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Nano-enabled seed treatment technology: an efficient strategy to enhance
climate resilience of crops

KANG Zhao, ZHAO Lijuan”
(State Key Laboratory of Pollution Control and Resource Reuse, School of Environment, Nanjing University, Nanjing 210023, China)

Abstract: Climate change has increased the frequency and intensity of extreme weather events. Therefore, crops are increasingly ex-
posed to a variety of abiotic stresses, such as heat, cold, drought, and floods. In addition, climate change has led to an increase in the
frequency and intensity of biotic stresses, such as pathogens and pests, in crops. Under the combined action of abiotic and biotic
stresses, a reduction in grain yield is a serious threat to global food security. Improving the climatic resilience of crops is critical for
reducing yield losses. Seed treatment is an effective way to improve seed quality (e.g., by increasing stress resistance, yield, and nutri-
tional quality of crops). Nanomaterials with unique physicochemical, electrical, and catalytic properties are used as seed-treatment
agents. In recent decades, nano-enabled seed treatment approaches have shown great potential for improving abiotic stress tolerance
and disease resistance in crops. In this review, the research progress, molecular mechanisms, and current market status of nano-ena-
bled seed treatments are discussed. Nano-enabled seed treatment was found to not only improve the germination rate and accelerate

germination speed, but also enhance resilience to abiotic and biotic stresses. When nanomaterials interact with seeds, their small size
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enables them to cross biological barriers and enter the seeds quickly, and the catalytic properties allow them to participate in and regu-

late cellular metabolic processes. Meanwhile, nano-enabled seed treatment is a simple, low cost, and environmentally friendly new

technology, which has great potential to reduce the use of agricultural chemicals and promote sustainable agriculture. In addition, this

is an effective method of improving the climate resilience of crops. Nano-enabled seed treatment technology is likely to be a new

strategy in the seed treatment industry. This early layout will improve the international competitiveness of seed treatment enterprises

in our country. Taken together, this review aims to provide farmers, policymakers, and other researchers with a comprehensive per-

spective on the current nano-enabled seed treatment research and technology, as well as a new perspective and strategy for improving

the competitiveness of China’s seed treatment industry.

Keywords: Nanotechnology; Climate resilience; Nano-enabled seed treatment; Food security
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Fig. 1 Schematic illustration of the history of seed treatment
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Table 1 Positive effect of nano-enabled seed treatment on crop physiology and plant protection
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TiO, NPs 7. mays , 60, prove seed vigor, 0, . enzyme activity salt stress [66]
resistance
s o B ,—,\ﬂ: ?—\II M—/A/, E{fjﬁt‘\n‘;‘gh
AR R 100, 200, 300 4 Prorlfott;t‘tj fﬂi:ﬁiiﬁ jl:d{:ej;; Eﬁ;ﬁﬁjﬁﬁm rove 67
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Fig. 2 Mechanisms for nano-enabled seed treatment to increase the tolerance to abiotic stresses and pathogens

http://www.ecoagri.ac.cn


http://www.ecoagri.ac.cn

555 1

B A GUORFP AR BEEOR: SR R R B A R AR 751

PR 7R T8 1 AN W i s, b W) R AR R Bk i
Z WA TR B, LAOR BRI A B R 5
U B B — LS B TE A 3 % Fh - A BT S
K. WeAHh, AL BN < s BUR R & — 1>
NGRS R™, ZEZMHERGLFEERT,
AR T4 BT 3 B (6 AN Wi 32 71, 4l Markets and
Markets (M&M) Fil il , 4= 3k B+ 4b P17 7 FLALHE A
2022 41 61 1236 T B 2027 4E 19 92 {2 KT, Tl
DI A BAE A A ik 8.3%. 4T, EBRFh+
A BT 3K B R Y 5 [ 2N ) I 28 W, 40 Syngenta
International AG. Bayer Crop Science AG. BASF
SE %o SR, 3K 2800 ) BT AE 7 177 it 2206 P o
AT ERRAR 27 i (AR D D)3k 9% 30 B4 - hittp://www.eco-
agri.ac.cn/cn/article/doi/10.12357/cjea.20230641),

