
TE A AL IG5 S DNA $i 405, X5 A M 240 e e Ak 1
PERO ZE AT UL 3 B g KA R X K R ) B 1 HIL A
YRR T ROS T A5 | 12 7K 8 40 B 11 4204k 1
B T 45 R 5 T PSR 25182510
it 16S rDNA 538 il 7 73471 3 Fh gk 4 kL
T R T KRR AR B - S8 240 D £ B A5 e, AS RIS R
B, nZnO Ab 3T SR A0 B R A, B S BRI OK A
MR PR A B i M R, BEA AR R i
15, WK A AR PR - HEAH DR VR 4540 B oo ZRE PRI 11

TSR A, AR KA BT AR s - S8 20 PR % 1) s
LA 21 785 1iE B, HE 2 52 0 200 TR e v 245 4 S 22 APk
HBERW, You FFHYERFGY nZnO X 0 i A1 %
- - S MR A TRV 1 5 e B A5 2 2L 45
I I A S A TR 7 52 B S e S0 AR ) 1R
Chai S5 (038 1 P | T BB TR = B 0l 0 M T AR
nZnO il nCeO, HITEME, J& I il 40 77 ™= SRR,
IR/ A N A 8 e i U RS TR RN B R A S, 1T
il R T, FEABESEH,0.50 mg- g™ nSiO,
Ab PRASAR K A AR B - 18 40 B ) b i) =F B2 3 n L 2.00
mg-g~' nSiO, AbH T HUH AN B 2 AL M B E AR, BE
TELE R AR L W i, Zhang S5V B9 K B, R Uk
nSiO, XJ JR 4 2 4 1k B BE 3% 45 14 52 i g/ (B
200.00 mg-L™" nSiO, AbHli PR 4 4 A Ak B 2 HEPERE
I, X SABIFREE RARSERL, 7300 I U ieve 25 5
ST, 3 FRGK LB nZnO XT -+ IJEAR TR AT I 25
P B R, A nSiO, , 17 nTiO, Jf AR B i 42
BEES HAEWR P LB 2.00 mg-g™' nTiO, Zb B
0 2 MU KRR PR - 334 TRV 2H L S AR X
—2E RPN EIE S nTiO, 5 HAh 4 & E Ak
KA 7 T 5 M B S R [R) S mT L iRk e
IR S KA BRI DG, SRR nTiO,
(7K T BRSO , A AT RESRER I T A XK
A ATER il > NPs 5 4 HErh ek Yy A it 2 [
() B HE AR BAE PR BRI KA D PES

A, Pearson AH S 43 #7752 BH |, AR PR 1 322 41 1
FET& A0 22 S50 00 T /K R4 i BT S A S PR A A
Yy, Ho Catellatospora I Sphingomonas 55 J& HY
AEORE A= B2 55 K R 4 v e A A BTG PR RN A ) A W
1EAHSE (P<0.05), 1Ml Candidatus Koribacter . Nitroso-
vibrio F Clostridium <5 J& AR XS 4= 5 H &2 3 7
FIF(P<0.05), Zhou ZF VST R i, SHAN KM KL &
S AR Y G PR, 2 T 5 Wik K A R 1Y
ARKET ., HIAT L, QKA R AT B 42 6 K A5 40
B A AR BREE  3A A] UIE AR B 5 A TR T 2 A
()42 5 LK A 40 1 48 Ak g SR 32 32 3 3 17 52
PEERMET

AN T] A B - 398 2400 TR AP 7 235 1 LU BOR B, 3 A
AN R BR AR R T3 b | 2R AT I8 & (Bacillus) |
Flavisolibacter J& . Kaistobacter & . 21.1i# 21 1 J& (Rho-
doplanes) Ml Candidatus Solibacter P g [ AH X =F & 44
T, BB SE X S T R ) 3 B AE
FHAHEYARE A WA SRR T, H: v 2 £ - 5 R i A



