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Abstract

This study examined the effects of silicon dioxide (SiO:) and titanium dioxide (TiO:)
nanoparticles on durum wheat's yield and yield components. A factorial experiment was
conducted using a randomized complete block design at the Moghan Faculty of Agriculture and
Natural Resources during the 2019-20 crop season, focusing on cultivars and advanced durum
wheat genotypes. Foliar application of nanoparticles was performed at three growth stages: late
vegetative, early shooting, and early spike. Upon physiological maturity, 10 plants were
randomly selected from each plot, and yield-related traits were recorded. Analysis of variance
revealed significant genotypic differences in all studied traits. The foliar application of
nanoparticles significantly influenced most traits, including plant height, peduncle length, spike
length, grain number and weight per spike, straw weight, and grain yield per plant. Additionally,
genotypes exhibited varying responses to different foliar treatments. Notably, the nano titanium
dioxide (nTiO:2) application resulted in the highest overall plant yield, whereas nano silicon
dioxide (nSiO2) showed no significant yield difference compared to the control. The findings
demonstrate that nanoparticle treatments positively affected key traits such as plant height,
panicle length, grain number and weight per panicle, hundred-grain weight, straw weight, and
grain yield per plant in most durum wheat genotypes studied.
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Introduction

Durum wheat (Triticum turgidum L. var. durum) has always been crucial in people's nutrition in bread and
pasta production. Durum wheat is a widely cultivated cereal crop in the Mediterranean basin and the tenth
most cultivated species worldwide. Despite its low cultivation area, durum wheat holds significant economic
importance, and estimates by the United Nations and FAO indicate that global demand for this product will
increase by 2050. Several factors affect plants' growth and development, including chemical fertilizers'
impact on increasing food production. Silicon (Si), the second most abundant element in the Earth's crust,
has beneficial effects on the growth and productivity of various plant species under different environmental
conditions. Reducing silicon in the soil is more significant for plants that do not have an efficient system for
root absorption. Titanium has also been shown to stimulate plant growth, improve nutrient absorption, and
enhance the quality and biomass of agricultural products. Titanium is also a helpful element and promotes
the growth and development of agricultural products. The use of nanoparticles, such as silicon dioxide
(nSi0y) and titanium dioxide (nTiO»), is emerging as a method to improve crop yield and sustainability.
Nanoparticles can enhance plant physiological processes, improve chlorophyll levels, and reduce heavy
metal toxicity. With the rise of nanotechnology, examining the effects of nanoparticles such as nSiO: and
nTiO: on the yield of durum wheat is essential. In this research, an attempt has been made to investigate the
impact of these two nanoparticles on the growth and development of durum wheat.

Materials and Methods

To study the effect of SiO, and TiO, nanoparticles on yield components of durum wheat, a factorial
experiment was conducted using a randomized complete block design at the Moghan Faculty of Agriculture
and Natural Resources during the 2019-20 crop season. In this study, two improved varieties and 16
advanced durum wheat genotypes introduced by the International Center for Agricultural Research in the
Dry Areas (ICARDA) and the International Maize and Wheat Improvement Center (CIMMYT) served as the
first experimental factor. Foliar application of nanoparticles at three levels (titanium, silicon, and control)
was used as the second factor. Each experimental plot measured 3 meters long, with a row spacing of 20 cm
and a planting density of 400 plants per square meter. Foliar spraying of nanoparticles was applied at three
growth stages: late vegetative, early shooting, and early spike stages. After physiological maturity, 10 plants
per plot were randomly selected, and their yield and other related traits were recorded.

Results and Discussion

Analysis of variance showed that there was a significant difference between genotypes for all studied traits.
The effect of spraying with silicon and titanium nanoparticles was also substantial on most traits such as
plant length, peduncle length, spike length, number and weight of grain per spike, straw weight, and grain
yield per plant. Also, the results showed that the genotypes showed different responses to treatments of foliar
spraying application. Genotypes G2, G3, and G13 exhibited the highest grain weight per plant. Overall, the
nTiO, application showed the highest yield per plant compared to control and nSiO,. However, no
significant difference was observed between spraying with nSiO; and control in grain yield. The results show
that nanoparticles were effective in enhancing the vegetative growth of most genotypes and positively
affected plant length, panicle length, grain number and weight per spike, seed weight, straw weight, and

grain yield per plant in most of the studied durum wheat genotypes.

Conclusion

The results showed that the nanoparticles were able to increase the vegetative growth of most of the
genotypes and had a positive effect on the traits of plant length, panicle length, number, grain weight per
panicle, 100 seed weight, straw weight, and grain yield per plant in most of the studied genotypes. However,
the response of the genotypes to the applied nanoparticles was somewhat different. This study's findings
indicate that applying nSiO: and nTiO: nanoparticles in semi-arid regions can improve grain yield and serve
as promising nano-fertilizers for durum wheat cultivation.
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Table 1- Soil characteristics of the study area.