A6 36 I A Bk de KA A 2 BT 37, Ok o3 ) o
B, BRUNAIE KX . $& Mordor Intelligence 14
H8E, ALSEM R BT A TE 2016 4Rk 1912
%ot, Hh L E G4 T 91% Wi d™. 783,
JLF 100% B4 £ K (Zea mays) #1 4L 2= (Arachis hy-
pogaea) TRE L T Fl T A B, HR B AE (Gossypium
hirsutum). 8 . /NFE R K E (Glycine max)™
A [ ) 465 8] e B R, 125 [ 93% B K AR PR 22
b AR BRI E] DL, BRSE A Tk I S B X
WA AL, SR | 38 A R A I K
DCAH He, FRE A b7~ b BRAT M R A e, 7 . HOR
FBCE R 55 AR 5, A R AL B R 58 . Fh
TAR B B AR E RV S SO S8 A
[ 2 2 ANGF, U E TR A BRAT O g 4g B
&, —Le IR EZRIE T LT TR RO LR b
PR ESE o SR, TERZBOR SR EAK, i
TR IR SR AR A B, FE TR,
5 NI 72 -/ SVl e S/ S 1 A2 O S B
o=~ DU B AR Py e B b 3R T R R M, LRI Y 28
BRCRHNZ) TAT Iy PR & 55 g [e] i, 36 T
TR ) ol Ak P A 23 M B K 2l T Y, =
ThSTBIHT

QA SO, B 75| A © IR ] S R SR AR Y1 4T
WA RO B IBILIOR, B 15 K BHE R —
Fp SRR TN AR R A ™ R KRRt T
Foft 55| % 2% 2R AR ) AR 52 Wil 4 A1, EL 7 R M L
B b, B3 K e/, ERT, B BRI S7 AH 4k
HY BT 5 Fh 751k e i . Horp, Take Off ST
EasyPrime ., EasyDormex . Emergis”. Tempo®, SPLIT-
KOTE" SPECIAL il PROMOTOR™ %5 7= i #4411 1

¥ 25 %, AR R . TEXY ST T . Easy-
Dormex, Tempo”. Thermocure™ 1 SPLITKOTE"
SPECIAL 457 fils FAR T 7k 2 2o B rp vl B 80k
HEA) SO, % 1T DR T ol 98 AR IR 016 AR IR [7)
B eSS VR S BIE R P75 L R 7= i T, —
S0 b F AR R I 7 E 24058 T HA A R . kst
7 it A AR S 2 TR Ml R R N o SR, UK
REFE S TRAERAS . BREmAL AR e S
[, A, B AT B s VR W B e 0 Jy T iV
JEH A BR

FH AT DL, JE I8 2 TR 24 B R T AL B, i 2
SEF5I R MR A FE ), R EEE ARG A
PR e #, % X se 2280, AT LR EA R
WY AR AU ERR, SeB s a k Je
YK b7 A PR ARAE Ry — RO HOR, B T g 2 A
TFRFRAT A Ho

5 RESRE

SAEARARTS BT, $ VR 0 A B T T e
PR R B E B WA SO, 98K R 1Ak B
FE 3 U BT O T AR ) . o R,
YR F T AL B AR ILE AR EET . HIREZA
SR I R AR e W L K, 38 V) B RS 1 S AR
PP RE ST EOR, MR B X4, 2) V2T
R /INAR B TR ARG, T R /N AR Ml 3 B A AR AR
(R 48 K b A B R, DR A P RS ™ 9 2 s /v Ak
P F B2 TUR A . Acharya 25 ™ S+ Ak AR 5| &
PG IR T B9 A 2924 53.1~88.65 ¥hm *, Zhou %5
il AR ER 5 & 3B F 1Y BLAS 2928 7.95~13.65
¥Y-hm o UL AT L, 40K Rl A B R 45 R BT PR, K
AAH KRB, X F /N #5343, J&— ] £ $H 75
IFAIATEYEAR o B GOKFh - Ab SRR B # BT Y
TR, — S8 B A T i A6 B 194 49 K 1~ b B350, g ok
TARARRE | GO AR R L K B RS K A
dE— 2 AR AS o 3) TR A 2 0 FH o v, AR SR
b S| VR 087 NP S/ e AU 8 B N 7oy = L
AR AR, N TR mERELS
ARG, A B F U5 k. 4) 90K BT A B
REAARE LU 525, WREEGAR L
i X L, 40K b Ak BRI B AR B B AT MR A M A AR
TR PR KRS o ks, 5 At it FH O =G B (i T
Mo ot 4 - 338 it ), 49 oK b Ak B % i T O =X (R A
AR T AR A Kb L IR B 2 B XU o R, B
JE B G KA A By Xt R85 04 TR AE B W, 4K BT Ak

http://www.ecoagri.ac.cn


http://www.ecoagri.ac.cn/cn/article/doi/10.12357/cjea.20230641
http://www.ecoagri.ac.cn/cn/article/doi/10.12357/cjea.20230641
http://www.ecoagri.ac.cn/cn/article/doi/10.12357/cjea.20230641
http://www.ecoagri.ac.cn

