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Article Info ABSTRACT

Article type: Background and purpose: Salinity stress is a major limiting factor

Research Full Paper for bread wheat production and poses a significant threat to global
food security. The root system, critical for water and nutrient
absorption, plays an essential role in determining yield under saline
conditions. Root development directly influences grain yield and
biomass production in salt-affected soils. Therefore, selecting
salinity-tolerant genotypes through the simultaneous evaluation of
root dry weight, biomass and grain yield traits and stress tolerance
indices is an effective strategy for identifying salt-tolerant genotypes
in breeding programs.

Materials and methods: This study evaluated 92 bread wheat

Article history: genotypes, including commercial cultivars and native lines, in a split-

Received: 2025-04-16  plot design within a randomized complete block design (RCBD) with

Accepted: 2025-06-09  three replications. The experiment was conducted under both saline
(16.9 dS/m) and non-saline (2.3 dS/m) soil conditions in pots at the
research greenhouse of Gorgan University of Agricultural Sciences
and Natural Resources during the 2022-2023 year. Key traits such as
grain yield, biomass, and root dry weight were measured after full
plant maturity to assess their relationships under salinity stress.

Results: Analysis of variance revealed statistically significant
differences among genotypes for grain yield, biomass, and root dry
weight under both saline and non-saline conditions. Salinity stress

Keywords: significantly reduced these traits, with the greatest decreases
Bread wheat observed in grain yield (71%), biomass (65%), and root dry weight
Principal component (53%) based on the sensitivity index (SI). A positive and significant
analysis correlation was found between root dry weight and grain yield
Root architecture (0.57") and biomass (0.84™) under salt stress, underscoring the
Stress tolerance critical role of root traits in improving yield under saline
indices environments. Simple linear regression analysis further demonstrated
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that root dry weight significantly influenced grain yield and biomass,
explaining 51% and 71% of their variation, respectively. Estimates
indicated that each unit increase in root dry weight contributed an
additional 0.95 grams to grain yield. Additionally, correlation
analyses between performance traits and various salt tolerance
indices highlighted the pivotal role of root characteristics in
enhancing stress tolerance. Principal component analysis (PCA) had
effectively showed a crucial role in the more precise discrimination
of genotypes based on performance traits and salinity tolerance
indices, contributed to the convergence of clustering dendrograms
derived from tolerance indices in genotype classification pattern.
Finally, the consistency among these findings facilitated the
identification of genotypes exhibiting superior grain yield, root dry
weight, and enhanced salinity tolerance.

Conclusion: Root architecture plays a fundamental role in improving
salt tolerance in bread wheat. Genotypes with higher root dry weight
under salt stress not only maintained acceptable grain yields but also
exhibited enhanced biomass production. Therefore, prioritizing root
traits in breeding programs represents a promising strategy to
enhance yield stability and improve wheat productivity under saline
conditions.
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Table 1. The studied bread wheat genotypes in this research
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Table 2. Soil test results under non-saline and saline conditions

2l ;

Sbes FSOhA el e S, JTas e o
aQ

Soil type N(%) K(ppm) P (ppm) EC (dS/m) C(%) Clay (%) Silt(%) Sand (%)
pH

5 S

= 0.15 350 21.1 7.72 23 1.6 23 45 33

None saline

5 Sl

i 0.09 312 20 7.93 16.9 1.1 25 47 28

Soil mixture

s Solmor 53 i 55 655 (D 58) (g)5d 5 b pb o DU pAS 55 plgn Pl 5 Ay Dlke 8 -) JSS
Mdujww%))&b Q}w e.\:.u&l..‘;'.; ‘;"ﬁ"’) 4.1;-}&)} :)L; r-\f\g %,}3}3}} d‘}ﬁ r|.&3| QJSLA.FJA.-:._{J

S ey oo g K gl (d) 5 bazeald il 51 gy oy ) Ao e 5o SlE sl (€). 6,58

Figure 1- Phenotype of root and shoot traits in bread wheat under non-saline and saline conditions. (a and
b) Phenotypic variation in root system architecture and shoot performance in two bread wheat genotypes
at the maturity stage, illustrating differences in root architecture under salinity treatments. (c) View of the
greenhouse during the vegetative growth stage after seedling establishment. (d) View of the greenhouse at
the physiological maturity stage
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Table 3.Mathematical formulas of tolerance and susceptibility indices

