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Comprehensive abstract

Introduction

Heat stress is a serious threat to food security and agricultural production. Stress tolerance indices
are one of the most widly used methods for selecting stress tolerant genotypes among researchers.
Furthermore, the diallel crosses method has also been introduced as one of the desirable genetic
designs for selecting suitable parental lines and genotypes to obtain superior hybrids. Evaluating
genotypes for combining ability in early generations is an essential step in producing desirable
hybrids. The aim of this study was to estimate stress tolerance indices as well as the general combining
ability (GCA) and specific combining ability (SCA) of genotypes in order to determine superior heat
stress tolerant lines and hybrids.

Materials and methods

The plant materials of this experiment were six lines and 15 hybrids resulting from their one-way
diallele crosses (21 treatments) that were evaluated in two independent experiments, including early
(July 15, heat stress conditions) and recommended (August 15, non-stress conditions) sowing dates in
a randomized complete block design with three replications. The experiment was carried out at the
Safiabad Agricultural Research and Education Center, Dezful, Khuzestan province, Iran, in the
summer of 2019. The measured traits in this study included number of days to maturity, grain yield
and yield components. To assess heat tolerance in the studied lines and hybrids, stress tolerance and
sensitivity indices and principal component analysis (PCA) were used. GCA of lines and SCA of
hybrids were also estimated based on grain yield and yield components under non-stress and heat
stress conditions using the first model of the second method of Griffing. All statistical and genetic
analyses were performed using Minitab version 16 and Diallel-SAS softwares.

Research findings

The results showed that five indices including mean productivity (MP), geometric mean
productivity (GMP), stress tolerance index (STI), harmonic mean (HA) and tolerance index (TOL) had
a positive and significant correlation with grain yield in both normal and heat stress conditions.
Therefore, these indices are introduced as the best indices for selecting heat-tolerant genotypes.
Considering the results of these indices as well as the results of principal component analysis and
biplot diagram, three lines C3-95-3, C3-95-9 and C3-95-10, and three hybrids C3-95-3xC3-95-9,
C3-95-3xC3-95-10 and C3-95-9xC3-95-10 were identified as heat tolerant genotypes. The effects of
SCA for grain yield, days to maturity, number of rows and number of grains per row in two hybrids
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C3-95-3xC3-95-9 and C3-95-3xC3-95-10 under both non-stress and heat stress conditions were
positive and significant. According to the results of this experiment, the three parental lines C3-95-10,
(C3-95-9 and C3-95-3, in addition to being tolerant to heat stress and better performance than other
lines under heat stress conditions, had the ability to transfer these characteristics to hybrids.

Conclusion

The results of this study showed that stress indices can be effectively used to screen heat-tolerant
genotypes. The selected lines can be used as potential sources for production of heat tolerant
genotypes in breeding programs. Considering the significant effects of SCA for grain yield, number of
grains per row and number of days to maturity, and the low GCA/SCA ratio, the role of non-additive
effects of genes in controlling these traits was more important than additive effects. Since the cross
superiority due to low breeding value can not be reliable in the selection process, therefore, heterosis
due to non-additive and dominance effects of genes can be used to control the relevant traits and hope
to produce suitable hybrids.
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Table 1. Maize parental lines and hybrids studied in this experiment

Code Parent and hybrid Code Hybrid Code Hybrid
1 C3-95-3 13 C3-95-3xC3-95-10 26 C3-95-9xC6-95-5
2 C3-95-9 14 C3-95-3xC5-95-4 34 C3-95-10xC5-95-4
3 C3-95-10 15 C3-95-3xC5-95-12 35 C3-95-10xC5-95-12
4 C5-95-4 16 C3-95-3xC6-95-5 36 C3-95-10xC6-95-5
5 C5-95-12 23 C3-95-9xC3-95-10 45 C5-95-4xC5-95-12
6 C6-95-5 24 C3-95-9xC5-95-4 46 C5-95-4xC6-95-5
12 C3-95-3xC3-95-9 25 C3-95-9xC5-95-12 56 C5-95-12xC6-95-5
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Table 2. Tolerance indices and their calculation formulas