752

W AR RO 24 (R 3E3C) 2024

%328

HHR O 2 O IR R IR AL . L, M
22 UE 416 2 T 40 DK b 1 Ak B R A B 85 A A
5) [ PR Ak BT 7 130 25 ] 2 W] ZE W . 4 K bl
T4 PR AT W] RS AT AR BEAT ML BT A PR IE,
TR Jr A 2 4 v 1 Aol A B Al B [ B A
2, AR Ak LR R LR, 7 i R RSN
FH Z i, B ) 75 7 U AR i A7 Jey, FERE R i1 Ak
A SRR AT ST, T 20 K Foh 7 Ak B AR DA S 5 5 A
FERNFIE R AL B9 24K

SC B D 0 3k % R BR A - http://www.ecoagri.

ac.cn/cn/article/doi/10.12357/cjea.20230641 .

£ EZ#k References

(1

(2]

[3]

(4]

(5]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

SANDERSON K. June’s record-smashing temperatures — in
data[J]. Nature, 2023, 619: 232-233

HASEGAWA T, SAKURAI G, FUJIMORI S, et al. Extreme
climate events increase risk of global food insecurity and
adaptation needs[J]. Nature Food, 2021, 2: 587-595

KIM W, IIZUMI T, NISHIMORI M. Global patterns of crop
production losses associated with droughts from 1983 to
2009[J]. Journal of Applied Meteorology and Climatology,
2019, 58(6): 1233-1244

SINGH B K, DELGADO-BAQUERIZO M, EGIDI E, et al.
Climate change impacts on plant pathogens, food security and
paths forward[J]. Nature Reviews Microbiology, 2023, 21:
640—656

REED R C, BRADFORD K J, KHANDAY I. Seed germination
and vigor: ensuring crop sustainability in a changing climate[J].
Heredity, 2022, 128: 450—459

PAPARELLA S, ARAUJO S S, ROSSI G, et al. Seed priming:
state of the art and new perspectives[J]. Plant Cell Reports,
2015, 34(8): 1281-1293

FRACETO L F, GRILLO R, DE MEDEIROS G A, et al.
Nanotechnology in agriculture: which innovation potential does
it have?[J]. Frontiers in Environmental Science, 2016, 4: 20
MAGHSOODI M R, LAJAYER B A, HATAMI M, et al.
Challenges and opportunities of nanotechnology in plant-soil
mediated systems: beneficial role, phytotoxicity, and phyto-
extraction[M]//Advances in Phytonanotechnology. Amsterdam:
Elsevier, 2019: 379-404

BRUCE T J A, MATTHES M C, NAPIER J A, et al. Stressful
“memories” of plants: evidence and possible mechanisms[J].
Plant Science, 2007, 173(6): 603—608

F E. Theophrastus: enquiry into plants, and minor works on
odours and weather signs[J]. Nature, 1917, 99: 282

EVENARI M. Seed physiology: its history from antiquity to the
beginning of the 20th century[J]. The Botanical Review, 1984,
50(2): 119-142

GAIUS P S. Naturalis Historia[M]. Princeton: Harvard Univer-
sity Press, 1949

TCHEZ BMEZ M. bt #ai &5 i, 2004

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

FAN S Z. The Book of Fanshengzhi[M]. Beijing: Academy
Audiovisual Press, 2004

BRI, FFREARM]. dbxnt: S5, 1996

JIA S X. Important Arts for the People’s Walfare[M]. Beijing:
United Press, 1996

R BAS. AR A ] B M]. Jbat: s o5 R, 2016
LEWIS M E. China’s Cosmopolitan Empire:
Dynasty[M]. Beijing: Citic Press, 2016

BLACK M. Darwin and seeds[J]. Seed Science Research, 2009,
19(4): 193-199

SRIVASTAVA A K, SURESH KUMAR J, SUPRASANNA P.