545 4

VFFEANAE 3 FhARBEAERT 7K R 4 i A B0 AR o 20 T A0 7 40 A ) 52 ) 277

ZEFRAT IR & O B AR BRI AR R R YT T AR AR R
R ST AR B A A A AR
K 14 2 58", Rhodoplanes . Kaistobacter & 1 Flavi-
solibacter J& T /5 i B2 £k | 7 4 J& HAT T 32 1 1 S A
AL # J& ; Candidatus Solibacter "N HE/ A HLT  FH
IR A R DIRE ™ . A, AT R 4k
il 14 A= Wy 5t Ak BT LA AR B £ 3 WP 19 Gammapro-
teobacteria . Bacteroidia, Gemmatimonadetes , Deltapro-
teobacteria I Anaerolineac 5545 #5 /LW . /W)
R AL S5 PR BT A8 5 i | LAY AR S
YIAROC , AR ) 107 FH AR T SOABURE Ak v 40 1) 2 )
AR AR S i A - i A A B AR B 4 0
FHMAERR T BAE 5 00 KRB G T
MO UL GOk RIS F AR Y- Y R R
TREY], KFEYHZ B 3 FhAIRARLE B4
A, MR R 240 A % Tk B g, AR Bk - B 12 A
AT REOL S AN T i - B4 g, L AR I, O ek
SRR B - SFEAH GRT V 45 0, T 42 v A X 4 oK A
AIBTHE X OR AR G+ B Y A= 2548 52 358 BE Al

ARWFFELERR], AR F W KB 4 2K —
RAELRTIRE , L& dn e 7 BB (S BAL B R AE AR
AR PR KRR , BT B A Sl e AL RAH X =
TEA AL PR 3 7 LU dR R X5 REZ A G IR 4 2R
ARARLEY 3 Fle 2 K A Rk oA 002 7K e AR s - 398 240 TR R
TR —RINREAY . 32 3 PR AR e AR PR 1
SRAHTR R DR P K 23 25 H RN
HEA T T AR AR Bk A & W 1S s i
EHIAME R AR A, EIERR PR 1 B e
AR, XFESH TR L Guo FHHY
WFFE R, E BRI 4 Be i o fOR B A 45 R
Yt va S5 A AR F B2 AR AL TS ma ik J 2k o 3 Fl
YK AR RE I 2 B e AR P - A2 TR ) 2 R A T
R, P M5 M K R AR PRI AE 2 TR AR PR - R A P
TEAE R AR i SO AC AR TR 0 B IR B AL A )
FEE B By T A AR ok e RRIP RS
o555 S/, 78 1.00 mg-g™' nSiO, LK 050
mg-g~' F11.00 mg-g™' nTiO, &b P55 Qi i 2%
B9 . 7E nTiO, %58 M4 SR {5 FA B v oW 28 21 45 Ak
N, 5 AN TR ROS 7= A5 40 B 4SS 11 452 475 3
U L I B e W R 1 £ i Gl e >
WAL LA, MRPR HIEAN R 1 4 2K—2Th
REELAG AN AL 7 PRBE AR EAL BT 354415 EAL 3 K hT
BRACIH45Z 2 nZnO 535520, nZnO FEAL R A=Y

A A AR R E S s ) TS
AR SF SL I DB, JR R AT BB J& nZnO W I i
T 20 0 35 TR B B 4400 B 235 4, 52 i 0 ML {5 5 5% =, L
nZnO I R A 20 PR 308 5 i) 448 i P 49 I 2 2 N
WP ¥ A PN st A% 0 B ) B S R R 1R Tl BRI

25 TR 3 i RUBE A [R] 0 40 K A ) T B %
IKFEL 7 A A B EE P, (AR nZnO Fi nTiO, 7K
I EAR S35 Ay e NI R TR 1 98 B e o AR e 553
MIFEMERLN , BEAN, 3 Rl K a4 B & nSio, #1
nZnO i A 3 i o AR AR B - 98 41 B 2 R ) R R IR
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