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Extended abstract

Introduction

Maize, like other plants, faces various environmental constraints during its growth period, such as the
lack of nutrients. In caleareous soils, zinc deficiency reduces growth and yields. One of the important
methods for improving tolerance to environmental stresses is the study of plant genotypes under stress
conditions. In order:to distinguish genotypes tolerant to stressful conditions, several tolerance indices
are used. Genotypes are‘divided into 4 groups based on their reactions to normal and stressful
environmental‘conditions. Group A includes genotypes that show good performance in both stress and
normal, conditions:’ Group B includes genotypes that show good performance only in stress-free
environment. Group C includes genotypes that show good performance only in stressful environment
and group D includes genotypes that show low performance in both stress and normal conditions. This
experiment was carried out with the aim of evaluating the tolerance of maize genotypes to zinc deficiency
by using stress tolerance indices.

Materials and methods

Ninety-three maize genotypes were evaluated morphologically under optimal and zinc deficiency
conditions using alpha lattice design with two replications in field conditions at Zabol Agriculture and
Natural Resources Research Center, during 2 successive crop years (2020 and 2021). Based on the grain
yield of maize genotypes under optimal and zinc deficiency conditions, 10 stress tolerance indices
including tolerance index (TOL), mean productivity index (MP), geometric mean productivity index
(GMP), stress tolerance index (STI) , abiotic tolerance index (ATI), stress sensitivity index (SSI), drought
stress resistance index (DI), harmonic mean (HM), modified stress tolerance index (MPSTI), and
modified stress tolerance index in moderate and severe stress (MSSTI) were calculated. Pearson's and
partial correlations between indices were calculated using corrplot package in R and SPSS version 26
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softwares. A three-dimensional diagram was drawn to identify genotypes tolerant to zinc deficiency with
high yield in both normal and zinc deficiency conditions using Statistica version 10 software, in which
the grain yield under stress conditions was considered on the X axis, grain yield in optimal conditions
was considered on the Y axis and one of the selected indices was considered on the Z axis. Principal
components analysis and hierarchical clustering using Ward's method on standardized data were done
using the factoextra and Cluster packages in R software, respectively.

Results and discussion

Based on the results of analysis of variance, statistically significant difference was observed among the
studied maize genotypes in terms of grain yield under optimal and zinc deficiency conditions, as well as
all calculated stress tolerance indices. The t-test showed statistically significant difference between the
average seed yield of the genotypes in optimal (77.85 g pl?) and zinc deficiency onditions (61.86 g pl).
Grain yield in optimal conditions showed a positive and significant correlation with allindices except DI
index. The highest correlation was related to MP, MpSTI, GMP,«STI, ATI and HM indices. Grain yield
under zinc deficiency conditions showed a negative and significant correlation'with SSI (-0.45), TOL (-
0.41) and ATI (-0.28) indices. Other indices showed a positive and significant correlation with grain
yield under zinc deficiency conditions. The positive and significant correlation of GMP, MP, STT and HM
indices with grain yield in both optimal and zinc deficiency conditions indicates that these indices are
the best and most appropriate indices to identify and select maize genotypes tolerant to deficiency stress.
Principal component analysis showed that the first two.components explained about 95.42% of total
variations. Cluster analysis classified maize genotypes into,5 groups comprising 27, 9, 23, 17 and 17
genotypes per each group, respectively. The genotypes classified in group 4, 2 and 1 were identified as
highly tolerant (stable), tolerant and sensitive to)Zn deficiency stress, respectively.

Conclusion

High genetic diversity was obtained between the studied genotypes in terms of grain yield and stress
tolerance indices. Using the three-dimensional diagram, the genotypes tolerant to zinc deficiency with
high yield in both optimal and zine deficiency conditions were separated from each other. Also, the use
of multivariate analyses was not only able to differentiate high-performance genotypes in both optimal
and stress conditions, but also distinguished stable genotypes in stress conditions from unstable
genotypes. So, Mao04, Mao27, Mao28, Mao38, Mao45, Ma083, Mao91, Ma105, Ma115 genotypes can
be introduced as tolerant to zinc deficiency with stable performance for use in breeding programs.
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Table 1. Physical.and chemical characteristics of farm soil
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YP: Optimal (potential) yield of a given genotype, YS: Stress yield of a given genotype, SSI: Stress susceptibility index, TOL:
Tolerance, STI: Stress tolerance index, ATI: Abiotic tolerance index, MP: Mean productivity, GMP: Geometric mean
productivity, DI: Drought resistance index, HM: Harmonic mean, MpSTI: Modified stress tolerance index in optimum
irrigation, MsSTI: Modified stress tolerance index in moderate and severe stress.
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Table 4. Grain yield under normal and zinc deficiency conditions with the results of Welch's t-test in maize genotypes