Wilting point  Field capacity EC

(desizimence/ meter)

pH %Sand %Silt % Clay Soil depth

16.9 272 1.64
15.6 23.7 2.49
154 22.8 2.34

7.61 24 36 40 0-10
7.57 28 42 30 10-20
7.59 26 42 32 20-30
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Table 2- The code and pedigree of the genotypes studied in the experiment.

Genotype name and pedigree Code
Dehdasht Gl
Saimareh G2
SORA/2*PLATA_12/3/SORA/2*PLATA_12//SOMAT_3/4/AJAIA_13/YAZI//DIPPER_2/BUSHEN_3CDSS02B00
849T-0TOPB-0Y-0M-7Y-2M-04Y-0B G3

PLATA_10/6/MQUE/4/USDA573//QFN/AA_7/3/ALBA-D/5/AVO/ HUI/7/PLATA_13/8/
RAFI97/9/MALMUK_1/SERRATOR_1/10/
ARMENT//SRN_3/NIGRIS_4/3/CANELO _9.1/11/SHAG_21/DIPPER 2//PATA_2/6/ARAM_7//CREX/ALLA/S/E

NTE/MEXI_2//HUI/4/YAV_1/3/LD357E/2*TC60//J069CDSS04Y00993T-0TOPB-16Y-0M-06Y-1M-1Y-0B G4
CNDO/VEE//T*PLATA_8/6/PLATA_8/4/GARZA/AFN//CRA/3/GTA/5/RASCON/9/USDA595/3/D67.3/RABI//CR
A/4/ALO/5/HUI/'YAV_1/6/ARDENTE/7/HUI/YAV79/8/POD_9CDSS05Y00323S-11Y-0M-3Y-0M-3Y-0B G5
NUS/SULA//5*NUS/4/SULA/RBCE_2/3/HUI//CIT71/CI1*2/5/ARMENT//SRN_3/NIGRIS_4/3/CANELO_9.1CDSS
04Y00888T-0TOPB-26Y-0M-06Y-2M-1Y-0B G6
Quarmal/Gbch-2//Terbol97-41CD04-1055-TA-4AP-0AP-2AP-0AP G7
Arislahn-8//Bidral/MikilCD03-0318-TA-3AP-0AP-4AP-0AP-3AP-0AP G8
Quarmal/Gbch-2//Terbol97-41CD04-1055-TA-4AP-0AP-1AP-0AP G9
CM829/Cando cross-H251CD02-0977-T-2AP-0TR-1AP-0AP-5AP-0AP-3AP-0AP G10
CMS829/Cando cross-H251CD02-0977-T-2AP-0TR-1AP-0AP-7AP-0AP-3AP-0AP Gl11
Ouasloukos-1/5/Azn1/4/BEZAIZ-SHF//SD-19539/Waha/3/GdrICD03-0342-TA-2AP-0AP-11AP-0AP-1AP-0AP G12
Bushen-4/2*Green-18//Miki-1/3/Icasyr-1//Saadi 1989/ChanlCD04-0059-CA-9AP-0AP-2AP-0AP G13
Geromtel-1/Icasyr-11CD04-1101-TA-1AP-0AP-2AP-0AP Gl4
Ouasloukos-1/5/Azn1/4/BEZAIZ-SHF//SD-19539/Waha/3/GdrICD03-0342-TA-2AP-0AP-6AP-0AP-1AP-0AP-3AP-
0AP-1AP-0THTD G15
Ouasloukos-1/5/Azn1/4/BEZAIZ-SHF//SD-19539/Waha/3/Gdr2ICD03-0342-TA-2AP-0AP-6AP-0AP-3AP-0AP Gl6
Firat-93 G17
SoriQarak-98 G18

Figure 1- Transmission electron microscopy (TEM) images of silicon dioxide nanoparticles (a) and titanium dioxide (b)
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Table 3- Variance analysis of the effects of nano silicon and nano titanium on yield and yield components of durum wheat.
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Table 4- Comparison of mean traits of 18 treatment durum wheat genotypes under different foliar treatments.

- 5

- = 5 & =2 &

: E T By Hg 5wy = el =

2 £ z 8-} o E - o= et = ] Treatment

8 & z 2% 2% % 8% 2 g &

- = o —_—

2 E & B £ s E £ 2

= & O 2 Z Z
3.6™  23°T 42" ]3P 373k9 59%h  pgbf 3g4af gggbe o Control
377 26™ 6.6 1.8 4904 62% 24" 34 917 5 Control
35m 37 57M 18 5140 67 260 33% 928% 3 Control
450 36M 530 [8F 399 gle 270 33 g40% gy Control
49%  45%  51fc 22 432%  64f 28 34 99p* (s Control
47%  45%  67®  22%  464% 70 26" 31 1004* G Control
47% 377 57M 20 41980 60" 23°F  29°%  956% 7 Control
47+ 43 59 p]%  448¢m 2% 26"  33%  955% (g Control
427 39+ 70°  19% 4514 60°" 24> 38% 1024 (9 Control
39M 43+ 62 22°  57.0°  66% 23°T 32" 100.7% G Control
38M  31er 4959 20%  519%F 53¢h 18s 397 105.0% G Control
41¢ 300 5080 22% 523+ s9*h gh 340 028" Gp Control



