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Evaluation of the Relationship Between Remobilization of Stem Reserves, Drought Resistance, and Grain-
Filling Parameters in'Spring Wheat Cultivars Under Drought Stress Condition

Abstract
Stem reserve remobilization is-crucial for maintaining yield stability under drought stress. An experiment was
conducted under well-watered and drought-stress conditions (starting at the stem elongation stage) to investigate its
relationship with drought resistance in spring wheat cultivars and grain-filling parameters. The study followed a
factorial design within a randomized complete block design (RCBD) with three replications. It was carried out in the
greenhouse of the Department of Agronomy and Plant Breeding, College of Agriculture and Natural Resources,
University of Tehran, Karaj, Iran, during the 2019-2020 growing season. The first stage of the experiment indicated
that, on average, drought stress reduced grain yield per spike by 35% and grain number per spike by 31% among the
twelve studied cultivars. These reductions were more evident in the sensitive cultivars. Additionally, drought stress
increased remobilization efficiency by 4% while reducing the total remobilization amount, primarily due to a 29%
decrease in the remobilization of the lower internodes. In the second stage of the experiment, Shabrang (absolute and
relative resistant) and Chamran (absolute and relative sensitive) cultivars were chosen based on the results of the first
stage. The results indicated that yield reduction under drought stress conditions was primarily due to decreases in grain
number and final grain weight, which were influenced by reductions in the active grain-filling period and grain-filling
rate. Correlation analysis revealed a significant positive relationship between remobilization, the active grain-filling
period, and the grain-filling rate under drought stress conditions (P < 0.01). These results emphasize the importance
of selecting and breeding wheat cultivars with high remobilization capacity and a longer grain-filling period under
drought-stress conditions, which can be an effective solution for improving yields in water-limited areas.
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Tablel. Some soil chemical properties.

Chemical properties Amount
Organic matter (mg g') 12.5
Total N (mg g*) 0.84
Available N (mg kg™!) 132.2
Effective P (mg kg™') 56.8
Available K (mg kg™) 164
EC (dS m™) 221
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Table 2. Analysis of variance for grain number per spike, grain yield per spike, dry matter remobilization, and remobilization efficiency in the peduncle, penultimate
internodes, lower internodes, and the entire main stem.

Organ Source of df MS
variation Grain number per Grain yield Dry matter Remobilization
spike per spike remobilization efficiency
Replication (R) 2 - - 4.220m 0.621"
Cultivar (C) 11 - - 4198.813™ 1631.051™
Peduncle Moisture (M) 1 - - 747.555™ 316.971™
CxM 11 r ; 279.646™ 262.511*
Error 46 - - 14.685 5.925
CV (%) - s ; 8.12 9.38
Replication (R) 2 . . 35.722" 10.352"
Cultivar (C) 11 - - 4110.771™ 2213.677"
Penultimate Moisture (M) 1 . 7 2167.013* 1.725m
CxM 11 - ; 1128.468™ 775.064"
Error 46 3 i 24.954 20.464
CV (%) - - - 9.69 12.39
Replication (R) 2 . . 59.180™ 14.560™
Cultivar (C) 11 - - 7873.267" 3649.526™
Lower internodes Moisture (M) 1 : - 14112* 664.914™
CxM 11 - - 561.030" 795.372""
Error 46 - - 38.542 38.789
CV (%) Y - : 7.60 13.30
Replication (R) 2 0.1420s 0.008" 264.430™ 8.884m
Cultivar (C) 11 72.373* 0.192* 33513.438™ 1622.615™
Entire main stem Moisture (M) 1 940.550™ 2.952™ 31542.347" 33.391m
CxM 11 26.287" 0.091* 2741.165™ 144.894"
Ettor 46 0.259 0.001 142.633 13.864
CV (%) - 2.56 4.29 6.59 10.54

Ay o L 1) do > ) Jleis] maw )3 I xe #F g Iy e p2™ . le e 1Sle :(MS ((o0l5] as > :df
df: degree of freedom; MS: mean squares. ns, not significant; **, P<0.01.
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Table 3. Mean comparisons of grain yield per spike (g) in twelve wheat cultivars.under well-watered (WW) and
drought stress (DS) conditions.

