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Article Info Extended Abstract

Article type: Introduction. Wheat (7riticum aestivum L. and Triticum durum) is one of the most important crops globally.
Research Article However, wheat production is often limited by drought stress (DS), particularly during the grain-filling stage,
and climate change is expected to exacerbate these effects. Approximately 20-25% of wheat-growing areas
worldwide experience drought, which can reduce grain yield per spike (GY) by up to 76%, primarily due to
limitations in photosynthesis, disruption of the source-sink balance, and a shortened active grain-filling
period (AGFP). To address the challenges posed by drought, it is essential to identify and enhance the
physiological processes that contribute to drought resistance. The drought resistance of cultivars can be
assessed from two perspectives: (1) absolute resistance, indicated by grain yield under stress conditions (Ys),
and (2) relative resistance, defined by the yield reduction between non-stress and stress conditions (Yp—Ys).
Among the physiological mechanisms contributing to yield stability, the accumulation of soluble
carbohydrates in the stem and their remobilization to develope grains are essential. Under drought conditions,
remobilized stem reserves can account for up to 50% of final grain yield. Despite their significance, the

Article history: relationships between stem reserve remobilization (RE), grain-filling parameters, and drought resistance
Received: February 04, 2025 remain poorly understood. Therefore, this study evaluates 12 genetically diverse wheat cultivars with varying
Revised: April 11,2025 drought resistance to clarify these relationships under DS conditions.

Accepted: April 11,2025 Materials and Methods. We conducted a factorial experiment based on a randomized complete block design

(RCBD) with three replications. The experimental factors included (1) twelve spring bread wheat cultivars
and (2) two moisture regimes: well-watered (WW, 70% of field capacity) and DS (50% of field capacity),
beginning at the start of stem elongation (Zadoks growth stage 30). Measurements included GY, grain
number per spike (GN), final grain weight (FGW), RE and its efficiency (RE%), along with several grain-
filling parameters. Sampling occurred at regular intervals from anthesis (Zadoks growth stage 60) to
physiological maturity (Zadoks growth stage 92).

Results and Discussion. The first stage of the experiment showed that, on average, DS reduced GY by 35%
and GN by 31% among the twelve cultivars studied, with more pronounced reductions in sensitive cultivars.
Additionally, DS increased RE% by 4% while reducing the total RE amount, mainly due to a 29% decrease in
the RE of the lower internodes. In the second stage, Shabrang (absolutely and relatively drought-resistant) and
Chamran (absolutely and relatively drought-sensitive) were selected based on the results of the first stage. The
findings indicated that yield reduction under DS conditions was primarily due to declines in GN and FGW,
which were influenced by reductions in AGFP and grain-filling rate (GFR). Correlation analysis revealed a
significant positive relationship between RE, AGFP, and GFR under DS conditions (p< 0.01). These results
highlight the importance of selecting and breeding wheat cultivars with high RE capacity and longer AGFP
under drought conditions as an effective strategy for improving yields in water-limited areas.

Conclusion. The results of this study demonstrated significant genetic variation among the evaluated spring
wheat cultivars in terms of RE and its efficiency. Under WW conditions, cultivars such as Dez, Moghan 3,
and Shabrang exhibited the highest RE levels, while Arta, Rasoul, Karim, and Shoosh showed the lowest.
Under DS conditions, the cultivar Shabrang, classified as both absolutely and relatively drought resistant,
maintained a high RE capacity. Overall, DS increased RE% across cultivars, with a more pronounced increase
in tolerant genotypes such as Shabrang, indicating adaptive mechanisms for more efficient use of stem
reserves in water-limited conditions. Further analysis in the second phase of the study revealed a significant

Keywords: positive relationship between RE and both the rate and duration of grain filling under DS conditions.
Drought resistance, Shabrang, which exhibited a longer AGFP, was able to remobilize greater amounts of reserves from the stem
drought stress to the grains, achieving a higher yield under drought conditions. These findings suggest that breeding wheat

cultivars with greater RE capacity and extended AGFP is a promising strategy for improving drought
AR resistance and maintaining yield stability in water-limited environments. Future research should focus on the
stem reserve remobilization, underlying physiological mechanisms of RE, including carbohydrate metabolism-related enzymes and the
wheat. role of hormones like abscisic acid (ABA) under DS conditions.

grain-filling parameters,
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Table 1. 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.

MS
Organ igril:t?o(;lf df nuﬁll;::'nper inell;ia:)l:sr Dry r.r{att(a.r Remobilization
spike spike remobilization efficiency
Replication (R) 2 - - 4,222 0.621™
Cultivar (C) 11 - - 4198.813™ 1631.051*"
Peduncle Moisture (M) 1 - - 747.555™ 316.971™
CxM 11 - - 279.646™ 262.511™
Error 46 - - 14.685 5.925
CV (%) - - - 8.12 9.38
Replication (R) 2 - - 35.7220s 10.3520s
Cultivar (C) 11 i . 4110771 2213.677"
Penultimate Moisture (M) 1 - - 2167.013™ 1.7250s
CxM 11 - - 1128.468™ 775.064™
Error 46 - - 24.954 20.464
CV (%) - - - 9.69 12.39
Replication (R) 2 - - 59.180" 14.560"
Cultivar (C) 11 i . 7873.267" 3649.526™
Lower internodes Moisture (M) 1 - - 14112 664.914™
CxM 11 i . 561.030™ 795.372™
Error 46 - - 38.542 38.789
CV (%) - - - 7.60 13.30
Replication (R) 2 0.142m 0.008" 264.430" 8.884m
Cultivar (C) 11 72373 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™
Error 46 0.259 0.001 142.633 13.864
CV (%) - 2.56 4.29 6.59 10.54