Index Formula

sl 55 o

Pattern selection Reference

SUI0 e ok UKJL‘
Geometric Mean
Productivity

SSI=[1-(Ys/Yp)] / (1- SI)

Stress Susceptibility Index
Stress Intensity
San S0k
Harmonic Mean

TOL=Yr-Ys
Tolerance Index
Lo 3
FoNtSY j@ MP=(Yr+Ys)/2
Mean Productivity

OS5 4 foses 2L
Stress Tolerance Index

Shes L _
et YI=Ys/¥p
Yield Index

CalS
SN S e YR=1-(Ys/Yp)
Yield Reduction Ratio

GMP=,/(Ys)(Yp)

SI=1- (Ys/Yp)

HM=2(YpxYs),/(Ys + Yp)

STI=[(Yp)*(Ys)] / (Yp)?

e jiSTas Fischer and Maurer (1978)
Maximum value ()

Sl sl Fischer and Maurer (1978)
Minimum value ")

Sldis Sl Fischer and Maurer (1978)
Maximum value 0

Slie jiSTas Fischer and Maurer (1978)
Maximum value (A

S 5l Rosielle and Hamblin

Minimum value (1981) (v4)

Sldie Sl Rosielle and Hamblin
Maximum value (1981) (v9)

e Sl Fernandez (1992) (¥+)
Maximum value

)L.LEA f"S'.,\}

Gavazzi et al. (1997) (vv)
Maximum value

Relative Stress Index
s Ses oL el

RSI=(Ys/Yp) / (Ys/Yp)

YSI=Ys/Yp

Yield Stability Index

s Sl Golestani Araghi and Assad
Maximum value (1998) ()

Sl jiSTas Fischer and Wood (1979)
Maximum value (1)

Sldie Sl Bouslama and Schapaugh Jr
Maximum value (1984)(¢-)

Lz (RS 5 A8 0k il s c g e 55 4l s Shes u&u\?s,\?p,w,/ﬁ <l s Se Ys 5 Yp
Yp and Ys represent the grain yield of each genotype, while Yp and Ys denote the mean grain yield of all genotypes

under non-stress and stress conditions, respectively
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Table 4- Analysis of variance of split-plot design based on a randomized complete block design for the
evaluated traits in wheat genotypes under non-stressed and salinity conditions

Mean squares lx o Sls

6331 a3

e b
. i 05 03 45U ) 5 SL.}&
Source of variation df B o A =
Root dry weight Biomass Grain yield
S5k
2 0.331s 391.4m 86.31m™
Block
o 722 .3%%* 5960.8%* 13440.1**
Salinity (S)
(S5 s
ol 2 031 227.65 58.7
Error (a)
e 91 8.85 **° 136.16°* 9.61 %
Genotype (G)
Sogs X ‘:":U"j 91 2 Q3w 21.89%*= 2 6
SxG
5o s
FAES S 364 0.09 5.41 1.39
Error (b)
Sl o 2CV(%) - 9.44 11.8 14.69
v/eeN g a/eN /e Jlaasd Cjb“ 03l s 5 I3 pae b LS 5 4 s 5 sk s IS

* %% and ***: significant at 0.05 , 0.01 and 0.001 probability levels, respectively, and ns: non- significant
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Table 5- Descriptive statistics and coefficient of variation for investigated under non-stressed and salinity
conditions