Index Formula * Reference
Tolerance index TOL=Yp-Ys Rosielle & Hamblin (1981)
L Ys
Stress susceptibility index SST = Yp S[=1- Ys Fisher & Maurer (1978)
SI Yp
Yp+Y
Mean productivity MP = % Rosielle & Hamblin (1981)
_Yp.Ys
Stress tolerance index STI = o > Fernandez (1992)
( p )
Geometric mean productivity GMP =,/(Ys)(Yp) Fernandez (1992)
: 2(Yp.Ys) :
Harmonic mean HM = ——5 Schneider et al. (1997)
(Yp+Ys)

TYp and Ys are grain yield of each genotype under normal and stress conditions and Yp and Y5 are average grain yield of
all genotypes under normal and stress conditions, respectively.
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Table 6- Tolerance indices to heat in corn parents and hybrids

Parent & hybrid Yp Ys MP GMP HA TOL SSI STI
C3-95-3 4.20 2.20 3.20 3.04 2.89 2.00 1.13 0.21
C3-95-9 3.97 2.40 3.18 3.09 2.99 1.57 0.94 0.22
C3-95-10 3.60 2.20 2.90 2.81 2.73 1.40 0.93 0.18
C5-95-4 1.30 0.67 0.98 0.93 0.88 0.63 1.16 0.02
C5-95-12 1.30 0.70 1.00 0.95 0.91 0.60 1.10 0.67
C6-95-5 1.40 0.57 0.98 0.89 0.81 0.83 1.42 0.02

C3-95-3x C3-95-9 9.70 6.20 7.95 7.75 7.56 3.50 0.86 1.38
C3-95-3x C3-95-10 8.70 5.30 7.00 6.79 6.59 3.40 0.93 1.06
C3-95-3x C5-95-4 7.80 4.80 6.30 6.12 5.94 3.00 0.92 0.86
C3-95-3x C5-95-12 8.10 4.20 6.15 5.83 5.53 3.90 1.15 0.78
C3-95-3x C6-95-5 8.70 4.50 6.60 6.26 593 4.20 1.15 0.90
C3-95-9x C3-95-10 9.10 5.20 7.15 6.88 6.62 3.90 1.02 1.09
C3-95-9x C5-95-4 7.60 4.90 6.25 6.1 5.96 2.70 0.85 0.85
C3-95-9x C5-95-12 7.50 5.10 6.30 6.18 6.07 2.40 0.76 0.88
C3-95-9xC6-95-5 8.40 5.00 6.70 6.48 6.27 3.40 0.96 0.96
C3-95-10x C5-95-4 7.90 4.30 6.10 5.83 5.57 3.60 1.08 0.78
C3-95-10xC5-95-12 8.50 4.70 6.60 6.32 6.05 3.80 1.06 0.92
C3-95-10x C6-95-5 8.03 4.70 6.37 6.14 593 333 0.99 0.87
C5-95-4xC5-95-12 7.10 4.30 5.70 5.53 5.36 2.80 0.94 0.70
C5-95-4xC6-95-5 6.90 3.70 5.30 5.05 4.82 3.20 1.10 0.59
C5-95-12x C6-95-5 7.00 4.20 5.60 5.42 5.25 2.80 0.95 0.67

Yp, grain yield in normal conditions; Ys, grain yield in heat stress conditions; MP, mean productivity; GMP, geometric
mean productivity; HA, Harmonic mean; TOL, tolerance index; SSI, stress susceptibility index; STI, stress susceptibility

index.
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Table 4. Eigen values and eigen vectors for indices of sensitivity and tolerance to heat in corn parents and hybrids

Principal . Ys MP GMP HA TOL  SSI STI Eigen Variance Cqmulative
component value (%) variance (%)
First 1.00  1.00 1.00 1.00 1.00 091 -055 0098 7.08 88.50 88.50
Second -0.11 007 -0.04 -0.02 0.01 -0.37 -0.83 -0.04 1.84 10.50 99.00