Seed ‘primeomics’: plants memorize their germination under

the Tang

stress[J]. Biological Reviews of the Cambridge Philosophical
Society, 2021, 96(5): 1723-1743

HEYDECKER W, HIGGINS J, GULLIVER R L. Accelerated
germination by osmotic seed treatment[J]. Nature, 1973, 246:
42-44

PARERA C A, CANTLIFFE D J. Presowing Seed Priming[M].
Horticultural Reviews. New York: John Wiley & Sons, Inc,
1994: 109-141

NETTLES R, WATKINS J, RICKS K, et al. Influence of
pesticide seed treatments on rhizosphere fungal and bacterial
communities and leaf fungal endophyte communities in maize
and soybean[J]. Applied Soil Ecology, 2016, 102: 61-69
WL, ARBABIMI. L5t AR, 1956

XU G Q. A Complete Treatise on Agriculture[M]. Beijing:
Zhonghua Book Company, 1956

MAUDE R B. Seedborne Diseases and Their Control: Principles
and Practice[M]. CAB International, 1996

PATRA M, SHARMA A. Mercury toxicity in plants[J]. The
Botanical Review, 2000, 66(3): 379—422

EDGINGTON L V. Systemic fungicides: a perspective after 10
years[J]. Plant Disease, 1980, 64(1): 19

BRENT K J, HOLLOMON D W. Fungicide Resistance in Crop
Pathogens: How Can It be Managed?[M]. Brussels: GIFAP,
1995

LAMICHHANE J R. Parsimonious use of pesticide-treated
seeds: an integrated pest management framework[J]. Trends in
Plant Science, 2020, 25(11): 1070—-1073

RUSSELL P E. A century of fungicide evolution[J]. The Journal
of Agricultural Science, 2005, 143(1): 11-25

GODFRAY H C J, BLACQUIERE T, FIELD L M, et al. A
restatement of the natural science evidence base concerning
neonicotinoid insecticides and insect pollinators[J]. Proceedings
Biological Sciences, 2014, 281(1786): 20140558

DOUGLAS M R, TOOKER J F. Large-scale deployment of
seed treatments has driven rapid increase in use of neonicotinoid
insecticides and preemptive pest management in US field
crops[J]. Environmental Science & Technology, 2015, 49(8):
5088-5097

AYESHA M S, SURYANARAYANAN T S, NATARAJA K
N, et al. Seed treatment with systemic fungicides: time for
review[J]. Frontiers in Plant Science, 2021, 12: 654512
LAMICHHANE J R, YOU M P, LAUDINOT V, et al

Revisiting sustainability of fungicide seed treatments for field

http://www.ecoagri.ac.cn


http://www.ecoagri.ac.cn/cn/article/doi/10.12357/cjea.20230641
http://www.ecoagri.ac.cn/cn/article/doi/10.12357/cjea.20230641
https://doi.org/10.1038/d41586-023-02219-y
https://doi.org/10.1038/s43016-021-00335-4
https://doi.org/10.1175/JAMC-D-18-0174.1
https://doi.org/10.1038/s41579-023-00900-7
https://doi.org/10.1038/s41437-022-00497-2
https://doi.org/10.1007/s00299-015-1784-y
https://doi.org/10.1016/j.plantsci.2007.09.002
https://doi.org/10.1007/BF02861090
https://doi.org/10.1017/S0960258509990171
https://doi.org/10.1111/brv.12722
https://doi.org/10.1111/brv.12722
https://doi.org/10.1038/246042a0
https://doi.org/10.1016/j.apsoil.2016.02.008
https://doi.org/10.1007/BF02868923
https://doi.org/10.1007/BF02868923
https://doi.org/10.1094/PD-64-19
https://doi.org/10.1016/j.tplants.2020.08.002
https://doi.org/10.1016/j.tplants.2020.08.002
https://doi.org/10.1017/S0021859605004971
https://doi.org/10.1017/S0021859605004971
https://doi.org/10.3389/fpls.2021.654512
http://www.ecoagri.ac.cn

%5

Uil

B A GUORFP AR BEEOR: SR R R B A R AR

753

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

crops[J]. Plant Disease, 2020, 104(3): 610623
DEVARREWAERE W, FOQUE D, HEIMBACH U, et al.
Quantitative 3D shape description of dust particles from treated
seeds by means of X-ray micro-CT[J]. Environmental Science &
Technology, 2015, 49(12): 7310—-7318