Al o ,Sles 0 aild o Slos . - 30 4ils o Slos 30 &ilo 0 ,Shos . o
& o903 & o903
Joplalpd Gl Joplalpd G llnd
L) (b d')""") (b d')""") Welch's L) (b “9|)'7"‘) (Ol ‘-9‘)’”‘) Welch's
Genotype Yp & (SE) Ys & (SE) t-test Genotype Yp & (SE) Ys & (SE) t-test
grpl? grpl? grpl* grpl*
Ma001 69.8 (4.2) 47.4 (1.0) 51 Ma051 51.1(1.0) 34.4 (1.0) 11.2™
Ma002 77.7 (0.5) 63.2 (4.2) 3.4™ Ma052 46.5 (5.7) 46.1 (1.3) 0.0™
Ma003 74.4 (5.4) 67.0 (1.2) 1.3™ Ma053 81.2 (5.9) 71.3(3.3) 1.4™
Ma004 53.1 (4.3) 77.9(1.2) 5.4™ Ma054 96.1 (5.2) 81.3 (5.5) 1.9
Ma005 54.5(1.5) 55.3(1.4) 0.4™ Ma055 86.2 (0.8) 92.1(3.8) 1.5™
Ma006 74.9 (4.3) 73.3(3.6) 0.2™ Ma057 89.9 (6.6) 38.2(1.9) 7.4
Ma007 74.6 (2.6) 49.9 (2.1) 717 Ma060 49.5 (1.6) 60.2:(6.1) 1.4™
Ma008 81.4(1.1) 46.0 (2.8) 11.4™ Ma062 84 (8.2) 56.5 (6.8) 2.5
Ma009 48.8 (4.6) 39.6 (3.6) 1.5™ Ma064 103.4 (4.4) 96.9(3.2) 1.1m
Ma010 79.6 (6.0) 63.3 (3.7) 2.2 Ma065 51.2 (1.6) 21.7 (0.7) 16.5™
Ma011 52.3 (7.0) 61.4 (1.5) 1.2™ Ma066 33.9(3.3) 43.5 (2.8) 21"
Ma012 80.8 (5.4) 70.0 (5.7) 1.3 Ma072 88.6 (7.2) 110.1 (6.4) 2.2"
Ma013 74.9 (9.2) 50.6 (6.1) 2.17 Ma073 98.1(7.1) 23.6 (0.7) 10.3™
Ma014 46.6 (5.7) 50.9 (5.5) 0.5™ Ma074 86.8 (3.0) 39.3 (1.0) 13.0™
Ma015 93.8 (4.4) 91.0(0.9) 0.6™ Ma075 67 (2.7) 68.9 (1.1) 0.6™
Ma016 45.8 (2.5) 53.1(1.2) 2.5™ Ma076 114.7 (3.1) 67.6 (1.4) 13.6™
Ma017 107.3 (3.9) 91.3(3.1) 31" MaQ77 106.6 (2.1) 56.3 (5.0) 9.2"
Ma018 95.5 (4.7) 69.2 (3.2) 45™ Ma079 109.3 (2.9) 56.3 (6.3) 7.5
Ma019 70.2 (2.4) 67.1(1.3) 1.0™ Ma080 99.9 (3.1) 58.5 (5.7) 6.3"
Ma020 55.2 (5.8) 58.0 (0.7) 0.4™ Ma083 57.9 (6.4) 75.2 (6.0) 1.9
Ma021 104.4 (1.4) 61.6 (2.3) 15.7" Ma085 36.8 (2.6) 46.1 (6.1) 1.3™
Ma022 97.2(5.1) 76.8 (8.6) 1.7 Ma089 111.7 (5.7) 36.7 (1.1) 12.7
Ma023 88.2 (5.6) 28.3(0.5) 10.5™ Ma091 60.1 (2.0) 68.6 (5.0) 1.5™
Ma024 77.2(2.8) 63.4 (2.8) 3.4 Ma096 120.8 (7.7) 75.5(2.2) 56"
Ma025 102.3 (3.8) 55.2 (2.4) 102" Ma098 100.3 (2.8) 83.5(2.8) 41"
Ma026 63.5 (5.6) 60.0 (0.9) 0.5™ Ma100 23.7 (0.5) 9.7 (0.5) 18.4™
Ma027 48.3 (2.7) 72.9 (1.5) 7.7 Mal04 121.0 (4.8) 105.1 (3.8) 2.5
Ma028 51.7 (7.7) 67.3 (4.3) 1.7 Ma105 55.4 (8.5) 85.3 (7.6) 2.6
Ma030 73.8 (1.6) 103.7 (5.4) 5.2™ Mal06 35.8 (4.1) 52.9 (6.5) 21"
Ma031 121.9.(2.9) 58.9 (1.9) 18.0™ Ma107 91.2(1.2) 97.7 (5.7) 1.0™
Ma032 72.7(1.6) 73(5.2) 0.05™ Mal08 79 (3.7) 82.1(2.4) 0.6™
Ma033 119 (7.6) 45,1 (2.1) 9.3" Ma109 49.6 (2.6) 58.8 (2.3) 2.5
Ma034 107.915.7) 63.6 (1.5) 7.4 Mal10 55.6 (5.0) 48.1 (4.1) 1.1
Ma035 127.3(10.0) 80.5(2.2) 45" Malll 124.8 (6.5) 102.2 (2.5) 3.2
Ma036 73.76 (6.6) 40.5 (4.0) 43" Mall2 81.2 (2.7) 38.6 (1.8) 12.8™
Ma037 105 (5.5) 26.8 (2.0) 13.1™ Mal13 33.3(3.4) 26.1(1.2) 1.9"
Ma038 54.9.(4.2) 82.3(3.2) 45" Mall4 129.5(9.9) 98.2 (4.3) 2.8
Ma039 43.9 (2.5) 34.1(2.7) 2.5 Mal15 33.6 (2.3) 69.3 (3.4) 8.4™
Ma040 80.3 (7.8) 58.1(3.2) 2.6™ Mall6 64.6 (6.9) 51.1(1.7) 1.8™
Ma042 81.1(5.8) 61.7 (6.3) 2.0 Mal1l7 76.7 (2.6) 44.8 (4.6) 5.9
Ma043 19.8 (2.7) 26.0 (1.4) 1.8™ Mall8 119.2 (7.5) 48.0 (2.5) 8.9™
Ma044 97 (4.7) 60.1 (7.9) 3.9™ Mal19 32.7 (2.4) 43.3(3.7) 2.3"
Ma045 63.2 (3.6) 78.3(1.2) 3.8™ Mal20 89.2 (1.3) 73 (4.0) 3.7
Ma046 66.9 (7.0) 48.3 (2.6) 2.4™ Mal21 108.7 (2.5) 35.8 (2.7) 19.3™
Ma048 39.7 (1.9) 41.2 (1.0) 0.6™ Mal22 63.9 (2.3) 56.6 (5.9) 1.1m
Ma049 1155 (4.3) 83.3(9.6) 3.0™ Mal23 81.8 (7.8) 105.3 (9.8) 1.8™
Ma050 98.3 (4.4) 58.1 (5.0) 6.0"