VY ras gl Syl (oas s o  alE oS e e A
o = @ ©n
g & '%D B o Ji" :L: %D to = LE ':—_;D é
3 g = I 2 °& 2 = o < 3 Treatment
LA
s § & & E & E s &= °
- ~ © z z z
4.3 dh 297 47% 178 403+ 54¢h pqeh 225 95.1%¢ G13 Control
43¢ 3.1er 514 17 3970 53eh 93 34%  1022%° G14 Control
3.6md4  35dm  Ss4c0 J9bi 5pgel  59wh ppdh 2.7¢% 101.1*  G15 Control
43¢ 3.59m  534p 1 9% 446°en 3% 40T 2.9 ¢k 99.9 =4 Gl16 Control
421 3.7+ 57 194 446 6.0 240 3.1 1014* g7 Control
4,000 328°  48ke 1.8 4629 61 22 225 99.7 +d G18 Control
4.6t 344dm 570 19b 4150 9w podh 33%¢ 92.7%¢ Gl nSiO2
5.0%® 33e0  55bm 2 0+f  409M 64T 20Fh 3.1 99.3 4 G2 nSiO2
5.1° 3.9+ 62 20+ 3997 g3 40T 2.6 95.1% G3 nSiO2
4,00 3.6% 50 17F 437 64%f 260 39¢ 91.0%* G4 nSiO2
4.2t 45¢ 6.5%¢ 22¢ 529% 68* 23c¢ 2.8k 98.4 *4 G5 nSiO2
3.9 3.6 58+ 17Mbm 433 g 270 33%¢ 99.3+4 G6 nSiO2
3.9 2.5™ 417 14™ 357m™9 508 2.3¢¢ 3.6% 96.8 ¢ G7 nSiO2
3.9t 328P 5500 ]5kp 38754 544 p7bd 3.1 1004+ G8 nSiO2
3.9 3.5¢m 49k 1 7h g37ec  57bhppdh 2.7k 1029 G9 nSiO2
344 3280 56bm 17 514+ 6% 27 33%¢ 95.0*¢ G10 nSiO2
3.8 3.6 6.0  1.9% 484+ 61 26" 32+ 1002*  Gl1 nSiO2
3.8t 34em  51ed 19« 489  58bh  pqeh 2.6 & 93.7%¢ G12 nSiO,
3.9hn 2241 3997 18¢  467%k 580 141 2.9 <k 93.4 % G13 nSiO,
3.8 38% 55bm e 559%c  58bh pqeh 2.8 ¢k 99.7 4 Gl14 nSiO,
3.5 42+ 64+t 19b 542%d  govh 7P 3.0% 95.0*¢ G15 nSiO,
3.214 33  63% 17  529% g7 p7bd 2.9 ¢k 97.5%¢ Gl6 nSiO,
3.5 29k 48k 20 560" 6.6°° 1.7 23 103.6%° G17 nSiO,
3.214 40*  6.6% 1.7M 521* g 270 32+ 103.8* G18 nSiO,
3.7 37%% 61 194 504%h  59h g6 2.8°% 100.6 ¢ Gl nTiO,
3.7k 187 347 14m 38 1ke  50¢h 2.1¢h 241k 103.0 % G2 nTiO,
329 33fn 560 15kp 480 62% 29w 33 1022* G3 nTiOz
418l 354m 53ep 194 466k 6% 23ce 24N [02.5% G4 nTiOz
4.1l 344m 53cp 8¢ 446 62% 240 29 10572 G5 nTiOz
3.8 39ah 53Ffp 1gFk 466k 67 2704 34 99(ad G6 nTiOz
40htn 2979 48ka1 1409 350%™ 51Fh  26be 3pah gy 3de G7 nTiO:
41em 28k4 43mr ]5kp 368k 54dh  ppdh 3k ge (e G8 nTiOz
3900 30ha 47ke 6P 4007 56¢h 23ce  32sh g9 gae G9 nTiOz
454 39w 5701 g0 365ma 59ah  pgab 3.0 89.5%  Gl0 nTiO:
45ds 28t 420 147 3209 50¢ 23ce 27¢k 9348 Gl nTiOz
428 39% 62 17ek 41104 59%h g 33ae 9618 G12 nTiOz
43%h 240t gqer 1.7F 40479 64>f [ ghi 2.1% 9348  GI3 nTiOz
45 37%k 663 20% 448dm 723 3¢z p7ek 9728 Gl4 nTiOz
42  34em 52F0 1 9bi g4571dm ggac  popdh 3pah 969ae  G15 nTiO:
33p4  27mr 48ka 1249 34604 53¢h  p9ad 7 dk  785¢ Gl16 nTiOz
3.8h0  328p 59 13pT 34609 47N 33® 3.5+ 847 Gl17 nTiOz
3249 23pT 420 1 340P 508 28b  29c¢k g48ce  GI8 nTiO2
éjjsw:\vw&\}l@Jaj%ﬂMﬁ\)é\ )

Olas gy opl @Lﬂ (Agarie et al., 1993) 4%

ol a2l 5 0 5w D13 5L b 535 51 (& 3 3l

.