Grain yield per spike (g)

Cultivar Rank (WW) WW (Yp) Rank (DS) DS (Ys) %Variation (Yp-Ys)
Dena 11 0.7 jk 7 0.69 jk -1
Shoosh 10 0.86 h 6 0.751j -13
Hamoon 1 1.47 a 2 097¢g -34
Shabrang 2 1.4 ab 1 1.02 g =27
Dez 6 1.21 def 9 0.61 k1 -50
Mehregan 8 1.18 ef 11 0.591 -50
Zagros 3 1.34 be 8 0.67 jkl -50
Rasoul 7 1.19 ef 5 0.75 ij -37
Moghan 3 5 1.25 de 3 0.88 h -30
Karim 12 0.66 ki 10 0.61 -9
Arta 9 1.14 f 4 0.8 hi -30
Chamran 4 1.29 cd 12 0.49 m -62
Average - 1.14 - 0.73 -35
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Means followed by the same letter within each column are not significantly different at the 5% probability level,
according to the Duncan Multiple Range Test. Yp, grain yield under non-stress conditions; Ys, grain yield under
drought stress conditions.
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Table 4. Mean comparisons of grain number per spike in twelve wheat cultivars under well-watered (WW) and drought
stress (DS) conditions.

Grain number per spike

Cultivar Rank (WW) WW Rank (DS) DS % Variation
Dena 10 202 ¢g 3 18.87 h -7
Shoosh 11 18:5.h 9 14.52 k -22
Hamoon 3 27.83 b 2 20.4 ef -27
Shabrang 8 2291 f 1 2127¢g -7
Dez 5 25.62 cd 11 13.38 ¢ -48
Mehregan 6 24.65 de 10 14.08 Im -43
Zagros 2 28.5 ab 8 14.8 ki -48
Rasoul 9 213 ¢ 6 16.33 jk -23
Moghan 3 4 26.4 ¢ 5 17.96 h -32
Karim 12 12.8 m 12 9.6n -25
Arta 1 29a 4 18 h -38
Chamran 7 24 ef 7 15.75 ij -34
Average - 23.47 - 16.24 -31

e BB ol [SKuSH b Sy glaiely wis O?"j Moy B paw jd Wlodds asuie Sy Bgys b sty 0 &S olayby sxe
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Means followed by the same letter within each column are not significantly different at the 5% probability level,
according to the Duncan Multiple Range Test.

dazxe JWl! Y-Y
adlw JS dasme JWSILY-Y-Y



Ol 3908 (Liu et al., 2016; Yafiez et al., 2017) cuwl 5,Slee LS5 > Slo glals po oS alas 5l acsMe 3 &y o 5
.(Astaneh etal., 2021) )wu;o U")'>9) S 9 u)).g M)J J)/L;>| 909 ob)f é:).w) ‘) S)) Jﬁa)lf ug‘)DU ¢<\.1>)o u)l 20
.(Ahmadi et al., 2009; Thapa et al., 2022; Murchie ef al., 2023) Lsb Sio Sy BMe g aBlw 1153 dazee Jlanl &

3929 K2 FB g5 oy w93 2 > St odlo daome JUH e Yl Sl adllas 3)90 8] e ) &S b (Ui gl
YWY JIEY 5l (Siss i bl b 3 9 2,5 o YV JIAY 5 Colhae (o)l balps )3 o ol @l aials (0 Jgas) 51>
D92 yito p S uo

(WW) k_J}Ua.Q 6)L.J b]).w Cod 43.\5 fV'g) b.))'lg.) adlw JS)Q ln)ful.m Cuw> Sid oolo 4% JL(L.J] uAi)L.A MLQ‘O -0 JB»
(DS) Sis il

