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Introduction

Water deficit is one of the most common limiting factors of the yield of crop plants in arid and semi arid
regions. Water limitation causes significant changes in some physiological traits of crop plants. It decreases
chlorophyll content, current photosynthesis and contribution of current photosynthesis in grain yield, but at the
majority of cases, water deficit increases compatible osmolytes and the contribution of dry matter remobilization
in grain yield. Several strategies have been proposed to increase the resistance of crops against water limitation
and among them, application of vermicompost and silicon improve the performance of crop plants under water
deficit conditions. Therefore, the aim of this research was to study the influence of silicon and vermicompost on
contents of photosynthetic pigments, compatible osmolytes and dry matter remobilization in grain yield of rye
(Secale cereal L.) under water deficit conditions.

Materials and Methods

A factorial experiment was conducted in 2023 based on RCBD with three replications under the greenhouse
conditions. The treatments were irrigation levels (full irrigation during growth period as control, irrigation
withholding at 50% of booting stage (BBCH 43) until the end of growing season as severe water deficit and
irrigation withholding at 50% of heading stage (BBCH 55) until the end of growing season as moderate water
deficit) and application of nano silicon and vermicompost at four levels (no application as control, application of
nano silicon, vermicompost, vermicompost with nanosilicon). The rye cultivar ‘Ardabil local” was used in pots
with 13 kg of soil and a diameter of 40 cm. Application of Si was done in growth stages of BBCH 21 and 30. In
all treatments, two weeks after irrigation withholding at heading stage or 135 days after planting, physiological
and biochemical traits such as content of chlorophyll a, b, total chlorophyll, content of soluble sugars and proline,
dry matter remobilization from shoots, contribution of remobilization in grain yield, contribution of stem reserves
in grain yield, current photosynthesis, contribution of current photosynthesis to grain yield, soluble sugar,
anthocyanin and proline content were determined. Dry matter remobilization from shoots and stem and
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contribution of current photosynthesis to grain yield were measured by method of Inoue et al (2004).

Results and Discussion

The results showed that under severe water deficit, there were an increase about 23 and 20.5% in content of
proline and anthocyanin respectively in comparison to no application of nano silicon and vermicompost under the
same level of irrigation levels. Also, there was an increase of 109.9% in current photosynthesis under full irrigation
and both application of vermicompost and nanosilicon in compared to no application of vermicompost and
nanosilicon under severe water limitation. There was an increase of 63.7, 56.9 and 61.8% in chlorophyll a, b
content, total chlorophyll, under full irrigation and both application of vermicompost and nanosilicon in compared
to no application of vermicompost and nanosilicon under severe water limitation. Content of soluble sugars
increased about 21.3% under irrigation withholding at booting stage in compared to full irrigation. Similar results
were obtained in this trait in application of nanosilicon and vermicompost in comparison to no application of
them. Maximum dry matter remobilization from shoots (0.935 g per plant), contribution of remobilization in grain
yield (45.6%) and contribution of stem reserves in grain yield (37.43%) were obtained in no application of
vermicompost and nanosilicon under irrigation withholding at booting stage, which there was an increase 7.5, 15.4
and 19.8% respectively in comparison with both applications of vermicompost and nanosilicon under the same
level of irrigation.

Conclusion

Generally, it can be suggested that irrigation withholding at booting decreased about 29.9% from grain yield
in comparison with full irrigation but both application of vermicompost and nanosilicon compensated about 6.6%
of yield reduction under irrigation withholding at booting stage. Therefore, with considering of the results of this
study, it can be stated that both application of vermicompost and nanosilicon due to the improvement of current
photosynthesis and the enhancement in compatible osmolytes, prevents from the reduction of grain yield of rye
under water limitation conditions.
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2 il (g pSade et 1) Jide)lS slgiee g oad Jidg IS
3 lis gl 12 2 S 2 Jolowe SIS 9 (g Slgome

sload ooy bl sla Jole I o o Lol eljl af
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5- Stem dry matter at maturity
6 -Contribution of stem assimilates to grain