5, Shee o 18 50 5 Slae sl 51 5o,k domy sl
G 05k S Sl 0315 OLEs b 2 .Sl S



f4q Qb&aj5:179}&!/(-3)}:(.\{:}%‘51?!3:&)Aff@jtjo%}wﬁw)ﬁ

5 b S 2B gt G 5 ol B
G5 s Caw DS 3 080k 25 ST oSS
2 ooash s Gong et al. (2005) (Ll 5 agdn i
oS OT Loy il 5 on 05k 313 0L S (55,
Gl S 0 5Ss iy 3 50 ISt Lol 5 5 1,
5 Ly el Jlsle spp b (S 25 el gl
N A IR G K ™
5POD 5 APX SOD «CAT sluS| (5T slags 5T
S ol ok ol F b A Oplal ST, galS
S slid 55 e (ol SRl 4 e 0 Sb
O o 3 pbign (S B8 (o 3 oS 0L
sllie 63 S 5 (5ol g 3 1 058k das oo
e ol 5 53 08 OIS S Gl e
(Gong et al., 2003) &S &S sl “U;:fs‘ Bt
o 8 53 e 4y ol (S 05k (5 S o
Elawad)MQG‘}L»MQ;QM&}J;A;{@);QT
2 alse g DL ) g gema (et al, 1982
L0 Sliv ple 5 eSist osle 55 Ses il 53l g
4 OS5l eslizal S s @y gl e 51T L

ATk

9 g&&a— osle u‘:"i‘f‘ . ;,19‘ J.:: (}:»t:}' JJ{)L{

Carvajal & ) Gl odds LS Calies slaws & ds)
Sl 03ls QLS (A8 sla fa gy ol (Alcaraz, 1998
ﬁ\f‘ Y e cu.l..l; r.&? L_:.ajj BE) TiO, Q‘)S }.’L’ ny
Olse 4 «((Ogunkunle et al., 2020) |bs S (g siee
(8 5 53 SIS 55 b T8 bS5 5 S5
Oeopen 9 ke LS5 il 5 o0 Al 53 059, S S
Klingenfuss, ) aas i3, 0lE 5 5 eSKist osbe L 5
&S sls Olis iagy opl (20145 Raliya et al., 2015
S A Sl Shs s sk 4 nTIO: SIS 5L
u\.&b )\ij?‘ r‘gJ‘gs ru\.f 4l Jjgl‘.& 9 6340 ) A.L.«.>

cle 4 Ll 5 o nTiO2 S5 56 bawy ol L)y 54

3 Ses JRIBl 4 e bdin ok Ll Bl by
o310l 45T Gl ol OLiS Sl sla tags Cpuomen 350
Sbs ohs 4 s A SIS sud) Ll b Cou 4l
b S Slsles 56 S o 00 53 aliw
8 2sder gt e S U aoa A e o
o3Il 2alS o el 5o YL lales o7 (6, 5b
Calderini et al., 1999; ) 543 o &1 05 Bilg 5 4
5 g 4 als 059 K3 Cwwd (Ugarte et al., 2007
S5 sme daly ol La5 a &l 4y (6 5w 5 515 US|
Loy oo 5 4 aS 315 gy a0l 5 &l Oy oy
258 6 GpaSe e s gl S, esdle
Calderini ) SIFER (Calderini et al., 1999) sL:sl
Wiy smen el s 4l Combpe o (et al., 2001
0535 35 0T g alb IMenT 4b,e 3 i 5 dte
&l)3 4L (Calderini & Reynolds, 2000) 313 S
S 56 L el sl Yool 55 0 Sk ST (6
(.uu? 05 1y wls O3 Lttt Jelss ol 5l apse i L

S sl 5553

53 @ls S8 4 (S e I ol

6T (o pte o A8 o S5 (5558 Y puams
3 el 1> @ i 55 Jowe 51 JWES) 5 jr g8 51 A )le
@Me polie slse Jam 5 S 5 (ke 043 5
b ed e 575 Sas 5 413 )3 (il 5 ¢l
233 a3 B drn g ol Jlpe 53 Ll sl 5 -l
byl 5 b Gillas Sl ogr pgr A GOk S
Sl re Sl pn 5 ST 5 el (6l Lo 0357 sl
Toyota et al., ) Sl Gy5,0 iy d o 2 LSS
Kamali Moghadam et al. sl _as3 wlal ».(2001
33 5,5 ode LT a5l Cor ge 05w «(2005)
W5 Sl Culg 00 5 s LAl S o e
(D3 $U dde Ol 1 S e i e

4 15 gn OWLE (3Ll 3 p sl 5 0 Sk o354



VY ras gl Syl (oas s o  alE oS e e

g

Gy Ol ol ol tass 53 S bl 55 (g S
Sl 0 V.A‘J.e }Jb Lo g J.pLJ« )‘ 6>-)L>— oalanl
dlamdl g D3 G A das e Ol gy ol b
03 e 5B s I, e 55 ST )
g 55 4l 09 9 dlde ad g Jsb iy Jsb Olew
STy @ s als :Jﬁ‘..ojalf O)s «als Ao O
JhBl adls a0 (44? on e sbass)
o Jlosl D3 5 & S a5 oy 805 (6 5
das e Olis Gags pl glaasl g Ogline (635U b
‘}b\...a B IlTiOz jnSi02 C)‘)b yl) d}.lm )‘ oslaul 6
Qljijaw\)ﬁ\asﬁwx\j@&ﬁ-w

