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Introduction

Salinity stands as a significant environmental stressor that profoundly curtails the growth and yield of crop
plants. This adversity also extends to the impairment of pigments and plastids, leading to diminished chlorophyll
indices, rates, and grain-filling durations. To counteract the deleterious impact of such stressors on plant growth,
a spectrum of strategies has been devised. Prominent among these strategies are plant growth-promoting
rhizobacteria, exemplified by azospirillum, and the utilization of nanoparticles like zinc and silicon. These
factors play a pivotal role in elevating yield outcomes. Zinc's pivotal involvement spans protein metabolism,
photosynthetic activities, and diverse physiological traits within plants. Particularly noteworthy is its
contribution to rectifying zinc deficiency, a particularly critical concern in plants cultivated in high-pH soils.
Notably, recent research has illuminated the potential of applying minute quantities of micronutrients, notably
zinc via foliar spraying, in bolstering plant resilience against salt stress. Likewise, silicon emerges as a
supplemental micronutrient that imparts heightened resistance to environmental stresses, fostering increased
resilience within biological systems. Therefore, this study aimed to evaluate the effects of application of plant
growth-promoting rhizobacteria and nanoparticles (zinc and silicon) on the yield, photosynthetic pigments, and
filling components of triticale grain under salt stress.

Materials and Methods

This experiment was conducted as factorial based on a randomized complete block design with three
replications in greenhouse research of the Faculty of Agriculture and Natural Resources, University of
Mohaghegh Ardabili in 2022. Factors experimental included salinity at three levels (no salinity as control,
application of 60, 120 mM salinity) by NaCl, application of PGPR at two levels (no inoculation as control and
seed inoculation with Azospirillium), and foliar application of nanoparticles at four levels (foliar application with
water as control, foliar application of 0.8 g.L™* nano zinc oxide, foliar application 50 mg.L™ nano silicon, foliar
application both of nano zinc oxide (0.4 g.L™) and nano silicon (25 mg.L™). The strains and cell densities of
microorganisms used as PGPR in this experiment were 1x10’ bacteria per milliliter (10" cfu.ml™). A two-part
linear model was used to quantify the grain-filling parameters. In this study, grain dry weight and number were
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used to calculate the average grain weight for each sample. Total duration of grain filling was determined for
each treatment combination by fitting a bilinear model:

_(a+ bty t <ty
GW_{a+bt t=>to

where GW is the grain dry weight; a, the GW-intercept; b, the slope of grain weight indicating grain filling
rate; t, the days after earring; and to, physiological maturity. The effective grain filling period (EGFD) was
calculated from the following equation:

EGFD = the highest grain weight (g)/rate of grain filling (g day™).

Results and Discussion

The results showed that application of Azospirillium and foliar application of nano zinc-silicon oxide under
no salinity increased chlorophyll a (38.42%), chlorophyll b (41.76%), total chlorophyll (39.39%), carotenoids
(53.99%), root weight (62.61%), grain filling rate (16.37%), grain filling period and effective grain filling period
(21.28 and 29.78%) and grain yield (47.23%) in compared to no application of Azospirillium and nanoparticles
under 120 mM salinity. Application of Azospirillium and foliar application nano zinc-silicon oxide under 60 mM
salinity also increased chlorophyll a (31.4%), chlorophyll b (34.35%), total chlorophyll (32%), carotenoids
(45.68%), root weight (57.14%), grain filling rate (15.21%), grain filling period and effective grain filling period
(21.29 and 28.16%) and grain yield (35.67%) in compared to the application of Azospirillium and nanoparticles
under 120 mM salinity. According to this study, application of Azospirillium and nanoparticles (zinc and silicon)
can increase yield of ftriticale grain under salinity stress such as no salinity due to the improvement of
photosynthetic pigments content and grain filling components.
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Replication 1,5 2 2.051" 1.54™ 7.167 0.096™
Salinity (S) s 2 0.62" 0.307™ 1.79” 0.04™
Azospirillum (A) pacdpessi/ 1 0.22" 0.16™ 0.76" 0.016™
Nanoparticles (N) 1356 3 0.508™ 0.083™ 0.99” 0.015™
SxA 2 0.057" 0.0142" 011" 0.00015™
SxN 6 0.018™ 0.0149" 0.032™ 0.00077"
AxN 3 0.013™ 0.0024™ 0.0202"™ 0.0012™
SxAxN 6 0.071™ 0.028™ 0.18" 0.0034™
Error s 46 0.016 0.0052 0.027 0.0009
CV (/) &lys cnpd 43 5.1 38 73