BAIG N, KAMMAKAKAM I, FALATH W. Nanomaterials: a
review of synthesis methods, properties, recent progress, and
challenges[J]. Materials Advances, 2021, 2(6): 18211871
KHAN I, SAEED K, KHAN I. Nanoparticles: properties,
applications and toxicities[J]. Arabian Journal of Chemistry,
2019, 12(7): 908-931

Al Y J, HU Z N, LIANG X P, et al. Recent advances in
nanozymes: from matters to bioapplications[J]. Advanced
Functional Materials, 2022, 32(14): 2110432

SINGH V K, SINGH R, TRIPATHI S, et al. Seed priming: state
of the art and new perspectives in the era of climate
change[M]//Climate Change and Soil Interactions. Amsterdam:
Elsevier, 2020: 143-170

GUHA T, DAS H, MUKHERIJEE A, et al. Elucidating ROS
signaling networks and physiological changes involved in
nanoscale zero valent iron primed rice seed germination sensu
stricto[J]. Free Radical Biology and Medicine, 2021, 171: 11-25
PRERNA D I, GOVINDARAJU K, TAMILSELVAN 8§, et al.
Influence of nanoscale micro-nutrient

o-Fe,O, on seed

germination, seedling growth, translocation, physiological
effects and yield of rice (Oryza sativa) and maize (Zea mays)[J].
Plant Physiology and Biochemistry, 2021, 162: 564—580
SAVASSA S M, DURAN N M, RODRIGUES E S, et al.
Effects of ZnO nanoparticles on Phaseolus vulgaris germination
and seedling development determined by X-ray spectroscopy[J].
ACS Applied Nano Materials, 2018, 1(11): 6414-6426

JOSHI A, KAUR S, DHARAMVIR K, et al. Multi-walled
carbon nanotubes applied through seed-priming influence early
germination, root hair, growth and yield of bread wheat
(Triticum aestivum L.)[J]. Journal of the Science of Food and
Agriculture, 2018, 98(8): 3148-3160

KASOTE D M, LEE ] HJ, JAYAPRAKASHA G K, et al. Seed
priming with iron oxide nanoparticles modulate antioxidant
potential and defense-linked hormones in watermelon seed-
lings[J]. ACS Sustainable Chemistry & Engineering, 2019, 7(5):
5142-5151

KUMAR G D, RAJA K, NATARAJAN N, et al. Invigouration
treatment of metal and metal oxide nanoparticles for improving
the seed quality of aged chilli seeds (Capsicum annum L.)[J].
Materials Chemistry and Physics, 2020, 242: 122492
ISAYENKOV S V, MAATHUIS F J M. Plant salinity stress:
many unanswered questions remain[J]. Frontiers in Plant
Science, 2019, 10: 80

KHAN M N, LI Y H, KHAN Z, et al. Nanoceria seed priming
enhanced salt tolerance in rapeseed through modulating ROS
homeostasis and o-amylase activities[J]. Journal of Nano-
biotechnology, 2021, 19(1): 276

YE Y Q, COTA-RUIZ K, HERNANDEZ-VIEZCAS J A, et al.
Manganese nanoparticles control salinity-modulated molecular
responses

in Capsicum annuum L. through priming: a

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

sustainable approach for agriculture[J]. ACS Sustainable
Chemistry & Engineering, 2020, 8(3): 1427-1436

WANG Z S, LI H, LI X N, et al. Nano-ZnO priming induces salt
tolerance by promoting photosynthetic carbon assimilation in
wheat[J]. Archives of Agronomy and Soil Science, 2020, 66(9):
12591273

OSAKABE Y, OSAKABE K, SHINOZAKI K, et al. Response
of plants to water stress[J]. Frontiers in Plant Science, 2014, 5:
86

RAI-KALAL P, TOMAR R S, JAJOO A. Seed nanopriming by
silicon oxide improves drought stress alleviation potential in
wheat plants[J]. Functional Plant Biology: FPB, 2021, 48(9):
905-915

RAI-KALAL P, TOMAR R S, JAJOO A. H,O, signaling
regulates seed germination in ZnO nanoprimed wheat (Triticum
aestivum L.) seeds for improving plant performance under
drought stress[J]. Environmental and Experimental Botany,
2021, 189: 104561

