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Comprehensive abstract

Introduction

Increasing temperatures and water deficit at the end of spring and early summer are very important
challenges at the late-season growing period of winter wheat varieties in temperate and cold regions.
Considering the economic importance of wheat, it seems necessary to use appropriate strategies to
optimize the wheat production system under terminal drought stress. In this regard, cultivating high-
yielding and terminal drought-resistant varieties in combination with growth regulators can be
effective. The objective of the present study was to investigate the effect of nanosilicon (SiO,-NP) on
yield and yield components of three winter wheat varieties under late-season water deficit stress
conditions.

Materials and methods

The experiment was conducted with three winter wheat varieties based on split-plot in a
randomized complete block design with three replications at the research field of Bu-Ali Sina
University, Hamedan, Iran, in 2021-2022. The main factor was in four levels, including no-water
stress with nanosilicon application, no-water stress and no-nanosilicon application, water deficit stress
with nanosilicon application, and water deficit stress and no-nanosilicon application, and the subfactor
was three winter wheat varieties, including Alvand, Pishgam and Pishtaz. Water deficit stress was
applied at the end of the growing season by stopping irrigation at the end of flowering stage (code 69
in BBCH scale). Nanosilicon foliar application at a concentration of 30 mg/L. was performed in two
stages, before flowering and spike emergence (code 51 in BBCH scale) and flowering initiation (code
61 in BBCH scale). The measured traits in this study included the number of spikes per unit area,
number of spikelets per spike, number of grains per spike, 1000-grain weight, grain yield, biological
yield, harvest index, leaf greenness index (SPAD), and grain protein content. Statistical analyses was
performed using SAS software and graphs were drawn using Excel software.

Research findings

The results of the analysis of variance showed that the effect of water deficit stress and nanosilicon
was significant on all measured traits, except for the number of spikes per unit area. The differences
between the studied wheat varieties were also significant in terms of the number of spikes per unit
area, grain yield, biological yield and harvest index, but was insignificant in term of other measured
traits. However, the interaction of stress and nanosilicon X variety was significant only on two traits,
1000-grain weight and grain yield. The results of comparison of means revealed that the number of
spikes per unit area in Alvand variety was significantly higher than two varieties, Pishgam and Pishtaz.
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Also, the traits that were affected by water deficit stress and nanosilicon, showed a decrease during
water stress without nanosilicon application. The results showed that in both non-stress and water
deficit stress conditions, the application of nanosilicon increased grain yield and yield components in
all three wheat varieties compared to its non-application. However, the effect of nanosilicon was
greater in water deficit stress, so that the grain yield of three varieties Alvand, Pishgam and Pishtaz
increased by 18.03, 8.05 and 9.22 percent, respectively, with the application of nanosilicon compared
to the non-application of nanosilicon under water deficit conditions. The highest grain yield (6275.7
kg.ha') was obtained with the application of nanosilicon in Alvand variety under non-water stress
conditions, and the lowest grain yield (5185 kg.ha') was observed in Pishtaz variety under water
deficit stress conditions without the application of nanosilicon.

Conclusion

Water deficit stress at the end of flowering stage and the beginning of grain filling period reduced
grain yield of the studied three wheat cultivars, but the yield reduction was greater in Alvand variety
than in the two other varieties. The reason for this reduction was mainly related to the reduction in the
number of grains per spike and 1000-grain weight under water deficit stress conditions. Nanosilicon
foliar application largely compensated for the yield reduction caused by late season water deficit stress
in all three studied varieties, especially in Alvand variety.
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Table 1. Average rainfall, temperature and relative humidity of the experimental site during the plant growth
period in 2021-2022 and its comparison with 30-year averages

2021-2022 Thirty-year average
Months Rainfall Temperature Relative Rainfall Temperature Relative
(mm) (°C) humidity (%) (mm) (°C) humidity (%)

October 15 15 45 20 14 50
November 24 8 55 35 10 60
December 36 2 65 45 2 70
January 42 -2 70 55 0 75
February 41 -1 75 50 0 80
March 32 5 60 40 7 65
April 21 10 50 30 12 55
May 15 15 45 25 15 50
June 10 18 40 15 20 45
July 5 23 35 10 25 40
August 3 28 30 5 27 35
September 8 23 35 12 24 40
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Table 2. Physico-chemical properties of the soil of experimental field at 0-30 cm

N K P Electrical conductivity =~ Organic carbon H Soil texture
(%) (mg/kg') (mghkg) (dS/m™) (%) P
0.11 355.6 7.5 0.95 0.89 7.7 clay-silty
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Table 3. Results of analysis of variance of the effect of nanosilicon and late-season water deficit stress on the
measured traits in three winter wheat cultivars