Yp, grain yield in normal conditions; Ys, grain yield in heat stress conditions; MP, mean productivity; GMP, geometric
mean productivity; HA, Harmonic mean; TOL, tolerance index; SSI, stress susceptibility index; STI, stress susceptibility

index.
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Figure 1. Biplot diagram of maize parents and hybrids based on first and second principal components from tolerance
and sensitivity indices to heat stress

AR



VFF 50l Jpgw o)lods [p2035l 0,90 [0De Silddos

u‘)&wﬁww)

Slao plo 6ly @isygl Cussay So 5l 55,5 4 P o
S WS S e & Sasp als oSk aler
RS 5o oy talind Jas it G owimslis
5 bogls pl bYs des 3l el Glas ol (S5
oplly o Solis 4y g |y il (glagigle;] s
Bl s Giolesl sl ] dane )l g axlllas 590

SCA) pogas 5 (GCA) (soges s piyenS 5 s
Jsaz o o)l (B 51 Jol> slasy e 5 (ally) lag,yY
O Joie GlacpV oS ol lid mls ol sl &1l £
LS @ w> slapy 5 cuie GCA i3l gl LS
Loy asdllae 0,90 Slao lp e GCA SISl dlls
(LS 4 Joxe g0 ,2) C3-95-3 5 C3-95-9 slaipY
@l o Sles Slao slp o soe 5 cuie GCA &l
Lylii g0 0 0 Plbjo ails (o, olaws g el p i
C5-95-12 [C5-95-4 slappY g LS s g (aid oy
S gme g srie GCA &Il (LS o4 (wlu) C6-95-5 4
Ll s g0 0 0 by asli g als o Slae Slaos sl
ol IS Sle @l ool isls plis (A5 55 (g
clly 45 ixe oyl 4y el Loy stglél il by Sl
ol eanlidl b ossals aolidl ol 31 Jlasl Jawsly g5 3
A o Ll cplslaplply ails 0g5 zls @ | Slas
ssbieds Gl ge cails o Slos b abgy po lao alal) (28,5
2,5 oolazwl (golia sladeliy yo als o ,Sles dgupn

oS dlpd o als o Sl sl GCA ol s assls
S IVY e A s L 0 5 < /OA B - [FY o Lo S
5 C3-95-10 e daully olos (F Jga) 09 <YV U
b cuie GCA Gl Lo (25 9 (5 g Ll oS 99 2
Y o o9b) Sl £95 nlplo Wog o gne it
Gl Sl saimslis o5 ub sanlie GCA L |
S rSore b e slovy yud as Goyb l alo o Sles
el gan glads jo An5S 5 gy Bl ol
C6-95-5 4 C5-95-12 £5-95-4 Y aw Ko &b
Py adls o Shas Glims (n S g Wog LS 4 ulus &5
GCA wis)S 0y Lo )F (15 9 (25 g Lulyd 90 50
Glls oulple g aandls Lalyl g9 5o 30 (6 o fre 5 (e
Aoy 955 sla B o o Sles gly cnials oiol58l
o (Azizdoost et al., 2023) ,Ken 5 Cusgoyie