7- Current photosynthesis

CDMAG = (2 x 100 )
el i 5l same sl 15],5 wgw :CDMAGL () 3 &5
Sis odlo JWs! )l DMT do)d sy il > slon
aig 3 p)5 oy 4l 3)Skes :BY? 5 gy 3 p)5
Al o
SDMT = SDMM — SDMA )
iy 48 5 S olo Jlal 50 SDMTS o] 5 45
5 Jsl el s 8l Ui 59 sShs SDMA? gy )3 5,5
bl o Selsnsd (S Al> po )3 aBl S yj5 SDMM?
CSAG = (SD'“T) x 100

)
sy 43l 3,Sdos > a8l 18D ow TCSAG ()] > &
P psS cewe a8l 5l SLis ool JWal 540 SDMT sy
Al oo gy 50 £S5 s p a2 Slos :GY 4 gy
CP = GY — DMT ")
GY gy 13 p)5 oy (§)l Sihasgid 30 CPT (] 5 &S
Sais odle JUil yliee DMT g digs 13 p)5 sy aild 5 Sloe
b Sg o ((Shw) Oloj )2 bl B9 3 25 o
5l Jeols slaodly 1Sl g cilyy S o > lie 5 CB eSS
@555 A ooliiwl modlsdy 55 )0 g S5 3, Sos lgicas ]
bwgs b uSile duslis o (A/F a5wus) SAS jljale 5 dluwgds aosls
3,5 ol aoyd gy Jleis! gdaw ;5 LSD (905

48 @l ey S 2 gl (LdilaSS) lyioe

2 el sladole 51, a2 oy oS 3l (Lt il
Aoy gy 9 So Jll a3 (siwgs (aalSS) g
P o &3 Lt b uSles aalio (¥ Jgi2) 392 )l sine
9 MY YINY cospan) JS Jdg)l 5 D @ byl (slgia
9 CamgpaS soy9 Pl Dyama 3 (S0 5 (133 )5 2 pS e YIVY
i3l 5148 0a] s & JolS syl bl )3 Sl gl
alsyo 13 glol alad & Cond (o> FVA 5 OF/A SYIY i
392 10055 2 )5Sebiogil § CgpaS s0)9 Byuae pis g ]
2 39250 Oigriat 9 89 cobl Cale (g YLy (D Jsiz)
Friaw y3 laol juolis a8 (1 Joio) ool 3)90 CuawgraS' 5059
ot Jdg )l al8l RV Sl g e gl oo Cgmnie Lidg)lS

1- Contribution of dry matter assimilates to grain
2- Grain yield

3- Stem dry matter translocation

4- Stem dry matter at anthesis
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Table 4- Analysis of variance the effects of nano silicon and vermicompost on the content of photosynthetic pigments and on
some biochemical traits of rye under drought stress

Slayyo (ke
o gl @ Mean of squares
- a5 " S . b Jué E
SOV O e addts el S
Proline  Soluble sugars  Anthocyanine Chlorophyll a b phy chiorophyll
Rep)lli)j; tion 2 577 351.9" 0.007*" 0.99™ 0.069™" 0.57""
Ir(:g)a‘;;i‘ Iif]/:s 2 7.63™ 876.7" 0.026™ 0.80™" 0.098™" 1.44™
(Ns)tr:::s fntdnii?" 3 4.89™ 184.9™ 0.007* 0.08" 0.028™ 0.15™
AxN 6 1.01™ 38.87" 0.0029™ 0.88" 0.007™ 0.10™
Eu::or 22 0.282 30.7 0.00058 0.03 0.0014 0.03
Oy g
g\T(%)ﬁ 72 6.2 5.9 8 55 6.1

o pd S5 g g Jlein] maw )3 5 gize g )3 gxe s i ey ks g % NS
ns, * and **: are non-significant, significant at P<0.05 and P<0.01, respectively

G € l3gle olowdgn Olio (S 1 g (5 weld SBAIS ) g 5 CowgroS 09 5 95awail w5l (Sl duglie -0 Jguo
o

Table 5- Means comparison of the effects of nano silicon and vermicompost on the content of photosynthetic pigments and
some biochemical traits of rye under drought stress

il clos:

. L Odam Sy st S 9 a Judg 5 b Judg J5 JS Jadg 5
ol S Prolin Anthocyanin Chlorophylla Chlorophyllb  Chlorophyll total
Treatments oline (umol g FW-1) orophyll a orophy orophyll total