25 B e 38 Ol e ) 0T

References

Abdel Latef, A. A., & Tran, L-S. P. (2016).
Impacts of priming with silicon on the
growth and tolerance of maize plants to
alkaline stress. Frontiers in Plant Science,
7, 243.
https://doi.org/10.3389/fpls.2016.00243

Agarie, S., Uchida, H., Agata, W., Kubata, F., &
Kaufamn, B. (1993). Effect of silicon on
growth, dry matter production and
photosynthesis in rice (Oryza sativa L.).
Crop  Production and  Improvement
Technology, 34, 225-234.
https://cir.nii.ac.jp/crid/1571698599899761792

Ahmad, B., Shabbir, A., Jaleel, H., Khan, M. M.
A., & Sadiq, Y. (2018) Efficacy of titanium
dioxide nanoparticles in modulating
photosynthesis, peltate glandular trichomes
and essential oil production and quality
in Mentha  piperita L. Current  Plant
Biology, 13, 6-
15. https://doi.org/10.1016/j.cpb.2018.04.002

Beres, B. L., Rahmani, E., Clarke, J. M., Grassini,
P., Pozniak, C. J., Geddes, C. M., Porker,
K. D., May, W. E., & Ransom, J. K. (2020).
A systematic review of durum wheat:
Enhancing production systems by exploring
genotype, environment, and management
(GxXExM) synergies. Frontiers in Plant
Science, 11, 568657.

Lei et al. u:..:;.a.h .\.&Lv qu k) C..e .b.b) C)Lé‘
e 3 O e Ll 31 LTIOS 5 SI05 isls 0l (2007)
Job 5 &8 5 0555 Jbs S chale 8 aslia 2

S on (53 i o3I I 55 cage 2B (S,

S
Calisee gla 2l b ¢SKist an bl 53 oy OLE

wrlge oo Calee Gl gul 5 JLSs Ll
oS (S5 s 50 lgor L3S 5L Sl slos L pd o
b slge 3l eslimal Jl e )3 5 Lidu 34 |y
Ll 5 kit 1580 515 olS 5 a2l 1 (5 LeS
b oaeglie 53 oSl das Sl e osllaat
o3lizal @7 Sl p3lie 53 pgm s (glend (glasS

https://doi.org/10.3389/fpls.2020.568657

Calderini, D. F & Reynolds, M. P. (2000).
Changes in grain weight as a consequence
of degraining treatments at pre- and
postanthesis in synthetic hexaploid lines of
wheat (Triticum durumxT.tauschii).
Australian Journal Plant Physiology, 27(3),
183-191. https://doi.org/10.1071/PP99066

Calderini, D. F., Abeledo, L. G., Savin, R., &
Slafer, G. A. (1999). Final grain weight in
wheat as affected by short periods of high
temperature during pre- and post-anthesis
under field conditions. Australian Journal
of Plant Physiology, 26(5), 453-458.
https://doi.org/10.1071/PP99015

Calderini, D. F., Savin, R., Abelodo, L. G., &
Reynolds, M. P. (2001). The importance of
the period immediately preceding anthesis
for grain weight determination in wheat.
Euphytica, 119, 199-204.
https://doi.org/10.1023/A:1017597923568

Carvajal, M., & Alcaraz, C. F. (1998). Why
titanium is a beneficial element for plants.
Journal of Plant Nutrition, 21(4), 655-664.
https://doi.org/10.1080/01904169809365433

Choi, H. G., Moon, B. Y., Bekhzod, K., Park, K.
B., Kwon, J. K., Lee, J. H., Cho, M. W., &


https://doi.org/10.3389/fpls.2016.00243
https://cir.nii.ac.jp/crid/1571698599899761792
https://doi.org/10.1016/j.cpb.2018.04.002
https://doi.org/10.3389/fpls.2020.568657
https://doi.org/10.1071/PP99066
https://www.ncbi.nlm.nih.gov/labs/journals/aust-j-plant-physiol/
https://www.ncbi.nlm.nih.gov/labs/journals/aust-j-plant-physiol/
https://doi.org/10.1071/PP99015
https://doi.org/10.1023/A:1017597923568
https://www.tandfonline.com/loi/lpla20
https://doi.org/10.1080/01904169809365433

o Qb&aﬁjéébﬂ‘/rjjjérﬁ:jﬁw‘ykijJJQ“DJAC}:?L:;}JU}Q}%»}JUJ@&»)J:

Kang, N. J. (2015). Effects of foliar
fertilization containing titanium dioxide on
growth, yield and quality of strawberries
during cultivation. Horticulture,
Environment and Biotechnology, 56, 575-
581.  https://doi.org/10.1007/s13580-015-
0023-3

de Souza Junior, J. P., de Mello Prado, R., Soares,
M. B, da Silva, J. L. F., de Farias Guedes,
V. H., dos Santos Sarah, M. M., & Cazetta,
J. O. (2021). Effect of different foliar
silicon sources on cotton plants. Journal of
Soil Science and Plant Nutrition, 21, 95-
103.  https://doi.org/10.1007/s42729-020-
00345-4

de Souza Junior, J. P., de Mello, P. R., Campos,
C. N. S., Oliveira, D. F., Cazetta, J. O., &
Detoni, J. A. (2022) Silicon foliar spraying
in the reproductive stage of cotton plays an
equivalent role to boron in increasing yield,
and combined boron-silicon application,
without polymerization, increases fiber
quality. Industrial Crops and Products,
182, 114888
https://doi.org/10.1016/j.indcrop.2022.114888

Elawad, S. H., Street, J. J., & Gascho, G. J.
(1982). Response of sugarcane to silicate
source and rate. II. Leaf freckling and
nutrient content. Agronomy Journal, 74(3),
484-487.
https://doi.org/10.2134/agronj1982.000219
62007400030020x

Elshayb, O. M., Nada, A. M., Farroh, K. Y., AL-
Hugqail, A. A., Aljabri, M., Binothman, N.,
& Seleiman M. F. (2022). Utilizing urea—
chitosan  nanohybrid for minimizing
synthetic urea application and
maximizing Oryza sativa L. Productivity
and N Uptake Agriculture, 12(7), 944.
https://doi.org/10.3390/agriculture12070944

Emamverdian, A., Ding, Y., Mokhberdoran, F.
Xie, Y., Zheng, X., &Wang Y. (2020).
Silicon dioxide nanoparticles improve plant
growth by enhancing antioxidant enzyme
capacity in  bamboo  (Pleioblastus
pygmaeus) under lead toxicity. Trees, 34,
469—481. https://doi.org/10.1007/s00468-
019-01929-z

Ermiger, D., & Yal¢in, E. (2021). Dietary fiber,
protein profile and technological

characteristics of durum spaghetti enriched
with refined/whole grain hull-less barley
flour. Journal Cereal Science, 102, 103315.
https://doi.org/10.1016/j.jcs.2021.103315

Frew, A., Weston, L. A., Reynolds, O. L., & Gurr,
G. M. (2018). The role of silicon in plant
biology: a paradigm shift in research
approach, Annals of Botany, 121(7), 1265-
1273. https://doi.org/10.1093/a0b/mcy009

Ghorbanpour, M. (2015). Major essential oil
constituents, total phenolics and flavonoids
content and antioxidant activity of Salvia
officinalis plant in response to nano-
titanium dioxide. Indian Journal Plant
Physiology, 2003), 249-256.
https://doi.org/10.1007/s40502-015-0170-7

Gogonani, S., Enteshari, SH., Delavar, C., &
Bahyar, M. B. (2010). Interaction effects of
silicon and aluminum on physiological and
biochemical parameters in medicinal
borage (Borago officinalis L.) under no-till
culture conditions. 5™ National Conference
on New Ideas in Agriculture, Islamic Azad

University, Branch. Khorasgan.
https://civilica.com/doc/128981/ [In
Persian].

Gong, H., Chen, K., Chen, G., Wang, S., &
Zhang, C. H. (2003). Effects of silicon on
growth of wheat under drought. Journal
Plant  Nutrition,  26(5), 1055-1063.
https://doi.org/10.1081/PLN-120020075

Gong, H., Zhu, X., Chen, K., Suomin, W., &
Zhang, C. H. (2005). Silicon alleviates
oxidative damage of wheat plants in pots
under drought. Plant Science, 169(2), 313-
321.
https://doi.org/10.1016/j.plantsci.2005.02.023

Goodarzi, F. (2014). Efficiency of ag-coated TiO»
nanostructure photocatalytic reaction on
delay of postharvest tomato ripening. Plant
Productions, 39(1), 79-88.
https://doi.org/10.22055/ppd.2016.12043.
[In Persian].

Ghorbanian, H., Janmohammadi, M., Ebadi-
Segherloo, A., & Sabaghnia, N. (2017).
Genotypic response of barley to exogenous
application of nanoparticles under water
stress condition. Biologia, 72(2), 15-27.
http://doi.org/10.17951/¢.2017.72.2.15-27


https://doi.org/10.1007/s13580-015-0023-3
https://doi.org/10.1007/s13580-015-0023-3
https://link.springer.com/journal/42729
https://link.springer.com/journal/42729
https://doi.org/10.1007/s42729-020-00345-4
https://doi.org/10.1007/s42729-020-00345-4
https://doi.org/10.1016/j.indcrop.2022.114888
https://doi.org/10.2134/agronj1982.00021962007400030020x
https://doi.org/10.2134/agronj1982.00021962007400030020x
https://doi.org/10.3390/agriculture12070944
https://doi.org/10.1007/s00468-019-01929-z
https://doi.org/10.1007/s00468-019-01929-z
https://doi.org/10.1016/j.jcs.2021.103315
https://doi.org/10.1093/aob/mcy009
https://doi.org/10.1007/s40502-015-0170-7
https://civilica.com/doc/128981/
https://doi.org/10.1081/PLN-120020075
https://doi.org/10.1016/j.plantsci.2005.02.023
https://doi.org/10.22055/ppd.2016.12043
http://doi.org/10.17951/c.2017.72.2.15-27