Table 5. Mean comparisons of dry matter remobilization (mg) in the entire main stem of twelve wheat cultivars under
well-watered (WW) and drought stress (DS) conditions.
Remobilization (mg)

Cultivar Rank (WW) WW Rank (DS) DS % Variation
Dena 7 198ghij 6 187hijk -6
Shoosh 9 1291 10 75n -42
Hamoon 8 1755k 8 161k -8
Shabrang 3 253cd 1 277bc +9
Dez 1 333a 3 215fg -35
Mehregan 4 238def 7 1771k -26
Zagros 6 219efg 4 211gh -4
Rasoul 12 93mn 12 410 -56
Moghan 3 2 301b 5 201ghi -33
Karim 10 1241 9 83n -33
Arta 11 119Im 11 470 -60
Chamran 5 239det 2 244de +3
Average - 202 - 160 -21

Lod I8 gl Souse b oSSl (glanely i g0l o> 0 o jd wilodd asuie Gl Boy b gy jd &S olal sxe

YRRV
Means followed by the same letter within each column are not significantly different at the 5% probability level,
according to the Duncan Multiple Range Test.

By Sis i bylys g a8 Jls g sl |y sasme Jl o b Soyud 9 ¥ e o3 p) cogllae glol Laulps 4
iasky w235 90 i (e g S )l gy Pyl 805 (gl idly s 1) sz Jal lire (YL e g SOy
Olgiso 1y pByl cpl a8l 3o oddo pid Sid oolo dazxe Wl 4o 1> sddosalive M aily 1) dasee Jnl l5ee oy yieS
NN ol 2 ogMe s Cans a8l jd (glopdd Jole (slaculyjimg S 4 (sadgr (siiiwed dlge bAS 5 asass D Goly 4
0le5 5 (183555351 55 5,8) sy (sl 51 b 5559 5 (P25 53 258 Jis ol 8) 5500 & 55,8 a5 (bl
(Yafiez et al., 2017) 13l pB,) saoxe ! 53 sadonli slacelis p 138,50 Jolge 5 S wlgs o 5 il 0 5

2 YU s g Bl Cuoglio b oSy o8y a5 (gy0bods (B Jodo) ol flis (Sid i 4 (Jelite sla STy calisee B
CpeS B (Y (cd Coglie &S (g9 pB)) Ud 5 SUyed o) (ppiomen cutly (VL sa0me JWI g5k w23 95 &
pB,l oyl &Sty o Hlas @ U sy olaid] 0gs ) i pae bylyd 4 cans (Sl 55 bl 0 saone el Gl s
@ o Jaoo delusl bylyd bl 10 Vb Coglio Jd 4 pgyed (slapaiS 6jgp0l (digus ai8)S IS &y Mol Glaal (gl wiles o
(Groli et al., 2024) xlai8,5 }1,8 4 o5 350 U3 Mol (ladeliy )0 63,uS job



o) (dae Loyl il g 08 4 dinn Gl (S dmuogd b 50 slaaily 4y a8l I Sis oole dazee Jlail g ails 5 Shas 0 bl
(s pae bylyd > (Ma et al., 2014; Li et al., 2020; Liu et al., 2020; Ershadimanesh ef al., 2024) il gl ( S
(r=+/YAY) algaw jd @il dlasy o (T = +/¥AA) dliw > @by 5 Shas b daoxe JWl o (P < +/40) jbb bxe g Cuito dlaly &S
dad 50 ool cpl a8 cnl 5 HLLE () JSS) wis eamline  (Sid i bl b o (bl e a8 cwl Jbp0 cpl o
JEsl b oyl oy slodls 5 (asuine dlaly 35,500 ol Oldlas > pioen 2l Cos s bylyis jo O Cadgloxe 4
sk iy bl el 90 2 yd ygele 18 dalllas oyl y> (Dreccer et al., 2009; Mahmoudi et al., 2021) cuol oaiis i35 daoxe
Sl pByl Mol & aad o i uls cpl g adllas (pl > 5y pB)) 5 dasee Jlanl 5 aily 5,Slee Bld I S5y 08, ¢ Jolds
55 B (s 90 it (el %0 9 e Ly b baye (Sogl 508 Sl Vlatal 5 0358 ol ) duone il 5
Bl S (o ,Slo dase JWH!Y-Y-Y