9 B3 SpleaS S )0 Sl dae g axg bB ge

YY

SOPES 9 (PP S RN S
P30 G Jlsls (uibly a2 5l Jol> mls
(GCA) (o0e G ndyemsS 3 Sl a8 oy las Sidy 5
als (o) olass g ey y asli wils o Slae Slaw (gl y
Slrg LS 255 A5 g lyd 90 2 50 Pl o
Mogine @bl S5l LS i llyl o dils Sl (5
SCA) ogax spieeSy il gly s )0 o9
255 Sl (slad sl syl )bl Sl ey e
;s ol e LS 15 g S g Ll g0
b Gl (0 Jauz) ol ssmlive (Lis bld o o,
2 o) el g il Sl ey g0 2 A8 ks
Loy a5 9 A5 g Lulyd 90 0 50 Slio cnl J S
Slas gl GCA/SCA covs (Koo Gyb il
30 (S, U g, olawd g o) (o ails slass wasls o Sles
Soeal a5 39 al LS AT 9 5 g lalpd 90 e
2l b5 ehalidl & s ol S
alllas @l (O Jsom) o ol olas ol Jpus
Khodarahmpour & Choukan, ) s> g 90> ,l0>
G )3 50 LS @ Jooo Sy ayes o (2011
5 Jloy bulps o als o Slee gl 1, GCA/SCA 0L
ol lad iS5 Jloys Lyl 1l 90 50 10 s,y o alls olaws
oS Jo yo el caslidl e Ol 5 s a3l Sl oS
95 2 5o Al 5l b9 9 Lo)S Ll o als o Shes (1
Pt e Sl 9 Vb Sons (pl s Jlop Ll
S RS 09 (owyp 53 o by (Ll Sl
OLen g gily «nyd o il 5, Sles dox 5l ke Slaw
lys eldl S5 5 s e (Wattoo et al., 2014)
Foim vt Karim et al., 2018) ,Ken g 02,5 5
G lao 81 JS o 1, oy iullud ol
Ismail ef al., ) ;5o § Joclowsl a5 I o is S
2l el o sialidl Ol g g0 o i (2019
anlllas ol )T Clsie g b Sl it JyuS
5 o>, 3 Rahimi, 2019) o>, slo )5 L ol
GCA/SCA s a5 (Rohman et al., 2019) | San
olaws g awls G5 y5g cails o Sloe Olaw gl 1) Sl
(lie jo el calle syl Cavods Ciys, o alls
(Antony John er al., 2024) ,Ke2 5 o>  Sgul
als @yoy slass joa |y codle 4 _aoli8l Luiljly cons



VFF 50l Jpgw o)lods [p20 35l 0,90 [0 Silddos

Sy s yun g pilly 6 pdyeaS 5 g Jeou sl asls b))

Josme SCA 5 pully o sxe GCA wivg aylyis
P 5 sl Gl B Sl o 54 b e
SOt e Sl (0 J3u2) GCAISCA (nly Coms
GG Sl Sdo opl S5 s sl slag
Sy & (p )5 YAVIY) (25 (eas Laalpd o sl (5
5 (s &l Jgam j0) cusls 3l C3-95-3xC3-95-9
J992) 05 5 (5o sime g Cutte SCA (gl)ls 0y ()
@y dymp ol e SCA ewilty 31 oo 1
5 et S ST b Al e s il
C3-95-9 Wiy s wwao ol lp 0,5 solatwl iy ye
Ry 698 5 wskhe GCA (Gl 25 (g Lulys o
ol g 00g 293 cdishelS oAy G S O jlea
S bawgiox 588 GCA L slagn (W Jol> oy e
2 LS G blyl o ails e (59 o5 e (B Jgo2)
C3-95-9xC3-95-10 L£3-95-3xC3-95-9 laws o
SCA oSz a5 o sanlie C3-95-3xC3-95-10 4
3 el blae oIgl Jlosay o8 aila g jls s
;e Vb SISl Wlgoe OS5 cnl 652
aJdgs Jdo (Abuali et al., 2012) Ko 5 Jegsl ol
el adlly GleodishonS 5 jeh> b 5 slaw e
i) b e s Jae Lol 1) (i x Ciend)
W238,5 e Cis ouisS S oy

o5 g Lalpd g e o cutloy jaSls che ol
ooy e 0 o s g cuie SCA il LS o5
Oeizes g C5-95-4xC6-95-5 L£5-95-4xC5-95-12
sdly (F Jgoz) ob eamlie C5-95-12xC6-95-5
Josee 5 e GCA oy e (pl o oSS lin
Cuie SCA lls (653 slaws w5 Il jo waizils
9 o X 69_9 L;mewujf g}}w RERATY) )‘QLSJ.&A 9
SS9 e g SlS g gl s x lawgie
Aly S ) e slo T Mize 1 s a5 Ll
Ay 5 e Gl b bage b g5 siptenSy
6‘)4 )L)‘s..’.o 9 Clo SCA Mbso W OJJ?MWS)J
Igbal et al., ) ,Ken 5 JLS! bang &) ppe Slao
sl 0l 3,155 55 (2007