NOOR R, YASMIN H, ILYAS N, et al. Comparative analysis
of iron oxide nanoparticles synthesized from ginger (Zingiber
officinale) and cumin seeds (Cuminum cyminum) to induce
resistance in wheat against drought stress[J]. Chemosphere,
2022, 292: 133201

WAQAS MAZHAR M, ISHTIAQ M, HUSSAIN I, et al. Seed
nano-priming with Zinc Oxide nanoparticles in rice mitigates
drought and enhances agronomic profile[J]. PLoS One, 2022,
17(3): €0264967

RAGAB G, SAAD-ALLAH K. Seed priming with greenly
synthesized sulfur nanoparticles enhances antioxidative defense
machinery and restricts oxidative injury under manganese stress
in Helianthus annuus (L.) seedlings[J]. Journal of Plant Growth
Regulation, 2021, 40(5): 1894—1902

SARDAR R, AHMED S, YASIN N A. Titanium dioxide
nanoparticles mitigate cadmium toxicity in Coriandrum sativum
L. through modulating antioxidant system, stress markers and
reducing cadmium uptake[J]. Environmental Pollution, 2022,
292: 118373

DELGADO-BAQUERIZO M, GUERRA C A, CANO-DIAZ C,
et al. The proportion of soil-borne pathogens increases with
warming at the global scale[J]. Nature Climate Change, 2020,
10: 550-554

SIDDAIAH C N, PRASANTH K V H, SATYANARAYANA N
R, et al. Chitosan nanoparticles having higher degree of
acetylation induce resistance against pearl millet downy mildew
through nitric oxide generation[J]. Scientific Reports, 2018, 8:
2485

KHAN M R, SIDDIQUI Z A. Use of silicon dioxide
nanoparticles for the management of Meloidogyne incognita,
Pectobacterium betavasculorum and Rhizoctonia solani disease
complex of beetroot (Beta vulgaris L.)[J]. Scientia Horti-
culturae, 2020, 265: 109211

SHANG H P, MA C X, LI C Y, et al. Copper sulfide
nanoparticles suppress Gibberella fujikuroi infection in rice
(Oryza sativa L.) by multiple mechanisms: contact-mortality,
nutritional modulation

and phytohormone regulation[J].

http://www.ecoagri.ac.cn


https://doi.org/10.1094/PDIS-06-19-1157-FE
https://doi.org/10.1039/D0MA00807A
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.1002/adfm.202110432
https://doi.org/10.1002/adfm.202110432
https://doi.org/10.1016/j.freeradbiomed.2021.05.005
https://doi.org/10.1016/j.plaphy.2021.03.023
https://doi.org/10.1021/acsanm.8b01619
https://doi.org/10.1002/jsfa.8818
https://doi.org/10.1002/jsfa.8818
https://doi.org/10.1016/j.matchemphys.2019.122492
https://doi.org/10.3389/fpls.2019.00080
https://doi.org/10.3389/fpls.2019.00080
https://doi.org/10.1186/s12951-021-01026-9
https://doi.org/10.1186/s12951-021-01026-9
https://doi.org/10.1186/s12951-021-01026-9
https://doi.org/10.1080/03650340.2019.1663508
https://doi.org/10.1071/FP21079
https://doi.org/10.1016/j.envexpbot.2021.104561
https://doi.org/10.1016/j.chemosphere.2021.133201
https://doi.org/10.1371/journal.pone.0264967
https://doi.org/10.1007/s00344-020-10240-y
https://doi.org/10.1007/s00344-020-10240-y
https://doi.org/10.1016/j.envpol.2021.118373
https://doi.org/10.1038/s41558-020-0759-3
https://doi.org/10.1038/s41598-017-19016-z
https://doi.org/10.1016/j.scienta.2020.109211
https://doi.org/10.1016/j.scienta.2020.109211
https://doi.org/10.1016/j.scienta.2020.109211
http://www.ecoagri.ac.cn