o pd S5 g g Jlein] pdaw ) 5 e g )b Sxe juE i w9 % NS
ns, * and ** are non-significant, significant at P<0.05 and P<0.01, respectively.
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Table 3- Mean comparison of effect of Azospirillum and nanopatrticles (zinc and silicon) on photosynthetic pigments contents
under saltinity stress

Sl a Jidg i b Judg i5 JS Jsdy i Mgy,
Treatments Chlorophylla Chlorophyll b Chlorophyll total Carotenoid
(mg. g FW™)
SixAxN; 2.76"" 1.292°™ 4.052" 0.379™™
S1xAxN, 2.92mm 1.366%" 4.286%" 0.429°"
S1xA;xN; 3.21%°¢ 1.495%" 4.709¢ 0.468%¢
S1xAxN, 3.29%°¢ 1.589¢ 4.879%° 0.488°
S1xAXN; 3.13%¢ 1.475°9 4.605%f 0.442%9
S1xAXN, 3.25%¢ 1.567%°¢ 4.817%4 0.464%¢
S;xA,xN,g 3.31"9 1.659% 4.969% 0.478%¢
S1xA XN, 3.35° 1.626% 4,982 0.482%°
SxAxN; 2.86"" 1.400%7 4.264%7 0.398%%
S,xA1xN, 2.79%" 1.327"" 4.120" 0.339™
S,xA;xN;g 2.83" 1.350™ 4.180™ 0.364™
SxAxN, 3.17%9 1.448%" 4.618°" 0.437""
SxAxN; 2.77%" 1.276<™m 4.053" 0.353%"
S,xAxN, 3.01¢ 1.392M 4.405™" 0.422%1
S,xA,xNjg 3.07" 1.514"¢ 4.584°%" 0.448%f
Sx AN, 3.18%f 1.541%¢ 4.721%¢ 0.456*°
SgxAxN; 2.42° 1.147" 3.574% 0.313"
S3xAxN, 2.96%" 1.290"™ 4.257% 0.371m
S3xA; XN, 2.91m 1.214™ 4.131" 0.348""
SaxAxN, 2.98™ 1.304™ 4,287 0.400"*
SgxAxN; 2.71™ 1.407°% 4.120" 0.377"™™
SgxAxN, 2.70" 1.229™ 3.936/ 0.373"™
S3xA,xNg 2.86"" 1.248"" 4.111" 0.390™
SxAxN, 3.09%" 1.422% 45199 0.411°%)
LSD 0.01 0.20 0.118 0.273 0.049

Na 5 Ng No Ny pplsouos T 55 L ks gl 5 anld plsicas il pas oot Ag g AL V5o ke Ve 570 (693 9 395 Jlosl pias <0y S35 52 Sy
5 89y 1nS1l pls (2L Jslowo g (sSelwsih 2 )3 p 5 e B+ il Jlxe 59 2SIl 2 1 p 5 A il Jlme canld lgieds Ol b 2L Jslowe (o ey
Ll e b LSD O}"j ool 3 (gl gime d)bj BN gy 53 aliie Bgy b (olo (1:S0ke 58w i
S1,S; and S are no salinity, salinity of 60 and 120 mM respectively. A; and A, are no inoculation as control and seed inoculation
with Azospirillum. N;, N5, N3 and N, are foliar application with water as control, foliar application of 0.8 g.L™* nano Zn oxide, 50

mg.L™ nano Si oxide, foliar application both of nano zn-si oxide respectively. Means with similar letters in each column are not
g pp P y
significantly different based on LSD test.
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Table 4- Variance analysis of the effect of Azospirillum and nanoparticles (zinc and silicon) on grain filling components,
volume and root weight of triticale under saltinity stress