VY ras gl Syl (oas s o  alE oS e e

oY

Haddad, R., & Mokhlesian, S. (2015). Effect of
silicon on peroxidase gene expression and
morphological traits of barley under
drought stress. Cell and Tissue Journal,

6(4), 460-451.
https://doi.org/10.52547/JCT.6.4.451 [In
Persian].

Hussain, 1., Parveen, A., Rasheed, R., Ashraf, M.
A., Ibrahim, M., Riaz, S., Afzaal, Z., &
Igbal, M. (2019). Exogenous silicon
modulates growth, physio-chemicals and
antioxidants in barley (Hordeum vulgare
L.) exposed to different temperature
regimes. Silicon, 11, 2753-2762.
https://doi.org/10.1007/s12633-019-0067-6

Hussain, S., Shafiq, 1., Chattha, M. S., Mumtaz,
M., Brestic, M., Rastogi, A., Chen, G.,
Allakhverdiev, S. L., Liu, W., & Yang, W.
(2021). Effect of Ti treatments on growth,
photosynthesis, phosphorus uptake and
yield of soybean (Glycine max L.) in maize
soybean  relay  strip  intercropping.
Environmental and Experimental Botany,

187, 104476
https://doi.org/10.1016/J.envexpbot.2021.1
04476

Kamali Moghadam, A., Malekuti, M. J, &
Lotfollahi, M. (2005). Effect of silicon on
yield and protein content of wheat. Abkhiz
Publications. [In Persian].

Kim, Y. H., Khan, A. L., Waqas, M., & Lee, 1. J.
(2017). Silicon regulates antioxidant
activities of crop plants under abiotic-
induced oxidative stress: A Review.
Frontiers in Plant Science, 8, 510.

https://doi.org/10.3389/1pls.2017.00510

Klingenfuss, F. (2014). Testing of TiO:
nanoparticles on wheat and
microorganisms in a Soil microcosm
[Unpublished Master thesis]. University of
Gothenburg.

Lei, Z, Mingyu, S., Chao, L., Liang, C., Hao, H.,
Xiao, W., Xiaoqing, L., Fan, Y., Fengqing,
G., & Fashui, H. (2007). Effects of
nanoanatase TiO, on photosynthesis of
spinach chloroplasts under different light
illumination. In Biological Trace Element
Research, 119(1), 68-76.
https://doi.org/10.1007/s12011-007-0047-3

Li, Z., & Delvaux, B. (2019). Phytolith-rich
biochar: A potential Si fertilizer in
desilicated soils. GCB Bioenergy, 11(11),
1264-1282.
https://doi.org/10.1111/gcbb.12635

Mohammadi, R., & Haghparast, R. (2022).
Review; Durum  wheat:  production,
nutritional value and economic importance.
Cereal Biotechnology and Biochemistry,
1(3), 414-445.
https://doi.org/10.22126/cbb.2022.8385.1021

Ogunkunle, C. O., Odulaja, D. A., Akande, F. O.,
Varun, M., Vishwakarma, V., & Fatoba, P.
0. (2020). Cadmium toxicity in cowpea
plant: Effect of foliar intervention of nano-
TiO; on tissue Cd bioaccumulation, stress
enzymes and potential dietary health risk.
Journal of Biotechnology, 310, 54-61.
https://doi.org/10.1016/j.jbiotec.2020.01.009

Raliya, R., Biswas, P., & Tarafdar, J. C. (2015).
TiO, nanoparticle biosynthesis and its
physiological effect on mung bean (Vigna
radiata L.). Biotechnology Reports, 5, 22-
26.
https://doi.org/10.1016/j.btre.2014.10.009

Rezaizad, M. S., Abbaspour, H., Hashemi-
Moghaddam, H., Gerami, M., & Ramezani,
M. (2021). Photocatalytic activity of
Titanium dioxide nanoparticles (TiO,) on
the physiological and phytochemical
properties of Stevia [Stevia rebaudiana
(Bertoni) Bertoni]. Journal of Medicinal
Plants and By-Products, 10(2), 169-177.
https://doi.org/10.22092/jmpb.2020.342676
1205

Seleiman, M. F., Almutairi, K. F., Alotaibi, M.,
Shami, A., Alhammad, B. A., & Battaglia,
M. L. (2021). Nano-Fertilization as an
emerging fertilization technique: why can
modern agriculture benefit from its use?.
Plants, 10(1), 2.
https://doi.org/10.3390/plants 10010002

Shahbazi, Sh., Fateh, E., & Aynehband, A.
(2013). Evaluation of the effect of humic
acid and vermicompost on yield and yield
components of three wheat cultivars in
tropical regions. Plant Productions, 38(2),
99-110.
https://doi.org/10.22055/ppd.2015.11323
[In Persian].