YiY

ol s 2oys svalive &) slony pn 5 lagn¥ (sogas
ooy oaldled 9 o2l Ol eg g0 0 285 5 (Lo
IRVLIW AL SH AR Y P JUST S
ssyme SCA) osa> eSS (s
sy C3-95-0%C395-10 o om 45 sls (Lt abogs e

90 @ 50 Pbyo aly s,y slaws g dils o Slee Slas
) Gilsne 5 cuie SCA LS (25 5 A5 (g Ll
21097 n 58 (ol ails 3 Shes 1w pee (nl olo (LA
Sl Al g codle Gl sacmsylis SCA @il oy
S5 kol Jds SCA o5 5,90 55 onlple sl Jlie
W nl &5 05 GpSamt Ol Wil (S S
5 il Wil T 550 5 )8 il Dol 5
o239 3l Sl g g bl pliell BB 35 s
Clie S 53 Lo cordlé 5 2l il alalye
ceolio Slayyed adsi 4 5 0,5 eslatul (l3 e abog e
(Abuali et al., 2012) | Kea 5 degl 54 ,lgal
L onlly (B Jol> 5 sla SO el a5 w57 lgas
i Lasgiox 658 5 (58 x 558 whund x 558 GCA
Lodyed SO bows @lp a5 wis)s st oyl
S Bl oY Gsllae posar eSS
adllas ;5 il Colhs ages (6 pdveaS 5 ghls cpalls
LS @ Jooxe a5 C3-95-9 5 C3-95-3 Wiy 98 55 pol>
Sl il gy yloine 5 welae GCA SIgl 5
4 Jya) 2355 wdsh (s (sl e sy 055
bogiox 58 b (558x 558 slaally (e (B N0 o )ls
Ol ally g ol (98 wye adgi @ e lao (6l
il o Slos Caao gl s S Jais 09> s 4 1) Cae
LS i Lalyd ) 9 la B (ooled (A5 (g Ll o
&l sae g cuie SCA alol> B o3l 51 B oo3L
gl g Can ol ol ge Sily oS F Jgaz) ails
OlSes 5 plemy el o U8 50 lags oalidled
S Db o oYL g95 55 (Rahman et al., 2013)
Sl B 3l as,e FAIAL a5 Wo S lgie ¢ camline &3
asls dils o ,Slas gl osllae SCA Lol
L C3-95-3xC3-95-9 ws e L5 25 Lld o
webaizl sgas 1) ails o Slee oy 5 in Sy o5 £IY
C3-95-3 cloally) B oyl 5o 00iiS =S Jlino oyl ol
90 5,0 b e g cuie GCA (ljls (C3-95-9



VFoF 50l fpgw oylads /2035 050 [ Olabod OLSes g aslb >,

LoyS 25 9 G5 g Ll 50 Sl 5 090 gyt (sopas 9 (o090 S iy 5 (Sla e (2S0le) (bl 325 -0 Jour
Table 5. Analysis of variance (mean squares) of general and specific combining ability by second method of Griffing in non-stress and heat stress conditions

Source of variation daf Grain yield Harvest index Days to maturity No. of rows No. of grains per row 1000-grain weight
Stress ~ Normal Stress Normal Stress Normal Stress ~ Normal Stress Normal Stress Normal
GCA 5 1.56™ 3.49" 2413  172.3" 23.9m™ 13.2™ 9.8" 8.75" 213 ™ 30.4 ™ 3285" 4961 ™
SCA 15 3.2" 8.57" 8.57" 47.8" 33.7 19.5 6.25" 6.76" 27.2m™ 35.5 3300° 5543"
Error 20 0.39 0.68 0.68 14.6 10.2 6.3 2.5 24 16.6 16.6 1172.4 2043
GCA/SCA - 0.49 0.41 0.41 5.05 0.71 0.67 1.56 1.29 0.85 0.85 1.42 0.89

s " and ™ Not-significant and significant at 5% and 1% probability levels, respectively.
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Table 6. General and specific combining ability of parents and hybrids using second method of Griffing under non-stress and heat stress conditions