2wl SE) o ,Slee Lo bl sasmsylas 5l S5 slael
The numbers in parentheses indicate the yield standard error (SE)
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Fig. 1. Pearson correlation coefficients between grain yield and Zinc deficiency tolerance indices in maize lines. Based
on the heatmap, green and pink colors indicate positive and negative correlation coefficients, respectively, so that
increasing color intensity. means larger coefficients. White boxes indicate non-significant coefficients.The correlations
between 0.2-0.26 are signiﬁczﬁlt at the 5% probability level (P-value > 0.05). The correlations between 0.27-0.32 are
significant at the1% probability level (P-value >0.01). The correlations between 0.33-1 are significant at the probability
level 0f 0.1% (P-value> 0.001). Correlations less than 0.2, i.e. correlations between 0- 0.19, are non-significant.
YP: Optimal (potential) yield of a given genotype, YS: Stress yield of a given genotype, SSI: Stress susceptibility index,
TOL: Tolerance,SSTI: Stress tolerance index, ATI: Abiotic tolerance index, MP: Mean productivity, GMP: Geometric
mean productivity, DI: Drought resistance index, HM: Harmonic mean, MpSTI: Modified stress tolerance index in
optimum irrigation, MsSTI: Modified stress tolerance index in moderate and severe stress.
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Fig. 2. 3D distribution diagram of maize lines for selecting genotypes tolerant to zinc deficiency based on grain yield in
normal (Yp), grain yield in zinc deficiency conditions (Ys), and GMP (Geometric mean productivity)
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Table 5. The results of principal component analysis on stress tolerance indices and grain yield of maize genotypes
under normal and zinc deficiency conditions