odlo 3o J&S) (5 (95 (sloo,Sobo 9 31 Jidlo (pdl IS po)idBle (clao,Sibe 5l SO ya Sigliie i 9 Cuon] 4 4595 L
4350 ol Wb )y p Bl el 4 a8l calisee (slro,Sle dlllas ol 1> (Ehdaie et al., 2006; Liu et al., 2020) Suis
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Table 6. Mean comparisons of dry matter remobilization (mg) in stem internodes of twelve wheat cultivars under well-
watered (WW) and drought stress (DS) conditions.

Cultivar Remobilization (mg)
Peduncle Penultimate Lower internodes
WW DS %Variation @~ WW DS %Variation ~ WW DS %Variation

Dena 64c 75b +17 50gh 22kl -56 84fg 90def +7
Shoosh 15j 251 +67 52¢g 15lm -71 62h 22j -65
Hamoon 63cd " 56def -11 68de 65ef -4 54hi 41i -24
Shabrang 90a 87a -3 80c 98b +22 53fg 76g -8
Dez 64cd 65¢ +2 115a 47ghi -59 157a 103bcd -34
Mehregan 52f 43g -17 374 374 0 149a 97cdef -35
Zagros 52ef 36gh -31 S4g 75cde +39 113b 100bcde -11
Rasoul 33hi 16j -52 18klm 9lm -50 42i 17j -60
Moghan3 93a 54ef -42 571g 40hi -30 151a 108bc -28
Karim 10jk 8jk -20 275k 23kl -15 88efg 52hi -41
Arta 7k 10jk +43 49gh 17klm -61 63h 20j -68
Chamran 6lcde  53ef -13 77cd 105ab +27 101bcd 86fg -15
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Average 50 44 -12 57 46 -19 96 68 -29
kg BB ol a5 b SO glasely s ch}] oy B paw ;0 Wlodds asuie Sy By b sty 0 &S olayly bxe
) e Sl :Lower internodes « A1 Ll 0,55ke Penultimate m}ij F p2 0,5ke Peduncle . )ly

Means followed by the same letter within each column are not significantly different at the 5% probability level,
according to the Duncan Multiple Range Test.

g0 Sibo g 51 Jidlo cndl IS p3 )3 o a4y daome Jli] (:S0lie (600,0 YA VLAY talS g (St (5 (IS jgboa
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Table 7. Mean comparisons of remobilization efficiency (%)in the entire main stem of twelve wheat cultivars under
well-watered (WW) and drought stress (DS) conditions:

Remobilization efficiency (%)

Cultivar Rank (WW) WwW Rank (DS) DS %Variation
Dena 2 55.38b 2 65.42a +18
Shoosh 9 25.48ghi 10 16.01jk -37
Hamoon 11 21.22ij 8 28.37fghi +34
Shabrang 3 43.77¢ 3 56.3b +29
Dez 1 58.68b 1 70.44a +27
Mehregan 5 39.5cde 6 31.73efgh -20
Zagros 8 27.73fghi 7 31.14fgh +12
Rasoul 10 21.42hij 11 11.08kl -48
Moghan 3 4 40.97cd 5 42.98¢c +5
Karim 7 33.65defg 9 25.4hi -25
Arta 12 16.65jk 12 7.431 -55
Chamran 6 33.9def 4 45.38c +38
Average - 34.61 - 35.97 +4
R BB ol [ Suso b SO glaely wis O?"ﬂ oy O o jd Wilodd asuie s Bep b gt s 0 &S ola )by pxe
855l