(hg gt FW) (mg g* FW)
A1xN1 5.34" 0.317f 2.25¢ 0.707¢® 2.962¢
A1xNa 5.64f 0.322 2.292¢ 0.7622°¢ 3.06%
A1xN3 7.4¢¢ 0.403c¢ 2.36% 0.7943 3.152
A1xNs 7.10¢ 0.4¢¢ 2.422 0.8132 3.232
AxxN1 7.230¢ 0.39¢% 1.47¢ 0.518¢ 1.99f
A2xN2 7.51c¢ 0.375¢ 2.11bc 0.601f 2.71¢¢
AsxN3 7.26%¢ 0.408¢ 2.03d 0.553f¢ 2.58¢%
A2xNa 8.9 0.472 1.77¢ 0.683¢% 2.46°
AsxNi 6.72¢ 0.464% 2.27%¢ 0.671¢ 2.94a¢
AsxN; 8.08%°¢ 0.425b 2.20%¢ 0.583f 2.79b4
AsxN3 7.780d 0.4542 2.25%¢ 0.7410d 2.992¢
AsxNa 8.55% 0.436%¢ 2.27%¢ 0.777% 3.04%
Mo oxe M 3l
0.89 0.04 0.29 0.064 0.29

LSD 0.05
9 CawgraS 09 B puae pie oximd Ui e N4 9 N3 N2 N1 g adaliw 5 sl Jolpe 3 (oylol dlad g JolS ()bl ssimd ylis i sty :A3 9 Az Ax
Bl CungeeS (035 5 95kl plg3 B ras (CusgraS ca) B pao ¢ 1sSiliwsil B pae (anl3) (15Siliwsils
S5 ot b oy gy Jlesn] pdaw ;3 LSD (yg0j] ool (I size (glel M) gty 5 aliie g > b (sl Siloo
A1, Az and As: are full irrigation, irrigation withholding at heading and booting stages, respectively.
N1, N2, N3 and N4: are control, application of nano-silicon, vermicompost, both application vermicompost and nano-silicon,

respectively.
* Means with similar letters in each column are not significantly different based on LSD test at the 5% probability level
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Table 6- Means comparison of the main effects of nanosilicon and vermicompost application on soluble sugars content
and dry matter remobilization from stem of rye under water limitation conditions

il (S loss
Treatments Bl 5 SUis odlo Jla! Jolowe slanid glgiow
oWl zobw SDMT (g per plant) Soluble sugars (mg g* FW)
Irrigation levels
A1 0.612b* 80.58¢c
Az 0.724a 97.53a
As 0.692a 87.12b
Josine S Jile 0.038 5.72
LSD
A (S oS Sy s il j S o3l JWED! Jolomo (s sl
Stress modulator SDMT (g per plant) Soluble sugars (mg g™ FW)
N1 - 84.51b
N2 - 87.36ab
Ns - 86.81ab
N4 - 94.95a
o re B! J8las _ 9.07
LSD

CawgneS o0y9 Byuao pie 01 ylis i i N4 g N3 N2 N1 g (mdaliw g il Jolpe 1 (o)lol gdad g JolS (o)Ll osimdlis coi it A3 5 A2 Ax
il o CusgraS 5209 9 (Sabuugil pl35 B o CuguaS a9 B pao (ipSelauosls B e (12L5) (9l 5
85 ot b oy gy Jleso] prdaw ;3 LSD yg0j] bl ()l sime (s ylal M) (ygim y2 33 ailiio g yn b (gl Sileo 3
A1, Az and As are full irrigation, irrigation withholding at heading and booting stages, respectively.
N1, N2, N3 and N, are control, application of nano-silicon, vermicompost, both application vermicompost and nano-silicon, respectively.