Studied traits «xlas 3,0 Slio

als > Shas 03 55 Cmns o, i O L
) ] ; ] ool
qraln yield Blomass Roofc dry weight Index
o dl s o db s Soxs dl s
Salinity Normal Salinity Normal Salinity  Normal
3.94 13.81 11.43 32.21 2.02 430  Mean (g) (5 Sika
1.93 10.4 6.35 21.82 0.69 1.88 Min (g) (¢5) Bl
6.1 18.1 20.35 48.05 4.90 1040  Max (g) (¢,5) Sl
0.96 1.77 3.44 6.39 0.89 1.77 Standard deviation lxs Sl 5l
( ) Ol s o B
2437 12.84 30.13 19.84 43.93 41.05 o I
Coeff of variation (%)
0.16 0.26 0.63 0.59 1.09 1.19 Skewness Sz
-0.68 -0.014 -0.52 -0.57 1.03 1.07 Kurtosis Skis
0.744 0.645 0.529 Susceptibility index wlo> axls
t=71.9"" t=522"" t=17.6"" (Paired t-test)  sas i t 05050
***. significant at 0.001 probability level o)l e 53 ls e s
Root dry weight (g) Biomass (g) Grain yield (g)
50
10.01 t-test = 17.6 *** est = 52,2 ¥** ttest = 71.9 ***
404 151
%
© 30 Cultivar
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= . 10 1
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2.54 X 54 I_
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Figure 2 - Comparison of the means traits, root dry weight (g plant™), biomass (g plant™), and grain yield
(g plant!) and distribution of 92 bread wheat genotypes under non-stressed and salinity conditions. Dark
blue dot indicates the mean value for each trait under each condition. Differences in trait means between
the two environments were assessed using paired t-tests. *** significance at probability level 0.001
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Table 6- Mean comparison of bread wheat genotypes for root dry weight (g plant!), biomass (g plant™),
and grain yield (g plant!) under non-stressed conditions using the LSD test at the 5% probability level

Genotype RDW BM GY Genotype RDW  BM GY Genotype RDW  BM GY
1 56 4154 1785 32 295 2737 1349 63 424 2524 10.77
2 9.2  48.05 17.56 33 3.68 3050 1421 64 541 3506 13.72
3 4.84 4327 18.06 34 694 4120 1394 65 2.74 3594 1546
4 8.19 3453 1499 35 247 2696 1258 66 433 39.16 15.62
5 509 3387 14.03 36 3.19  25.00 11.60 67 269 2576 11.76
6 555 3422 1438 37 2.74 2658 13.16 68 542 3799 15.08
7 6.1 4482 17.73 38 2.65 31.09 13.90 69 6.01 4181 18.10
8 6.29 3697 1153 39 244 2495 11.79 70 438 29.62 1247
9 513 3254 151 40 4.05 2858 13.57 71 2.88 2753 13.13
10 6.56 34.06 13.76 41 447 4328 1447 72 2.68  26.19 12.89
11 425 2784 12.77 42 299 2699 13.13 73 2.28 2833 14.78
12 596  40.77 1424 43 392 2991 1337 74 338  30.65 1423
13 535 40.79 16.1 44 542 2573 11.16 75 6.07 3746 15.06
14 7.53  36.75 15.05 45 237 2336 11.06 76 424 2638 1237
15 8.16 41.17 164 46 248 2781 12.64 77 2.83 2576 12.10
16 7.28 446  13.23 47 3.04  27.02 1092 78 2.58 21.82 10.64
17 7.74 4332 1526 48 291 2585 11.76 79 353 3276 14.13
18 6.21  40.61 16.82 49 3.04 2261 1124 80 272 2714 12.67
19 6.07 4651 13.63 50 2.56 2470 11.15 81 504 2629 1325
20 427 4421 1329 51 5.04 34.66 1547 82 290 2859 13.87
21 7.61  36.03 16.16 52 398 3248 13.90 83 2.85 2958 1475
22 9.91 38.6  15.19 53 3.50  28.65 13.34 84 338 3151 13.03
23 32 2986 1398 54 3.05 3320 14.75 85 434 30.11 1397
24 2.57 2416 1333 55 2.78 2986 12.84 86 2.83 3987 16.20
25 297 2985 13.98 56 3.03 2971 13.66 87 5.18 3146 1450
26 3.15 33.03 13.88 57 2.87 2197 1045 88 323 3141 1594
27 1.88 24.1 10.4 58 433 2746 1332 89 4.84 3998 11.00
28 339 3276 1526 59 452 3329 1558 90 4.09 2775 1295
29 322 29.67 1439 60 270 3273 14.94 91 453 3727 1450
30 295 2674 12.69 61 4.14  30.88 14.07 92 3.16 2897 1443
31 3.1 2437 11.64 62 3.02 3185 13.20
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Table 7- Mean comparison of bread wheat genotypes for root dry weight (g plant!), biomass (g plant™),
and grain yield (g plant!) under salinity conditions using the LSD test at the 5% probability level