ol sbaizo
Principal components
wslo el Jgl addgo p9d adlgo
Index name PCAl PCA2
Yp (Potential yield) Jboy byl 50 &ils o Slos 0.826 -0.538
Ys (Stress yield) 69 SgoS i Loyl plo 50 il o ,Sloc 0.811 0.573
TOL (Tolerance index) Tz sl 0.183 -0.973
MP (Mean productivity) 5290 742 (ySilo 0.986 -0.058
GMP (Geometric mean productivity) 5390 3 (WD Sl 0.989 0.037
STI (Stress tolerance index) o Jos 2l 0.994 0.049
ATI (Abiotic tolerance index) o) gl Joxd p Ll 0.314 -0.925
SSI (Stress susceptibility index) o A Comilis 5L 0.110 -0.951
DI (Drought resistance index) (S 4 Caoglio sl 0.367 0.905
HM (Harmonic mean) Shigoyld (il sl 0.977 0.120
MpSTI (Modified stress tolerance index . T _
in normal condition) Jloy bulpd 5 4b podd A5 4 Jood 22l 0.913 0.222
MsSTI1 (Modified stress tolerance index N N
in stress condition) O Bl )3 AL e G @ Joi p2l6 0811 0.315
Percentage of variation ol dazr gl (gl ylg o o 59.42 35.99
Cumulative percentage o qilylg 59.42 95.41
Eigenvalues o9 polio 7.13 431
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Fig. 3. Biplot diagram of maize genotypes based on the first two components resulting from principal

component analysis on stress tolerance indices, where the position of the indices and genotypes is known (black
circles indicate genotypes and arrows indicate indices).
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Table 6. Number of members and names of genotypes in each group obtained from cluster analysis along with the
average and the amount of deviation from the average for tolerance indices in maize genotypes
wings
Cluster Item Yp Ys TOL MP GMP STI ATI SSI DI  HM MpSTI MsSTI

2957 oSl 78.01 58.39 19.61 6820 67.02 0.76 98533 1.18 0.75 6590 0.79 0.78
Group mean

aligs ‘
31 Bl il s yo
Jd Sl
Cluster oSk 097 890 -4903 350 251 1076 -24.76 -207.03 26.82 163 3458  39.68
1 %Deviation
from total
—p7) Mmean
(M=27) " \a001, Ma002, Ma003, Ma006, Ma007, Ma008, Ma010, Ma012, Ma013, Ma018, Ma019, Ma024, Ma032, Ma036, Ma040,
Ma042, Ma046, Ma053, Ma057, Ma062, Ma074, Ma075, Ma108, Mal12, Mal16, Mal17, Mal20
abgs 95Nl 5319 7527 2007 6423 6309 067 -108669 -2.16 .1.78. 6199  0.34 1.04
Group mean
£9° 31 Gyl deys
Cluster oSk 3116 1742 267.76 913 823 2126 237.60 66274 7360 747 7202  20.28
2 %Deviation from
total mean
(n=9) Ma004, Ma027, Ma028, Ma038, Ma045, Ma083, Ma091, Ma105, Mal15
95 oSbe 4497 4469 028 4483 4442 035 -1780003 077 4404 014 024
adgs Group mean
3 Bl il sy
L oile 4L79 3028 97.85 3657 3538 68,73 10226 10815 24.92 3426 87.77 8106
Cluster R
3 %oDeviation from

total mean
(n=23) Ma005, Ma009, Ma011, Ma014, Ma016, Ma020, Ma026, Ma039, Ma043, Ma048, Ma051, Ma052, Ma060, Ma065, Ma066,
Ma085, Mal00, Mal06, Mal09, Mal10, Mal13, Mal19, Mal22

95 oSbe 10348 9265 1083 98079731 159 89241 036 142 9656 305  3.75

Group mean
51 Byl auo o
ol il -33.94° -4455 17.71 «-38.75 -4153 -86.81 -13.00 6.28 -38.95 -44.13 -151.41 -187.09

Cluster %Deviation from
4 t
_ otal mean
(m=17)  Ma015, Ma017, Ma022, Ma030, Ma035, Ma049, Ma054, Ma055, Ma064, Ma072, Ma096, Ma098, Mal04, Mal07, Malll,
Mall4, Mal23

95 oS 10664 4048 (5715 7806 7191 088 317553 258 040 6648 173  0.70

aigs

adgs Group mean
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