SDMT= stem dry matter translocation
* Means with similar letters in each column are not significantly different based on LSD test at the 5% probability level

29 Odan & Gl cage bl oo W ajlute
9 So—b Jro (2o A5 L aglye 53 olS Caaglio 38l culys
b3 5 dan gead QR S0 Slo 4 29— oe (St
el 5 51 48 ape Sufglpniad (i pogdle ol Copdgime
035 Jobo (groml il (20l g Sl oo S oo il (55 5]
2 o 2l e haSs 5VL e «(sjemsl mbats )b 1 g
e D9 o Cdgime d Caglio (I 4 i lolS
Fo ool b g S il ols g0 sk I CgeeS 00y
(A Jgi2) (o)l 5iiangid gm0 4 S8 (o 0lS' (59,5 yuolic
Leclaang)S adex jl Laedplio goos 5 i Gl crge
Salehi, Ghalavand, Sefidkon, & Asgharzade, ) >3 o
s g g lyme Gl e 58 (el s (2011
25 g sSalissil 2,287 b (ol Cadgazes baulyd )3 Joloe
S ,boljl (Sonobe et al., 2011) el o )5 - ladioxe
Se gy g oo (Suid 15 alyd > Jolowe (slaaid il
St 15 bl cod )5 )0 5lid g 038" Jas (Jgens Lablre

9 ComwggaS ooyg plgs Byn 55 A5 (SwostlS s o >

2 2S5 ke AF/A0) Jsloro (slanid (clyime oy iy 3l (gSkoassil
oLt peSile aaslio SF Joi) 392 )10y 2 (S 55 39 5
(Sr 5 0l P x5 905 M) (g Slgome (i phen oS 31
] B bl > Selianglh b g g ol e
By o pac ldunlie ;0 4 dal Cwod dn il als o
3 sl glas ) oo red )3 (5Siliogil 5 CogaS 09
515 Ll 5 Lol o)l b aglio 15 5 g0 o3 VY ol
5 s o8 Ay oo a5 4 (B J5i2) 92 53095 2 (a0
ke 3l (glasnlgial S0 5 St St oo 4 SeS 5 )b
Hajiboland, Cherghvareh, & ) oa i gy (slaioe isls8l 4
(A Joz) syl> jwgid 4l ilssl b o (Dashtebani, 2017
oS 5 ol i qeod g Jslowe sloald alg Sl 4 oo
Wang et al., ) o,Ken 3§ Ky .(Silva et al., 2012) 555 o

1- Turgor pressure
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Selim ) s oo ol Jsloro laclyisng S (slyiee « Jlda 5>
yoolie 5l g)laye8 p Jddd 0 CavgueS’ s0y9 2,8 (6L al., 2019
sttt el s S5 o (1355 5 9y o] el siei,
(90 J9a2) oo 9 Jslome sloaid slgime 5 (A Jsa2) s)l>
P oS by Ol Cladgne g ol el cd JRal38l 4 ot
.(Asghari, Khademian, & Sedaghati, 2020) > i bal
28 L ol Sy GRIEI  ee 5 el—de gl
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oad alls Ver g Gl ol asar g adls g taliEl 4 e
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el pll (g juiwgid dlgo JUET 5 (6 jiwgid a9
(Gong et al., 2003) wols cowus
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LimlS g o 5gd dlga 4y 01 LS5 elaily ((Lolis il
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O5Sabuwsib 3,18 Jg (et al., 2020; Rezabeighi et al., 2020
cge (A Joio) o)le jiwg mr—w il Bl L CgaS 09
dge g odd Lo (o3lij o9 b 35 5 e JolF oS 295
Sial B ot g 4,5 1,8 oolitsl 3,90 (50 10 Wlsh ik sy
(Seyed Sharifi, 2018) by il aily 5 Sas )3 dazee Jlaul
e el Bl g Setd oolo JUiml GialS p (de 38 (elide @l
OIS OlSbmgh 1503 bawg (yeSulewgil 2) L ()l i gid
Obdwxe g (e liwly ol o (Nazari et al., 2021) cowl o0
5 oslizul 45 az il Lyl (Habibi & Majidian, 2014)
yolie 050 palyd Joay (Zeamaize L.) ¢yd ;5 CuvgnoS o)g
Ab crge ST obenBsSo8 9 (Sjlam (ol dem 9 21

S ST CoT lagle (6l Fhwgtd g Suid a3le JUS 1 CowgreS 059 9 (95w 93U ST il g 40525 Y Jge
Table 7- Analysis of variance the effects of nano silicon and vermicompost on current photosynthesis and dry matter
remobilization of rye under drought stress