Source of N(.)' of NO' of NO'. of 100.0 ) L Biological Harvest Grain SPAD
.. df  spikes spikelets  grains grain  Grain yield . . . .
variation 2 . . . yield index protein index
per m®  per spike per spike weight
Replication 2 8816.1" 3.7 33.0" 51.5°  1818192.5" 3133187.3" 1174™ 0.69° 40.02"
Stress & Si (A) 3 2739.0™ 5.5 16.1° 66.3"  3119192.1" 7523581.2"" 19.9° 18.8"  60.60
Error a 6 1813.0 0.19 321 8.51 240217.5 64817.1 9.37 239  23.63
Variety (B) 2 2983.6" 0.14™ 0.14™  8.8™ 2826050.1"" 1855376.0° 56.0 1.78 ™ 4.03™
AxB 6 755.1™  0.18™ 3.81™ 11.7°  446813.2" 8824624™ 407" 4.15™ 073"
Error b 16 5155 0.88 1.27 2.34 106678.5 327366.7 4.44 1.57  10.48
CV (%) - 13.10 7.70 428 4.15 14.44 13.10 13.06  7.23 7.81

ns
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, “and ™" Not-significant and significant at 5% and 1% probability levels, respectively.
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Table 4. Comparison of means of the effect of nanosilicon and water deficit stress on the number of spikelets per
spike, number of grains per spike, biological yield and harvest index of wheat

Treatment No. of spikelets No. of grains per ~ Biological yield Harvest index

per spike spike (kg.ha!) (%)

Non-Water stress + Nano silicon 15.1# 29.5¢ 15395.2¢ 42.8*
Non-Water stress + Non-nano silicon 14.0° 28.8% 15024.7¢ 41.5%
Water stress + Nano silicon 13.5¢ 27.9%® 14023.3° 40.1°
Water stress + Non-nano silicon 13.1¢ 25.5¢ 12743.3¢ 38.2¢

Means followed by similar letter in each column are not significantly different by Duncan’s test at 5% probability level.

P iy, el g odgicnn ) o ,Slas cphaw axlg jo aliw slawd o8 31 Sl aslie -0 Jsax
Table 5. Comparison of means of the effect of variety on the number of spikes per unit area, biological yield and
harvest index of wheat

Treatment No. of .spikes Biological yield Harvest index
per unit area (kg.ha'!) (%)
Alvand variety 585.2¢ 15669.4* 42.8*
Pishgam variety 552.9° 14204.6° 41.1°
Pishtaz variety 541.9% 14094.6> 38.7¢

Means followed by similar letter in each column are not significantly different by Duncan’s test at 5% probability level.

poiS als o, Shas g ails 5o (459 2 08, b (TeS LiS 9 pemadiwsil LiiSen p Sl Sl dunlie -5 Jgo
Table 6. Comparison of means of the effect of nanosilicon and water deficit stress with variety on 1000-grain
weight and grain yield of wheat

1000-grain  Changes from  Grain yield  Changes from

Treatment Variety weight (g) control (%) (kg.ha'!) control (%)
Non-Water stress + Nano silicon Alvand 42.12 +6.05% 7413.2¢ +6.18%
Non-Water stress + Non-nano silicon 39.7%® 0% 6981.8° 0%
Water stress + Nano silicon 36.6% -7.81% 6118.7° -12.36%
Water stress + Non-nano silicon 32.9¢ -17.13% 5185.0¢ -25.73%
Non-Water stress + Nano silicon Pishgam 39.5% +5.33% 6275.7° +5.31%
Non-Water stress + Non-nano silicon 37.5% 0% 5959.1° 0%
Water stress + Nano silicon 35.24 -6.13% 5453 .2¢ -8.49%
Water stress + Non-nano silicon 33.3¢ -11.20% 5046.5¢ -15.32%
Non-Water stress + Nano silicon Pishtaz 38.7% +6.03% 6081.7° +5.06%
Non-Water stress + Non-nano silicon 36.5% 0% 5789.1% 0%
Water stress + Nano silicon 35.5¢ -2.74% 5293.5¢ -8.56%
Water stress + Non-nano silicon 32.1¢ -12.05% 4846.5¢ -16.28%

Means followed by similar letter in each column are not significantly different by Duncan’s test at 5% probability level.
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Figure 1. Comparison of means of the effect of water deficit and nanosilicon on wheat grain protein