Genotype RDW  BM GY | Genotype @ RDW BM GY | Genotype @ RDW BM GY
1 2.70 18.13  6.10 32 1.36 944  3.20 63 1.52  10.81 3.89
2 4.90 16.89 5.18 33 2.06 1029  4.17 64 230 1403 443
3 3.12 17.39  4.95 34 2.87 1541 3.49 65 1.53 12.14 487
4 2.26 13.60 541 35 1.25 820  3.04 66 2.38 14.18 4.27
5 2.31 1395 4.42 36 1.28 8.00 281 67 1.73 937 3.65
6 3.01 1457 4.99 37 1.52 11.51  4.06 68 284 1390 492
7 3.22 1497 5.50 38 1.49 1039  4.44 69 2.11 9.67 4.17
8 2.07 13.54 4.13 39 1.31 895 345 70 1.05 843 279
9 2.82 11.18 4.73 40 1.89 896 3.34 71 1.39 9.67 3.61
10 2.44 1145 4282 41 3.14 1797 4.78 72 1.35 8.41  3.01
11 1.55 1039 295 42 1.51 7.59 257 73 1.34 815 391
12 3.84 19.65 2.92 43 1.69 1134 3.83 74 1.58 1043 457
13 2.71 1598 5.10 44 1.15 8.08 235 75 2.11 1691 4.92
14 2.52 1424 5.26 45 1.16 6.63 270 76 1.18 953 344
15 2.87 1475 5.43 46 1.23 10.07  3.50 71 1.37 6.63  2.83
16 471 2035 3.03 47 1.99 10.79  3.51 78 1.06 6.63 258
17 3.86 17.21 430 48 1.03 7.73 259 79 1.98 12.16  4.83
18 3.46 13.10  5.39 49 0.94 6.40  2.06 80 1.12 8.81  3.08
19 3.46 16.83  4.07 50 0.80 8.17  2.63 81 1.29 9.11  3.11
20 295 16.56  3.20 51 1.96 10.05 435 82 1.11 927 371
21 3.18 11.38  4.69 52 3.12 14.81 5.86 83 1.42 836  3.66
22 3.05 15.15  5.74 53 1.62 9.57 4.09 84 1.73 14.09 4.29
23 2.33 857 3.53 54 1.65 11.56  4.77 85 1.44 10.38  4.20
24 1.79 8.64 2091 55 1.40 9.58 3.18 86 2.03 16.23  5.39
25 1.43 10.20  3.76 56 1.45 1297 432 87 1.39 9.92 351
26 1.28 898  3.53 57 0.80 6.64 220 88 1.46 8.47 424
27 1.02 8.00 3.26 58 1.64 1136 4.08 89 257 1713 513
28 1.69 11.55 4.88 59 1.71 994 334 90 1.65 722 321
29 1.60 11.48 3.59 60 1.71 7.75  3.61 91 2.45 16.82 5.88
30 1.47 9.54  3.67 61 2.11 1037  3.59 92 1.50 7.05  3.07
31 0.84 635 193 62 1.92 12.13 442
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Figure 4. Linear regression between root dry weight with grain yield and biomass under non-stressed and
salinity conditions. The color of the circles represents the landrac lines and cultivars of bread wheat. The
fitted line is based on linear regression using the geom smooth function in the R software
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Table 8. Results of principal component analysis based on root dry weight, biomass and grain yield under

non-stressed and salinity conditions
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Figure 5. Two-dimensional representation of root dry weight, biomass and grain yield in 92 bread wheat

genotypes under non-stressed (a,b) and salinity conditions (c,d) based on the first two principal
components
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Figure 6. Dendrogram and heat map of bread wheat genotypes based on root dry weight, biomass and

grain yield, squared Euclidean distance and Ward.D2 clustering method, under non-stressed and salinity
conditions
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Table 9. Results of principal component analysis based on root dry weight, biomass, grain yield and

salinity stress tolerance indices

adlas 3550 Slis oy i O 03 5 4l 5 Shas
Studied traits Root dry weight Biomass Grain yield

el ol adle  pys adle dol ez pys aile Jol e pys adlgo

Indices PC1 PC2 PC1 PC2 PC1 PC2

YP 0.91 -0.41 0.89 0.46 0.74 0.67

YS 0.96 0.27 1.00 -0.04 1.00 -0.08
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RSI 0.19 0.98 0.77 -0.64 0.80 -0.59
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Percentage of variance
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Cumulative percentage of variance
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YP: yield under non-saline conditions; YS: yield under saline conditions
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Figure 7. Two-dimensional representation of stress tolerance and sensitivity indices for the root dry
weight in 92 bread wheat genotypes based on the first two principal components
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Figure 8. Two-dimensional representation of stress tolerance and sensitivity indices for the biomass in 92
bread wheat genotypes based on the first two principal components