Aimd e Ui 1) doy> o Jlessl gaws )3 I ime ¥ g I3 me 1™ . la e ke MS 0ljl 4>y df
df: degree of freedom; MS: mean squares. ™, 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 0.86h 6 0.75 1 -13
Hamoon 1 1.47 a 2 097 ¢ -34
Shabrang 2 1.4 ab 1 1.02g -27
Dez 6 1.21 def 9 0.61 kl -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 4 -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

O gk balyd )3 b 5 Shes YD Lyl a0 )3 gty a0 JRaSe b (g )isine (ylel gl (S0 (glateloniz ygail bl cgi o )3 alie By b (sla Sk
ssds i bl s ) il 5 Sles 1YS ( Sis

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) WWwW Rank (DS) DS % Variation
Dena 10 202¢g 3 18.87h -7
Shoosh 11 18.5h 9 14.52 k -22
Hamoon 3 27.83b 2 20.4 ef -27
Shabrang 8 2291 f 1 2127¢g -7
Dez 5 25.62 cd 11 1338 ¢ -48
Mehregan 6 24.65 de 10 14.08 Im -43
Zagros 2 28.5 ab 8 14.8 kl -48
Rasoul 9 213 ¢g 6 16.33 jk -23
Moghan 3 4 264 c 5 17.96 h -32
Karim 12 12.8 m 12 9.6 n -25
Arta 1 29a 4 18h -38
Chamran 7 24 ef 7 15.75 ij -34
Average - 23.47 - 16.24 -31

585ty gy s ) )00 b (6l ime (Ll gl 5SSl (glasalssin ygesl bl cygin yb 3 alie By b slaySibie
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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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) WWwW 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 1191Im 11 470 -60
Chamran 5 239def 2 244de +3
Average - 202 - 160 -21

5,85 o> gy b 3,005 b ()l sime (bl caglis 5SSls (glasalsain ygesl ully cygim b wlie g b clappSibe
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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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
WwWw DS % Variation WwWw DS % YVariation Ww DS % Variation

Dena 64c 75b +17 50gh 22kl -56 84fg 90def +7
Shoosh 15j 251 +67 52g 15Im -71 62h 22j -65
Hamoon 63cd S6def -11 68de 65ef -4 54hi 41i -24
Shabrang 90a 87a -3 80c 98b +22 53fg 76g -8
Dez 64cd 65c¢ +2 115a 47ghi -59 157a 103bcd -34
Mehregan 52f 43¢ -17 37 37 0 149a 97cdef -35
Zagros 52ef 36gh -31 S4¢g 75cde +39 113b 100bcde -11
Rasoul 33hi 16j -52 18klm 9lm -50 42i 17j -60
Moghan3 93a S4ef -42 571g 40hi -30 151a 108bc -28
Karim 10jk 8jk -20 27jk 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
Average 50 44 -12 57 46 -19 96 68 -29

31 Jisle 0 Sile :Penultimate 31 Sp> 0, Kibe :Peduncle .5)05 so s gy gdaw ;3 ,F0385 b (gl size ()lol glis (SOl (glarebin 90l (il gy 1 alie Bgpo b (sla ke
onp o Sile :Lower internodes
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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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) WW Rank (DS) DS % Variation
Dena 2 55.38b 2 65.42a +18
Shoosh 9 25.48ghi 10 16.01jk -37
Hamoon 11 21.22j 8 28.37fghi +34
Shabrang 3 43.77c 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 45.38¢c +38
Average - 34.61 - 35.97 +4

L) Loy g a3 ,F0aSs b gyl i ()bl gl (Sl (glaelois u,a,‘i ool (g 2 50 il By b (sl (1 Sle
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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Figure 1. 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 17.34jkl1 18.525kl
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 19.98Im 17.82m 21.11hij 44.14d 32.15hij 32.79hi
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 5.6no 6.18no 24.97ghi 23.96ghi 99.39ab 50.09¢ef
Arta 3.0lo 4.74no 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

o3 Jblo 0,Sile Penultimate ¢ 31 JSps 0,k Peduncle .16, 1) gy g 1 0386 b (6yld sime (6ol oglis (Sl (lasalssin 905l olly gty 53 alie By b (sla Sl
onps o Sile :Lower internodes
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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o8y 3 4 3Slos (EalS l5ee e talojl pod dl>po )3 T 3EY sy 50 1 alllas 390 pB)N )3 ails Sl )3 (gl tas
GRS sy 5 4 {1 )33 e 5 Gl ol o8) S o5 s (e 5 s (oo ) o
2 by lasi g (lpes 08y 50 Lo yd YE/F § Syl o8, 10 1oy WYNO) b Sled oyjs pials Jds & baes 5,Sles
8 &l b JUb 093 5 &l (0 £ 58 o8 Wl e 095 g 4 &l allg g (Y JSE 9 ¥ Jga) 2l Al
(F 9 ¥ sla JSs) sl ials St (i 15l cow ¢ y» 45 (Liu ef al., 2020; Mostafaie et al., 2024) 5,5
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Figure 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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Figure 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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