ooyl aily o Slee Olpnss 4 ool (Sily caiils 5
a4 golaidl o Sloe cond) sy asls adal, ulul
als o Slas 08 Cely a5 Jale o (gows) 0,Sles
el 0,8 )13 b oo oS U5 Sas s ) e
b ko nlple 09doo clon el s
08as e GWIBl cage ((Sis 1 S Gels
sl 0l Cls s pas Ll ol 8l s g 0l dlo
o84S s e plas 58 LE lllas mls
Shaly Joame jlade ol Coge @M 50 i
ol 5 o Spbige Al by aoys I Bk
(Fallah et al., 2004) s ls Jlisa |, 5 Sles o33l
s 3l Joloxs 45 Sl o STl 5 ole
500 Solea g b gles cdl asle polidl b
Syt 4 ke oS (29) Sllale Gles pals
S9d o0 0353 ; O Shes 4 Connd Ails 3 Shos e
bl jo cllby Gasls (Ll cage Cales 5o g
Maghsoudi & ) ossii 0 puS o Sis 25
Yousefi & ) s,ie 3l aws (Emam, 2016
ag e a5 asb bl 5 (Esna-Ashari, 2017
39 9 o> Mg g by Gl con peelew L
polis aiS i JS o Colis 8 5 Spdoe biats,

\YY

<l Ll
Slas ol las bosls (il )lg 45550 51 ol gl
zn Jlio! mhe o peckiosl - S Glales
le g aoe S sl gl jo 68 Sl g as)0
ol dnlie (Y Jgaz) og b gme by
D5 o 45 315 LS sl — 5 (slo e
bilos plo @ Cod pruediwsl Byae L s
Sy |, Cudlo g amli (doys FVA) ol op 5 gt
3 parlis ol Deld (uzen (F Jgoz) ol olais]
G5 e b prbinsil Brae g A5 e Hleds
Osd 9 A5 Jles 0 I gre pemliwgili Srae b
cdlsy ald Gl 25 e peeliwsil B pan
i g5l Bpme b a5 jles L aS” casls 1, (YAIT)
Bras aS ol lad bl cul clls (g)ls cxe S
GRE g A el g0 e Cod sl
2ol 86 Jg ls Guolidl ) cls p asls ( cugb,
Porker et ) | Ken 5 5,0 .09 5t Liid byl
Sl cdlby jasls a5 we,S bl (al., 2020
9 oLS (shagy bosle (rm 03,9 Slge peted (K5
awlre Gzl 5l S & ool sk als



VF.f uLo.wAL! /fj.b O)Loa.fa /p.ﬁ.b).:la 0,99 [oMe uLa.~a.>u ¥

Selboyd 5 (6 o

e dae b lade ol Ll wls plais] sgay |,
i il B pan (g = A5 e o les jo S
&, Fro 6)LJ Soley pamnndiwgil Byae - i g
PRSI TURPH HYE- SO RSP VE S S DU g H v PR WK
5 99 (FYIA) Sy (Km0 ol (S sl
27 JS8) el baylas plo b g)lsicne oolis
Hhdsle o8 o laia (Ghlojl ol @ls el
2 Gl U G5 Gev kbl 50 peeediwgil
oS i bl s cow Lol sl asla Sy (S e
g aus baas Joleo v o 1) S (S0 e conl 018
e 55 Bl 3 oLS (s5iagd o Shas  Blnd ol
oS o edo,ls clale nlil ams o 5 Sy,
Ol 22U 5l (655 sl g Boyb (pl 5l g 05d 0
Adatia & ) sei o S i byl o g, lS
o el HOB s (uizren (Beasford, 1986
Sl b g a5 lilime oS JBslS 51 bl
Ol o Dland o S 525 5elon il codlad

(Liang, 1998) 05 als o ,Slas g 3wy

Water stress + Non-nanosilicon

Water stress + Nanosilicon

Non-water stress + Non-nanosilicon

Non-water stress + Nanosilicon

350 slapd, le awmlis @S wbie Sl
ol s sl LQQT O Ol g S| 10 dslllas
o, FYA L wigdl o8, (F Jgaz) ol las cuils
YAY L jliay o, 9 cudlop asls cp e )b
5 sl oy culby atlh weS slb sy
wasls oS wisl e Dai et al., 2016) ), Sen
ol ol el Sglite puiS alise glapd, o cllsy
Sl g JBl o bapd, olles a5 cul QT S

w‘ &_)5LQ.AA Lmulo A 5).: )l 0)454.) nge.d 0‘94

(SPAD) &y  SCy o a5 Ll
el 5550 40 beools il g 4500 5l Jol> mlis
Jed9,lS 5 (S s (e om0 lid o5 Sy (S s
i il = (23 sl les 31 as ol lid wenl Sy
Thw )0 Gededg)ls soe) S (S 230
S S o3 bl g Hlo g wo o my Jleis]
I 08X gl = S (iSa g 08, 53l Cod
- glejler Jl Sl anglie () Jgaz) <85
S ol lis Sy (Siase et ll S ] el sl
& S bl Byan b 55 s e a2
(FAR) Sy (S 20 (e (0 5 Gt b jlod ol

- JH

0

5

10

15 20 25 30 35 40 45 50 55
SPAD

Figure 2. Comparison of means of the effect of water deficit and nanosilicon on wheat greenness index (SPAD)
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