https://doi.org/10.52547/JCT.6.4.451
https://doi.org/10.1007/s12633-019-0067-6
https://doi.org/10.1016/J.envexpbot.2021.104476
https://doi.org/10.1016/J.envexpbot.2021.104476
https://doi.org/10.3389/fpls.2017.00510
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xiaoqing%20L%5BAuthor%5D&cauthor=true&cauthor_uid=17914221
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fan%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=17914221
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fengqing%20G%5BAuthor%5D&cauthor=true&cauthor_uid=17914221
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fengqing%20G%5BAuthor%5D&cauthor=true&cauthor_uid=17914221
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fashui%20H%5BAuthor%5D&cauthor=true&cauthor_uid=17914221
https://doi.org/10.1007/s12011-007-0047-3
https://doi.org/10.1111/gcbb.12635
https://doi.org/10.22126/cbb.2022.8385.1021
https://doi.org/10.1016/j.jbiotec.2020.01.009
https://doi.org/10.1016/j.btre.2014.10.009
https://doi.org/10.22092/jmpb.2020.342676.1205
https://doi.org/10.22092/jmpb.2020.342676.1205
https://doi.org/10.3390/plants10010002
https://doi.org/10.22055/ppd.2015.11323

or 01)&@3éélfsﬂ‘/rj)}:(:ﬁ:}m&lkij:Jﬂwjbcfwjili}o}i}r»}}\}ﬂw)ﬂ

Shen, X., Zhou, Y., Duan, L., Li, Z., Eneji, A. E.,
& Li, J. (2010). Silicon effects on
photosynthesis and antioxidant parameters
of soybean seedlings under drought and
ultraviolet B radiation. Journal of Plant
Physiology, 167(15), 1248-1252.
https://doi.org/10.1016/j.jplph.2010.04.011

Toyota, M., Tsutsui, 1., Kusutani, A., & Asanuma,
K. I. (2001). Initiation and development of
spikelets and florets in wheat as influenced
by shading and nitrogen supply at the
spikelet phase. Plant Production Science,
4(4), 283-290.
https://doi.org/10.1626/pps.4.283

Tripathi, D. K., Singh, S., Singh, V. P., Prasad, S.
M., Dubey, N. K., & Chauhan D. K. (2017).
Silicon nanoparticles more effectively
alleviated UV-B stress than silicon in wheat
(Triticum  aestivum)  seedlings.  Plant
Physiology  Biochemistry, 110, 70-81.
https://doi.org/10.1016/j.plaphy.2016.06.026

Ugarte, C., Calderini, D. F., & Slafer, G. A.
(2007). Grain weight and grain number
responsiveness to pre-anthesis temperature

in wheat, barley and triticale. Field Crops
Research, 100(2-3), 240-248.

https://doi.org/10.1016/j.fcr.2006.07.010

Viciedo, D. O., de Mello, P. R., Toledo, R. L., dos
Santos, L. C. N., Hurtado, A. C., Nedd, L.
L. T., & Gonzalez, L. C. (2019). Silicon
supplementation  alleviates ~ammonium
toxicity in sugar beet (Beta vulgaris L.).
Journal of Soil Science and Plant Nutrition,
19, 413-419. https://doi.org/10.1007/s42729-
019-00043-w

Wang, M., Wang, R., Mur, L. A. J. Ruan, J., Shen,
Q., & Gu, S. (2021). Functions of silicon in
plant drought stress responses. Horticulture
Research, 8, 254.
https://doi.org/10.1038/s41438-021-00681-1

Yan, G., Nikolic, M., Ye, M., Xiao, Z., & Liang,
Y. (2018). Silicon acquisition and
accumulation in plant and its significance
for agriculture. Journal of Integrative
Agriculture, 17(10), 2138-2150.
https://B2n.ir/ed6355

Yu, Z., Xu, X., Guo, L., Jin, R., & Lu, Y. (2024).
Uptake and transport of micro/nanoplastics
in terrestrial plants: detection, mechanisms,
and influencing factors. Science of the Total
Environment, 907, 168155.
https://doi.org/10.1016/j.scitotenv.2023.168155


https://www.ncbi.nlm.nih.gov/pubmed/?term=Eneji%20AE%5BAuthor%5D&cauthor=true&cauthor_uid=20713250
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20J%5BAuthor%5D&cauthor=true&cauthor_uid=20713250
https://doi.org/10.1016/j.jplph.2010.04.011
https://doi.org/10.1626/pps.4.283
https://doi.org/10.1016/j.plaphy.2016.06.026
https://doi.org/10.1016/j.fcr.2006.07.010
https://link.springer.com/journal/42729
https://doi.org/10.1007/s42729-019-00043-w
https://doi.org/10.1007/s42729-019-00043-w
https://doi.org/10.1038/s41438-021-00681-1
https://b2n.ir/ed6355
https://doi.org/10.1016/j.scitotenv.2023.168155

VY ras gl Syl (oas s o  alE oS e e

oFf