Mean Square <las po  wSilw

a» s g

2,95 Job

Oy g0 093

&l ‘5‘,,.; &> 59 Sl . . . S 039 Al ) e
SOV d f) Maximum grain as "’M’J M"_ "’M’J ?"’b . Ay Root
. weight . Grain Grainfilling  Effective grain Root weight volume
illing rate period filling period
Replication 1,5 0.000395™ 5.6x107" 3.22™ 8.045™ 0.028796™  1201.5901"
Salinity (S) 9 0.000394™ 3.82x10%" 65.62" 83.122™ 0.043315™  970.6334™
(A) sl s/ 1 0.000204" 1.56x10%" 35.29" 47.303" 0.0412802"°  496.6501"
Azospirillum
N) C"”_’“ 3 0.000214™ 1.79x10°%" 35.66" 47.63" 0.027622  355.1916™
Nanoparticles
SxA 2 0.0000056"™ 6.51x10720 0.776"™ 0.93™ 0.0004044"™ 8.6468"™
SxN 6 0.00001395" 5.13x10°" 2.496"™ 1.871"™ 0.0016933" 4.0649™
AxN 3 0.00000416"™ 6.48x10°°" 1.0003™ 1.955" 0.0024082" 8.5949™
SxAXN 6 0.0000325™ 7.56x10°%" 7.701™ 5.996™ 0.0024895™  58.686™
Error s 46 0.000006 1.75x10° 1.322 1.02 0.000644 12.7594
CV () &y 5.1 2.7 2.9 3.2 55 4.4

o )d S5 g gy Jlein] gdaw p3 3 gxe g ) Gre pE iy w9 % NS
ns, * and ** are non-significant, significant at P<0.05 and P<0.01, respectively.
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Table 5- Comparison of the average effect of Azospirillum and nanoparticles (zinc and silicon) on grain filling components

and dry weight and root volume of triticale under salt stress

SWid 459

o RECTRET 295 Jgb . Ay o>
&l (59 810 . 1D o 1 590 0,90
. : . &l FHEORW O . e ety Root
Lows Maximum grain o G Effective grain-filling ;
/ . fill fill . Root weight volume
Treatments weight Grain filling Grain filling period 3
rate period g per) cm® per )
(@) . (day)

(g.day™) (day) (plant (plant
S xA XN, 0.0438%" 0.001506%¢ 37.53% 29.066% 0.409™% 74.23kM
S xA XN, 0.0492"¢ 0.001586%¢ 39.60"¢ 31.062° 0.465%¢ 85.26%¢
SxAxN; 0.0535° 0.001583%*¢ 41.82° 33.838° 0.515%¢ 88.10%°
SxAxN, 0.054° 0.001583%*¢ 41.82° 34.176° 0.524% 91.46%
SxAXN; 0.0509%¢ 0.00155%¢ 40.89% 32.877° 0.474%f 87.40%¢
SxA XN, 0.0542° 0.001603%® 41.89° 33.860° 0.529° 89.53%¢
S;xA%Nj 0.0546° 0.001606% 41.94% 34.083° 0.532° 90.46*°
S1xAXN, 0.0549° 0.001613° 41.86° 34.094° 0.535° 92.83°
SoxAXN; 00.0461°" 0.001566*° 38.89°¢ 29.501"7 0.393" 73.96™
S,xA XN, 0.0409' 0.00142" 36.70f 28.472M 0.372% 72.93'M
SpxAxN; 0.0481°" 0.001553*¢ 39.44"¢ 30.982" 0.454°°9 72.76™
S,xA XN, 0.0524% 0.00156%° 41.63° 33.679° 0.503%¢ 80.30%
SpxAXN; 0.0463%" 0.001523%9 38.75%¢ 30.428™ 0.432¢%" 70.93™
S,xAXN, 0.0514%¢ 0.001573%¢ 41.21%® 32.778° 0.486%¢ 83.40°"
S;xAyxN; 0.0531%® 0.00158%¢ 41.71° 33.535° 0.508%° 84.56"
S,xAXN, 0.0537° 0.001593% 41.91° 33.789° 0.517%® 86.80""
SaxAxN; 0.0363" 0.001386' 34,589 26.270° 0.329' 66.40"
S3xAxN, 0.0449"" 0.00154"9 38.22°" 29.196% 0.380¢ 75.56"™
SyxAxN; 0.0426" 0.001493"" 37.07%" 28.497¢ 0.403™ 71.93™
SexA;xN, 0.0471%¢ 0.001543"" 38.95% 30.534% 0.442"" 78.86™
SaxApxN; 0.0418i 0.001483"™" 37.01° 28.277° 0.444™ 73.80%™