Means followed by the same letter within each column are not significantly different at the 5% probability level,
according to the Duncan Multiple Range Test.
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D g aliw ;3 il sl b > 4l 3, Shes b )] Caliste sl 0,S5be g a8l JS daome ] (Siawed ()l i -V JSs
5 il 3,Slee GY oo Jsl o) ZRE « i odle same Jis! RE (B) (Suid i g (A) wollae (gylol balyd 55 dame Jlas]
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Fig. 9. Heat map correlation between dry matter remobilization of the entire main stem and its various internodes with
grain yield per spike, grain number per spike, and remobilization efficiency under well-watered (A) and drought stress
(B) conditions. RE, dry matter remobilization; RE%, remobilization efficiency; GY, grain yield per spike; GN, grain

number per spike; Ped, peduncle internode; Pen, penultimate internode; Low, lower internodes; EMS, entire main
stem.
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Table 8. Mean comparisons of remobilization efficiency (%) of stem internodes in twelve wheat cultivars under well-
watered (WW) and drought stress (DS) conditions.

Cultivar Remobilization efficiency (%)
Peduncle Penultimate Lower internodes
WWwW DS WW DS WW DS
Dena 36.74def 73.88a 56.31c¢ 29.12efgh 89.52bc 82.57¢
Shoosh 5.89n0 9.81n 38.79de 13.18jk 55.4de 21.63ijk
Hamoon 24.78jkl 36.04efg 28.08fgh 33.3efg 17.34jkl 18.52jkl
Shabrang 4391c 39.9cde 27.2fgh 82.27ab 35.67gh 43.19fgh
Dez 33.58fgh 53.95b 57.41c 55.04c 62.96de 103.51a
Mehregan 25.57jk 23.24kl 73.03b 21.98hij 66.39d 47.53fg
Zagros 19.981m 17.82m 21.11hjj 44.14d 32.15hij 32.7%i
Rasoul 17.7m 9.82n 30.49¢efgh 7.74k 32.61hi 17.16jkl
Moghan 3 41.53cd 31.36ghi 15.37ijk 30.79efgh 49.76ef 64.44d
Karim 5.6n0 6.18no 24.97ghi 23.96ghi 99.39ab 50.09ef
Arta 3.0lo 4.74n0 28.08fgh 10.11k 19.82ijkl 7.811
Chamran 27.78ijk 29.64hij 35.89def 88.14a 37.22fgh 36.05gh
Average 23.84 28.04 36.33 36.65 49.58 43.78

e BB ol [ SKuSH b Sy glaiely Wi O?"j Moy B paw jd Wlodds asuie Sy Bgys b ysiw ya 0 &S ooyl sxe
2) o, Xile Lower internodes «,31 Ldls 0,55ke Penultimate 3 5 p3 0,55ke Peduncle .,
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Means followed by the same letter within each column are not significantly different at the 5% probability level,
according to the Duncan Multiple Range Test.
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Fig. 2. Changes in main spike grain weight with the day after anthesis (DAA) of two wheat cultivars under different
treatment conditions. Treatments were well-watered (WW) and drought stress (DS) in Shabrang (Cv. SH) and
Chamran (Cv. CH) cultivars.
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Fig. 3. Changes in grain-filling rate with the day after anthesis (DAA) of two wheat cultivars under different treatment

conditions. Treatments were well-watered (WW) and drought stress (DS) in Shabrang (Cv. SH) and Chamran (Cv.
CH) cultivars.
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Fig. 4. Differences in the active grain-filling period between two wheat cultivars, Shabrang (Cv. SH) and Chamran
(Cv. CH), under well-watered (WW) and drought-stress (DS) conditions. Bars with the same lowercase letters indicate
no significant differences among treatments at P < 0.05 according to Duncan's test.
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Fig. 5. Heat map correlation between remobilization of the entire main stem and its various internodes with grain
filling parameters under well-watered (A)and drought stress (B)-conditions. RE, dry matter remobilization; AGFP,

active grain filling peried; GFR (Max), maximum grain filling rate; FGW, final grain weight; Ped, peduncle internode;
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