754 A S A A AR (T 9E3C) 2024 832 %
Environmental Science: Nano, 2020, 7(9): 2632-2643 surface modification mediate disease resistance activation in
[58] YAN X, CHEN S, PAN Z Y, et al. AgNPs-triggered seed cucumber (Cucumis sativus)[J]. ACS Nano, 2023, 17(5):
metabolic and transcriptional reprogramming enhanced rice salt 4871-4885
tolerance and blast resistance[J]. ACS Nano, 2023, 17(1): [71] JOSHI S M, DE BRITTO S, JOGAIAH S. Myco-engineered
492-504 selenium nanoparticles elicit resistance against tomato late
[59] KIM S W, JUNG J H, LAMSAL K, et al. Antifungal effects of blight disease by regulating differential expression of cellular,
silver nanoparticles (AgNPs) against various plant pathogenic biochemical and defense responsive genes[J]. Journal of
fungi[J]. Mycobiology, 2012, 40(1): 53-58 Biotechnology, 2021, 325: 196206
[60] WEN H, SHI H B, JIANG N, et al. Antifungal mechanisms of [72] SEN A, PUTHUR J T. Seed priming-induced physiochemical
silver nanoparticles on mycotoxin producing rice false smut and molecular events in plants coupled to abiotic stress
fungus[J]. iScience, 2023, 26(1): 105763 tolerance: an overview[M]//Priming-Mediated Stress and Cross-
[61] CHEN S L, GUO X P, ZHANG B T, et al. Mesoporous silica Stress Tolerance in Crop Plants. Amsterdam: Elsevier, 2020:
nanoparticles induce intracellular peroxidation damage of 303-316
Phytophthora infestans: a new type of green fungicide for late [73] NASEER M, ZHU Y, LI F M, et al. Nano-enabled
blight control[J]. Environmental Science & Technology, 2023, improvements of growth and colonization rate in wheat
5709): 3980-3989 inoculated with arbuscular mycorrhizal fungi[J]. Environmental
[62] CHEN S, LIU H L, YANGZONG Z, et al. Seed priming with Pollution, 2022, 295: 118724
reactive oxygen species-generating nanoparticles enhanced [74] SHARMA D, AFZAL S, SINGH N K. Nanopriming with
maize tolerance to multiple abiotic stresses[J]. Environmental phytosynthesized zinc oxide nanoparticles for promoting
Science & Technology, 2023, 57(48): 19932-19941 germination and starch metabolism in rice seeds[J]. Journal of
[63] ZHOU X D, JIA X R, ZHANG Z H, et al. AgNPs seed priming Biotechnology, 2021, 336: 64-75
accelerated germination speed and altered nutritional profile of [75] AN J, HU P G, LI F J, et al. Emerging investigator series:
Chinese cabbage[J]. Science of the Total Environment, 2022, . . .
. molecular mechanisms of plant salinity stress tolerance improve-
[64] i(ijbiisljingEFAH, ABU ALHMAD M F, ABDELFATTAH ment by seed p-riming with cerium oxide nanoparticles[J].
] o . . . Environmental Science: Nano, 2020, 7(8): 22142228
K E. The possible roles of priming with ZnO nanoparticles in
mitigation of salinity stress in lupine (Lupinus termis) plants[J]. (761 CAO X‘ 5, WANG € ‘X’ LUO. X, o ?.l. Elemental ‘sulfur
Journal of Plant Growth Regulation, 2017, 36(1): 60-70 nanoparticles enhance disease resistance in tomatoes[J]. ACS
[65] RAI-KALAL P, JAJOO A. Priming with zinc oxide nano- Nano, 2021, 15(7): 11817-11827
particles improve germination and photosynthetic performance [77] GROUP P A P, CONRATH U, BECKERS G J M, et al.
in wheat[J]. Plant Physiology and Biochemistry, 2021, 160: Priming: getting ready for battle[J]. Molecular Plant-Microbe
341-351 Interactions: MPMI, 2006, 19(10): 1062—1071
[66] SHAHT, LATIF S, SAEED F, et al. Seed priming with titanium [78] SIRCHIO K, SUTTON A. Syngenta professional products
dioxide nanoparticles enhances seed vigor, leaf water status, and focuses chemical technology on new applications to enhance the
antioxidant enzyme activities in maize (Zea mays L.) under quality of life[J]. CHIMIA, 2007, 61(1/2): 17
salinity stress[J]. Journal of King Saud University-Science, [79] DESAMANGALAM A. China seed treatment market size and
2021, 33(1): 101207 share analysis{[EB/OL]. Mordor Intelligence, [2023-6]. https:/
[67] ALSAEEDI A H, EL-RAMADY H, ALSHAAL T, et al. www.mordorintelligence.com/industry-reports/china-seed-
Engineered silica nanoparticles alleviate the detrimental effects treatment-market
of Na' stress on germination and growth of common bean [80] WHITE K E, HOPPIN J A. Seed treatment and its implication
(Phaseolus vulgaris)[J]. Environmental Science and Pollution for fungicide exposure assessment[J]. Journal of Exposure
Research, 2017, 24(27): 21917-21928 Analysis and Environmental Epidemiology, 2004, 14(3): 195—
[68] RAZA M A S, ZULFIQAR B, IQBAL R, et al. Morpho- 203
physiological and biochemical response of wheat to various [81] BECKERS G J, CONRATH U. Priming for stress resistance:
treatments of silicon nano-particles under drought stress from the lab to the field[J]. Current Opinion in Plant Biology,
conditions[J]. Scientific Reports, 2023, 13: 2700 2007, 10(4): 425-431
[69] KASOTE D M, LEE J H J, JAYAPRAKASHA G K, et al. [82] ACHARYA P, JAYAPRAKASHA G K, CROSBY K M, et al.
Manganese oxide nanoparticles as safer seed priming agent to Nanoparticle-mediated seed priming improves germination,
improve chlorophyll and antioxidant profiles in watermelon growth, yield, and quality of watermelons (Citrullus lanatus) at
seedlings[J]. Nanomaterials, 2021, 11(4): 1016 multi-locations in Texas[J]. Scientific Reports, 2020, 10(1):
[70] LUO X, WANG Z Y, WANG C X, et al. Nanomaterial size and 5037