Yoglo 0,55 wliile S 5Ll b= (STl sblal
Slds 035 Dl (ot am ST s G581 Bl axg
Lo 55 Olseas PC2 (bl Sl 5 PCT (UL
Jlie 55 as Lalis Qs 5 Jeese) 5
(O Sld Trdgte Aiile) ule slac 5
bl 253 Cal S a2 G5 5 Ol e
Ll il 313 3 b o 2,5k (25 03
Ao o, See Sl )l ()t 5 Ll o
el b 88555 Go b Sl s il 5 g o0
38 s s (4 JSD) s S slie
STI sla a5l eslial Ly (Y417) 0, LSan
S, 3 Na' /K" Sy cwnd s HM s MP (GMP
L Syl sy o8 slacs $5 4 sl 0L T
Ol iy (o5 pis Lo U 5, o Lo i
3 8es b 25 5 Ol e o815 Jomie Sl 555
Bad ol b slacs s Olgen ol

wdd bl pBl UL (S35 f 55 4 a5 LAWY

yeo

e )L L SSI ol oLl (piomen
a.l.'\.ﬁ.)g.)t_ﬂi.; 4\5 C,...Z\,) )}«b A_LS}A u'i‘ ).) (—'//\')
PCI UL 5Ll Ly placs sl oS ol of
ol adlfe b (65 AT 4 (6 S Lol
(S lls 3 s YEM s 5 L (PC2) 53
5 il TOL 5 SSI gla e i L (g 55 LLS
Ol s re (S5 4 sl ad5e Ol s

i ”4_:th_~§fj Col= 3 Q}Lﬁjir‘?; 4.4.3}«
Sl 5L 4 lge 53 5 Shas Sl Ol 5 (6558
la b L S RSI 5 YSI gla yaxls cadl e opl o
s dasOLis s ool €Iy sl (—4/04) e
Coge 03 sy kl s s 55 s Ses oIl
JSs 54 Jsas) Cnl PC2 s e laal ozl
GUL Sl b ol s ol ulad l .4
5 s k) 5 g 8 6l o PC2 ol laie 5 PCI

cgfj\ cé))[_w cul_ﬁab,% JL’IJ'.’-J’C Ldl:.vv.ﬁ) O’“’i}) loa



DELUIIU PHTIVIPAL LUTTIPUIISTIL \Z4.U /0 )
]

AEXE N a)l.o...f} SA 2,92 “:ﬁ')} ul.hlaf .\.5)93

Sl s o plald JIGL 5 o580 A5kl 5o
L e algnin ST Sllas

4 0 4
First principal component (75.1%)

OS5 Sl 5 oo ol aly) 5 s 55 AS) 5 (¢

b) Genotype distribution and stress tolerance and sensitivity indices

correlations

S dal 2 5 UL s, Shes LIl o5 ol
03 4 J'.’.J‘—.'.C)K"‘ Gh=o 9> ﬂk_w JA:L_M:‘ 2 LS)}"':

sy oSl ;ur.,a\ﬁt pLE dbly ol L3 oo

Corrd
Variance (%) 75.1 246 0.25 0.3 1.0
RSI 4 . . o .
0.5
Ysi- . e - .
. Cultivar
Yl4 L ]
(@ Landrace . ® 1 0.0
STl+ L ]
Contrib . . g
-0.5
ssi4 . o - .
9.10
HM 4 . [ ] ] °
9.08 -1.0
GMP 4 . [ ] . .
9.06
@ @ -
9.04
ToL{ @ . Q .
YS . ® ® .
i@ @

PC1 PC2 PC3  PC4
S5y e glayastla g ol (glaadl 5o . (<l
a) Contribution of PCs to tolerance indices

d}' d}a‘,bw\_.»‘jd\Sfxf%‘,in* J:ﬁbAﬂww‘;&J«gww}MduPu S 92 ‘;QLQJ—*JSJ

ool el 3e 4 4 5l Jeol

Figure 9. Two-dimensional representation of stress tolerance and sensitivity indices for the grain yield in
92 bread wheat genotypes based on the first two principal components
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Figure 10. Dendrogram and heat map derived from cluster analysis of the studied genotypes based on
Euclidean distance and Ward.D2 clustering method
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