Ol po (ke
a, Mean of squares
5 obo & L odle Ju! odle JUWUI ppew odle JUWSI  adlo JUES! e o
P =E st 4 seh il gy s FResd Vee o
S.0.v 7 | S slgd a5 SLiS | s > ddlw 3l Sis
N )‘ " o« ) Iadead J N p) ! J &l o &l
2led ol &> 3 Slos 43 ad &> 3 ,Shos GY op 100 GW
DMT CDMAG SDMT CSAG
Replication, )| s 2 0.1413™ 84.67 0.1366™ 1127 0.675™ 0.395™  0.425**
A |
(_ )LS_)L”' gk 2 0.0261™ 444,92 0.040™ 380.62™" 1.321"  1.646™ 1.21**
Irrigation levels
Ol godiS s
(N) 3 0.0085" 135.44™ 0.0037"s 92.49™ 0.566™  0.605™  0.767**
Stress modulators
AxN 6 0.0077" 32.09™ 0.0018" 20.24" 0.116™ 0.121™ 0.043*
s
22 0.0022 7.024 0.0019 7.23 0.020 0.026 0.015
Error
Olyoss o b
- 4 7. . 10. . 4.2
CV (%) 5 8 6.5 0.3 5.3 9 6

o) K5 g i Jlein] paw )3 5 bize g )b pixe juE a4y s g % NS
ns, * and **: are non-significant, significant at P<0.05 and P<0.01, respectively
DMT= dry matter translocation, SDMT= stem dry matter translocation, CSAG= contribution of stem assimilates to grain,
GY= grain yield, CP= current photosynthesis, 100 GW= 100 grain weight
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Table 8- Means comparison of effects of nanosilicon and vermicompost on current photosynthesis and dry mater
remobilization of rye under drought stress

odlo JUE! e

odlo JUEU! e

s oale J! - : &1y 5,Slos Gyl g Sl Ver o
W lows Silop ol tlep el S bl S GY 2 e 100 GW
Treatments DMT (g per &l 3 Shos 3 aild 5 Sos 43 (9 per (g per plant) @
plant) SDMT (%) CSAG (%) plant)
AN 0.858= 32.68° 22.29¢¢ 2,650 179° 2758
AxN 0.864° 28.84° 21.33c¢ 3 2.14% 3,19
AxNs 0.873° 28.81° 20.76% 3,03 2.16% 3,350
AxNs 0.705b 23.13¢ 19.31¢ 3.04° 2.33° 3.63°
AxNi 0.935° 45 6° 37.43° 2,048 111° 2,388
AN 0.929° 44110 34,21 2.1 1.17% 2.479
AxNs 0.918° 32.20° 25,51° 2.19¢ 1,930 2,490
AxNs 0.869° 39,510 31,23 2.85% 1.32¢ 3.05¢
AN 0.903° 38,470 31310 2.35° 1.443 2.7
AN 0.867 31.01° 24,477 2.8% 1.94tc 2 84
AsxNs 0.899° 30.37° 22,920 2.96° 2.06% 3.06¢
AsxNs 0.925° 30.68° 22.33¢ 3.01° 2.08% 3,250
P S| B 0.0811 4.488 4.55 0.244 0.274 0.212
LSD (0.05) ' : ' ' : '

9 CanguaS say9 Cbyne pie oximdLis cud s (N4 g N3 N2 N1 g msalins g (il Jolpe 3 oyl alad g JolS ()bl ot lis s sy :Az 9 Az As
Bl o CungeoS a9 5 (19Salegil plgF Bpan CungueS oyg b pan pgSabuogl B pan (18L3) (oSbuwsil

85 ot b oy gy Jleso] prdaw ;3 LSD yg0jl olusl (I size (s ylel M) (ygim y2 33 ailiio g yn b (gl 0 Sileo 3
Az, Az and As are full irrigation, irrigation withholding at heading and booting stages, respectively.

N1, N2, N3 and N4 are control, application of nano-silicon, vermicompost, both application vermicompost and nano-silicon,

respectively.
DMT= dry matter translocation; SDMT= stem dry matter translocation; CSAG= contribution of stem assimilates to grain;
GY= grain yield; CP= current photosynthesis; 100 GW= 100 grain weight.
* Means with similar letters in each column are not significantly different based on LSD test at the 5% probability level
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