SaxA XN, 0.0417" 0.001473%" 36.53" 28.310° 0.388% 76"
S3xAyxN; 0.0048" 0.00151%9 38.04%" 29.685"¢ 0.423%1 77.80"
S3xAXN, 0.0518%¢ 0.001573%¢ 41.31% 33.008° 0.495%* 81.30"

LSD 0.01 0.004 0.0001 1.889 1.6603 0.0417 5.87

N, 9 N3 N, [Ny f}:.éﬂ}/[d).fb Lyd zudls g ald lgicay il pae Co gy A, 5A1 DY se o VYe 550 6y g (69 Jlosl pas i ey S3 9 S, S
9 92 2SI plgi B Jplone 5 (5Sebuwgli 12 13 £)5 s B4 (Bl Jalone (59 2SIl 2 )3 )5 I (Bl Jplone cals lisar T b (b Jgous i i
35yl oo L LSD 05,4)'1 ool o (gl gime &bl M3 o5 5 50 dlie By b gl 1Sk . y5Slungil
S1, Sy, and S; are no salinity, salinity of 60 and 120 mM respectively. A; and A, are no inoculation as control and seed inoculation
with Azospirillium. Ny, No, N3 and N, are foliar application with water as control, foliar application of 0.8 g.L™* nano Zn oxide, 50

mg.L™ nano Si oxide, and foliar application both of nano zn-si oxide respectively. Means with similar letters in each column are not
significantly different based on the LSD test.
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Table 6- Variance analysis of the effect of Azospirillum and nanoparticles (zinc and silicon) on yield and yield components of
triticale under salinity stress

e 4, Mean square  la wo (35bo
Sé:)V el Al Job Ao 45 Ald dlaxs &l s 39 &15 5 Shas
df  Spike length  Number of grains per spike  100grain weigh  Grain yield
Replication ,,$5 2 16.25™ 309.79™ 404" 1.84™
Salinity (S) (5,9 2 9.55™ 271.61" 481" 1.099™
(A) f’f@_’?‘”’)'/ 1 6.66" 128.53™ 2.48" 0.072"
Azospirillum
Nanoparticles (N) wlgt 3 479" 99.22" 1.48" 0.56™
SxA 2 0.52" 1.59™ 0.12" 0.051™
SxN 6 0.44™ 13.53" 0.03™ 0.03™
AxN 3 056" 11917 0.14" 0.015™
SxAxN 6 0.98™ 38.67" 0.11™ 0.06™
Error s 46 0.13 3.88 0./05 0.017
CV (1) ol cups 4.1 4.7 5.1 5.3

o pd S5 g g Jlein] pdaw ) 5 e g )b Sxe juE i w9 % NS
ns, * and ** are non-significant, significant at P<0.05 and P<0.01, respectively.
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Table 7- Mean comparison of the effect of Azospirillum and nanoparticles (zinc and silicon) on yield and yield components of
triticale under salinity stress