http://www.ecoagri.ac.cn


https://doi.org/10.1039/D0EN00535E
https://doi.org/10.1021/acsnano.2c09181
https://doi.org/10.5941/MYCO.2012.40.1.053
https://doi.org/10.1016/j.isci.2022.105763
https://doi.org/10.1016/j.scitotenv.2021.151896
https://doi.org/10.1007/s00344-016-9618-x
https://doi.org/10.1016/j.plaphy.2021.01.032
https://doi.org/10.1016/j.jksus.2020.10.004
https://doi.org/10.1016/j.jksus.2020.10.004
https://doi.org/10.1016/j.jksus.2020.10.004
https://doi.org/10.1007/s11356-017-9847-y
https://doi.org/10.1007/s11356-017-9847-y
https://doi.org/10.1038/s41598-023-29784-6
https://doi.org/10.3390/nano11041016
https://doi.org/10.1021/acsnano.2c11790
https://doi.org/10.1016/j.jbiotec.2020.10.023
https://doi.org/10.1016/j.jbiotec.2020.10.023
https://doi.org/10.1016/j.envpol.2021.118724
https://doi.org/10.1016/j.envpol.2021.118724
https://doi.org/10.1016/j.jbiotec.2021.06.014
https://doi.org/10.1016/j.jbiotec.2021.06.014
https://doi.org/10.1039/D0EN00387E
https://doi.org/10.1021/acsnano.1c02917
https://doi.org/10.1021/acsnano.1c02917
https://doi.org/10.1094/MPMI-19-1062
https://doi.org/10.1094/MPMI-19-1062
https://doi.org/10.1094/MPMI-19-1062
https://doi.org/10.1094/MPMI-19-1062
https://www.mordorintelligence.com/industry-reports/china-seed-treatment-market
https://www.mordorintelligence.com/industry-reports/china-seed-treatment-market
https://www.mordorintelligence.com/industry-reports/china-seed-treatment-market
https://www.mordorintelligence.com/industry-reports/china-seed-treatment-market
https://www.mordorintelligence.com/industry-reports/china-seed-treatment-market
https://www.mordorintelligence.com/industry-reports/china-seed-treatment-market
https://www.mordorintelligence.com/industry-reports/china-seed-treatment-market
https://www.mordorintelligence.com/industry-reports/china-seed-treatment-market
https://www.mordorintelligence.com/industry-reports/china-seed-treatment-market
https://www.mordorintelligence.com/industry-reports/china-seed-treatment-market
https://doi.org/10.1016/j.pbi.2007.06.002
https://doi.org/10.1038/s41598-020-61696-7
http://www.ecoagri.ac.cn

	1 种子处理的历史及现状
	2 极富潜力的纳米种子处理技术
	2.1 纳米种子处理促进种子萌发
	2.2 纳米种子处理提高种子对非生物逆境抗性
	2.3 纳米种子处理提高作物的抗病性

	3 纳米种子处理的机理
	4 当前全球种子处理市场现状及纳米种子处理的未来
	5 总结与展望
	参考文献