Line/Hybrid Grain yield Harvest index Days to maturity No. of rows No. of grains per row 1000-grain weight
Stress Normal Stress Normal Stress Normal Stress Normal Stress Normal Stress Normal
C3-95-3 0.35" 0.73" 42" 4.8 2.45" 02" 1.2™ 1.6™ 09" 1.6™ 146™ 16.2™
C3-95-9 0.58" 0.58" 5.1 4.6 0.7m™ -04m 0.8" 0.6" 1.7 2.6™ 13.4™ 35.2"
C3-95-10 0.25™ 0.48"™ 5.7 3.0™ 1.2m -0.6™ 0.9 03m™ 02" -1 25.9" 5.8m™
C5-95-4 -0.41™ -071™ 4.7 2.6 -1.2m -1 04" -04m -0.8™ -0.8™ -14.3 ™ -33.1"
C5-95-12 -0.34" -0.60™ -4.45™ -5.3" 2.1 -0.5m™ -0.9" -1.1™ -1 06m™ -19.6" -21.4"
C6-95-5 -0.42™ -0.47" -5.73" -4.5" -1 2.5 -1.5" -0.9" -1.0™ 2.9 -20.2" 2.7m™
C3-95-3x C3-95-9 1.5 1.9" 3.6™ 51 7.4 6.7" 4.4 43" 49" 5.7 244" 59.4"
C3-95-3x C3-95-10 0.9 0.9 3.1 49" 8.5 5.9 2.8™ 2.6™ 11.5" 8.6™ 31.9™ 7517
C3-95-3x C5-95-4 L1 1.2" -12m 5.9 -2.8™ 0.4 4.1" 0.6™ 05" 0.7m™ 7.8 40.5™
C3-95-3x C5-95-12 0.4 1.5 2.8™ 21 -32m 2.3m™ -0.7 " -0.6™ -0.9 " 2.4m 4.1 356™
C3-95-3x C6-95-5 0.8" 1.9" -1.4m -2.9m -1.8™ -34m 22m -12m 2.4 M m 24.6 ™ 46.8"
C3-95-9%x C3-95-10 0.6™ 1.6™ 0.6™ 1.6™ 129 ™ -3.6™ 22" 3.6™ 2.0m™ 7.7 6.5™ 42.6™
C3-95-9%x C5-95-4 0.9 1.2 3.7 -1.7m -0.4m 1.5m™ 09m™ -0.4m -0.2"m -32m 3.3m 1.4m™
C3-95-9%x C5-95-12 L1 1.0™ 2.7 -0.4m -1.4m -0.8™ -0.3m -0.9m™ -19m 8.3" 41.9™ 429"
C3-95-9xC6-95-5 1.0™ 1.8 2.9m 0.8m™ -54m -0.9m™ -0.4 " 02m™ 2.7 45" 45.9" -12.3™
C3-95-10x C5-95-4 0.7 1.6™ 3.3m 03m™ -32m 03" -0.4" 1.3m™ 3.5m 1.4m 7.5 77.7"
C3-95-10xC5-95-12 0.9 2.1 -1 02m™ -1.6™ 5.1° -0.5"m -0.6™ -35m 3.7 52.8" 6.6™
C3-95-10x C6-95-5 L1 1.5 1.9m 02m™ -0.9m™ -4.6" -0.3"m -1.5m™ -32m 31 40.2 M 67.3"
C5-95-4xC5-95-12 1.2 1.9" 5.1° 8.2" 1.4m -0.4m -12m 1.4m -5.4 -1.4m 39.1™ 5.2m
C5-95-4xC6-95-5 0.7 1.6™ 13.1" 5.4™ 25m™ 21 -0.7 " -2.8" 1.5m™ -0.3m™ 322" 26.0™
C5-95-12x C6-95-5 1.2 1.6™ 6.9 9.2™ 0.1m™ 0.1 0.1 -0.7m -1.5m™ 29 58.8™ 2777
SCA (SE) 0.39 0.3 2.39 1.63 1.37 1.99 0.99 0.80 2.34 2.36 21.46 23.3

s " and ™ Not-significant and significant at 5% and 1% probability levels, respectively.
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