aouw Job 41> 3 Slos

sos Spike length 5 d'f" 31z ) Grain yield
Treatments (cm) Number of grains per spike (g per plant)
S1xAxN; 7.73° 39.20™ 2.23M
S1xAxN, 8.80"« 43.10%9 2.67%f
S1xA;xN; 9.46°9 47.06%° 2.73%¢
S1xAxN, 107° 48.60° 2.89%°
S1xAXN; 9.33%" 45.20¢ 2.60%"
S1xA%N, 9.86%¢ 46.46%° 2.76%¢
S1xA%N; 10.40° 47.43%° 2.91%
S1xAxN, 10.20% 48.03% 2.93%
S,xAxN; 8.40%" 40.23% 2.4497
S,xAxN, 8.56™ 35.50™ 2.36"™
S,xA;xN, 8.70" 37.46M 2.459%"
S,xAxN, 9.20°%" 44 56T 2.64%9
S,xAXN; 8.20"° 36.90%™ 2.15™°
S,xA%N, 8.96%* 42.10°" 2.48™
S,xA,xNg 9.63"f 45.63%¢ 2.56%1
S,xA XN, 9.76"° 46.16% 2.70"¢
SexAxN; 6.90° 32.86" 1.99™P
SgxAxN, 8.80M« 41.80" 251
S3x AN 7.86™ 35.96"" 2.21mP
SgxA XN, 8.40%" 40.73% 2.41™m
SaxAxN; 8.63"™ 41.13% 2.10p
SxAxN, 7.96™ 38,73 2.27%°
Sax AN, 8.10™° 40.039% 2.307°
S3xAXN, 9.06" 41.33% 252
LSD 0.01 0.59 3.23 0.219

Ng s N3 Ny N; ~/°}t~é,t.‘-‘“}J'/-d)5LI b il 5 el lgieds il pas cuipiay Ag 9 Ap jYo0 Lo WWe 50 (55 5 59 Jlos! pae i ey S;3 9 S, S
5 89y STl pls (3L Jslowo g (9Sebessih 2 )3 5 ee B+ (L3 Sslxe g9 AemSTol ) 1 5 A (LBl Jplre i plyisas O b (3L sle e
Ll e b LSD O}"j ool o (gl gime d)bj BN gy 53 aliie Bgy b (olo (1:S0ke 5w i
S1, S, and S; are no salinity, salinity of 60 and 120 mM respectively. A; and A, are no inoculation as control and seed inoculation
with Azospirillium. Ny, N5, N3 and N, are foliar application with water as control, foliar application of 0.8 g.L™ nano Zn oxide, 50

mg.L* nano Si oxide, and foliar application both of nano zn-si oxide respectively. Means with similar letters in each column are not
significant.
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Table 8- mean comparison of the main effects salinity, Azospirillum and nanoparticles (zinc and silicon) on hundred grain
weight of triticale

Treatments ;Lo 4 2o 49
Salinity levels (g, gl 100 grain weight (g)

S; 4.871°

S, 4.499°

S; 3.98°

LSD 0.01 0.133
Bacteria ¢ s 100 grain weight (g) 4l xo 39

A 4.264°

A, 4.636°
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Foliar application _sbJsl=e 100 grain weight (g) b so (34
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N 4.602°

N, 4.827°

LSD 0.01 0.153
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S1, S, and S; are no salinity, salinity of 60 and 120 mM respectively. A; and A, are no inoculation as control and seed inoculation
with Azospirillium. Ny, Ny, N3 and N, are foliar application with water as control, foliar application of 0.8 g.L™* nano Zn oxide, 50
mg.L™ nano Si oxide, and foliar application both of nano zn-si oxide respectively. Means with similar letters in each column are not
significant.
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Table 9- Mean comparison of the effects of Azospirillum and nanoparticles (zinc and silicon) on the hundred-grain weight of

triticale
o AxNy  AxNy  AiXN3 ANy ApxNp AN, AXN3  AxN,  LSD 0.01
Treatments
b 2o 0js 3.958%  3.907%  4.47° 47220 4348 4527® 4.735® 4.932°  0.434
100 Grains Weight (g)
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)5 o2 L LSD fyg0j olely (sl gize
A; and A; are no inoculation as control and seed inoculation with Azospirillium. Ny, N,, N3 and N, are foliar application with water

as control, foliar application of 0.8 g.L ™ nano Zn oxide, 50 mg.L™ nano Si oxide, and foliar application both of nano zn-si oxide
respectively. Means with similar letters in each column are not significant.
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