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Comprehensive abstract

Introduction

Heavy metals especially cadmium (Cd), with potential toxicity and injurious effects for plants and
humans, are one of the most important abiotic stresses for crop plants such as maize which lead to a
considerable reduction in the crops production in developing countries including Iran. Therefore,
assessing genetic diversity for Cd stress tolerance, as one of the basic principles of plant adaptation to
abiotic stresses, is very important. In this regard, the present study was carried out to evaluate the
genetic diversity of maize pure lines and hybrids based on important agronomic traits associated with
grain yield under non-stress and Cd stress environmental conditions. The results of this research can
be useful for maize breeders in identifying suitable parental genotypes for maize breeding programs to
develop high-yielding and Cd stress-tolerant genotypes in regions contaminated to this heavy metal.

Materials and methods

In this study, 95 maize genotypes comprising pure lines and hybrids, were evaluated in a
randomized complete block design with three replications under two non-stress and Cd stress
conditions. The experiment was performed in a pot experiment in an open area of the Agricultural and
Natural Resources Research Station of Jiroft, Kerman province, Iran, in two cropping seasons, 2020-21
and 2021-22. Under Cd stress conditions, cadmium chloride solution (CdCl,.2H,O) with a
concentration of 30 mg.L™" was applied at two important stages of maize plant growth, including six-
leaf stage (Code 16 in Zadoks scale) and the appearance of first male flowers (Code 50 in Zadoks
scale). The measured traits included 24 different phenological, morphological, and agronomic traits.
Grouping of maize genotypes in term of the studied traits was performed using cluster analysis based
on Ward’s minimum variance method, and discriminant function analysis was used to confirm and
validate the results of cluster analysis.

Research findings
The results of this study indicated that there was an extensive genetic diversity among the studied
maize genotypes for most of the studied traits, especially for grain yield and its components under
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non-stress and Cd stress conditions. Cluster analysis grouped the maize genotypes into four separate
clusters with accuracy probabilities of 91.6% and 97.9% under non-stress and Cd stress conditions,
respectively. Comparison of means between these four groups showed that under non-stress
conditions, 41 and 24 genotypes in the third and fourth groups were the high yielding genotypes of this
experiment, respectively. Under Cd stress conditions, 49 genotypes with the higher grain yield and
yield components in the second and third groups (such as Ma002, Ma003, Ma004, Ma005, and
Ma007) were identified as Cd-tolerant genotypes. These genotypes mainly showed short to medium
phenological periods. Also, 11 genotypes (Ma001, Ma008, Ma030, Ma033, Ma036, Ma039, Ma042,
Ma045, Ma072, and Ma089), indicated the lowest means for important agronomic traits including
yield and its components under both non-stress and Cd-stress conditions. These genotypes were unable
to tolerate Cd stress under the conditions of this experiment and were identified as sensitive genotypes.

Conclusion

The present study led to the identification of 40 tolerant maize genotypes to Cd stress (such as
Ma003, Ma005, Ma007, Ma013, Ma014, and Ma015). These genotypes in addition to exhibiting
desirable yield and yield components under non-stress environment, also showed suitable yield under
Cd stress conditions. Therefore, by carefully selecting the parents among Cd-tolerant genotypes and
carrying out targeted crosses between them, it is possible to obtain suitable hybrids for cultivation in
Cd-stressed environments by exploiting genetic phenomena such as transgressive segregation and
heterosis.
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Table 2. Analysis of variance and mean comparison of studied traits of groups resulting from cluster analysis of
maize genotypes under non-stress and cadmium stress conditions

Mean®
Mean square | > 3 1
Tead Between group Within group Non- Cd Non- Cd Non- Cd Non- Cd
raits stress  stress  stress  stress  stress  stress  stress  stress
Non-stress  Stress Non-stress Stress N=12 N=30 N=18 N=31 N=41 N=18 N=24 N=16
DEM 0.98" 0.16 0.36 029 4.90° 4.62° 4.67° 4.60° 4.37° 443% 454® 454
DTA 244" 237" 5.95 7.06 47.38° 38.42°¢ 53.17° 41.07° 48.63° 35539 44.81° 43.98°
DPO 341" 266" 6.51 9.18 59.38° 58.42° 66.54* 60.94°> 61.50* 55.08¢ 56.76¢ 64.19°
DEE 318" 314™ 7.13 11.34 65.50° 61.92¢ 72.59* 64.95° 67.65° 58.17¢ 63.17¢ 67.82%
DEPO 321" 303™ 7.23 12.55 65.58" 67.92¢ 7238 70.35° 67.06° 64.25¢ 62.81° 74.08*
DMA 353" 347 8.64 16.34 92.61° 95.86° 99.21* 98.57° 93.45°> 91.40¢ 89.09° 101.77*
SD 0.14 0.85" 0.16 0.15 2.06* 1.70 229% 2.02* 220*° 185" 2.16* 1.59°
LN 1.00 4.87" 1.39 132 11.68* 9.79* 12.02* 10.64* 11.95° 10.24® 11.58* 9.71°
LNAE 0.35 2.50 0.48 433 587" 4.29*  6.12* 454 6.20° 4.15* 6.19* 3.71*
LL 355" 607" 73.81 59.64 64.39° 63.25° 70.7°° 68.11*° 72.93* 69.10° 66.3>* 56.59°
LW 3.81" 4.06" 1.35 1.14 739 6.73* 827° 6.90* 837° 6.24® 7.82%® 595°
LL/LW 0.41 13.47" 1.14 3.13  8.84* 981° 874* 1024® 8.88* 11.65* 8.60° 10.12°
PHE 458 3495™ 559 637 161*  140®  169° 155* 170* 138° 173* 125°
RNE 10.26 10.61 7.20 713  9.76* 9.78 10.11* 10.04* 10.61* 11.15* 11.47* 11.04*
GNR 353" 297" 34.41 35.93 9.83° 16.15° 20.02* 23.11* 19.89* 22.99* 19.78* 19.89°
Eww 170" 292" 30.33 26.04 10.48> 11.54¢ 15.03* 14.86° 16.14* 20.37*° 18.37° 14.84°
GY 15112" 15299 967 996 35.12° 58.60° 86.14° 96.56° 93.5® 114* 108*  66.53°
GNME  50893™ 1038843" 9013 6747 182° 218  276° 324 296* 366" 313*  258°
TSW 237577  8714™ 5067 5489 173°  244¢ 243¢ 266° 247° 289 265° 248¢
EWD 184 280" 81.08 77.20 62.82* 50.90" 66.44* 58.13* 66.69*° 55.9° 61.19* 56.14%®
GL 7.67" 13.97" 2.42 220 6.08 573 7.66° 7.8  7.40*° 7.23* 6.85® 7.00°
GW 8.39™ 9.09" 1.47 136 3.74* 420" 485° 4.03* 405> 515 508 3.41°
GL/GW  2.13™ 3.80™ 0.43 046 1.79% 159 1.73® 220* 2.11* 1.56° 148 238
TBN 4717 12.39 16.04 17.07 10.98> 10.86* 12.5® 10.79* 10.88> 9.23* 13.74* 10.09*

*and ™" Significant at 5% and 1%, probability levels, respectively.
T Means followed by at least one similar letter in each row are not significantly different (0= 5%) when assessed
separately for each environment using Duncan's new multiple range test.
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Table 3. Genetic distance among the groups resulting from cluster analysis of maize genotypes under cadmium
stress (above diagonal) and non-stress (below diagonal) conditions

Cluster Cluster 1 Cluster 2 Cluster 3 Cluster 4
Cluster 1 0 1 12 14
Cluster 2 6 0 13 15
Cluster 3 29 23 0 2
Cluster 4 12 6 17 0

poaesls (A g GBS (9 Ll ph Cod end
Table 4. Eigen values and the percentage of variance explained by discriminant functions for groups separation
in maize genotypes for studied traits under non-stress and cadmium stress conditions

Conditions Function Eigen value Variance (%) vil;ir;r?(}gtzz/f) Ccozi‘rrlglnal t(i::il
1 3.831 63.70 63.70 0.890™
Non-stress 2 1.580 26.30 90.00 0.783"
3 0.603 10.00 100.0 0.613"
1 3.510 56.40 56.40 0.882"
Stress 2 2.089 33.60 90.00 0.822™
3 0.625 10.00 100.00 0.620"
Conditions  Test of function(s) Wilks' Lambda Chi-square df Significant level
1 through 3 0.050 239.545 72 0.000
Non-stress 2 through 3 0.242 113.547 46 0.000
3 0.624 37.738 22 0.020
1 through 3 0.044 249.572 72 0.000
Stress 2 through 3 0.199 129.065 46 0.000
3 0.615 38.840 22 0.015

*
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and ™ Significant at 5% and 1% probability levels, respectively.
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Table 5. Discriminant function analysis for evaluating the accuracy of grouping in cluster analysis of maize
genotypes for studied traits under non-stress and cadmium stress conditions

Groups from discriminant function analysis under normal conditions

Groups from cluster

. 1 2 3 4 Total
analysis (Non-stress)
No. Percent No. Percent No. Percent No. Percent No. Percent
1 12 100 0 0 0 0 0 0 12 100
2 0 0 17 94.4 1 5.6 0 0 18 100
3 1 2.4 3 7.3 35 85.4 2 49 41 100
4 1 4.2 0 0 0 0 23 95.8 24 100

Average success percentage of grouping of cluster analysis is 91.6%

Groups from discriminant function analysis under cadmium stress conditions

Groups from cluster

. 1 2 3 4 Total
analysis (Cd stress)
0. Percent No. Percent No. Percent No. Percent No. Percent
1 30 100 0 0 0 0 0 0 30 100
2 0 0 30 96.8 0 0 1 32 31 100
3 0 0 0 0 18 100 0 0 18 100
4 1 6.3 0 0 0 0 15 93.8 16 100
Average success percentage of grouping of cluster analysis is 97.9%
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