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Comprehensive abstract

Introduction

The first step in breeding programs is to use the genetic diversity among existing populations,
cultivars and lines. Maize is used as a model plant to study the genetics of various traits. Compared to
other crops, maize has a high demand for zinc (Zn) and is known as an indicator of zinc deficiency in
the soil. In terms of climatic conditions, Iran is located in a arid and semi-arid region, and there is a
lack of micronutrients specially Zn in this region. Lack of nutrients such as Zn is one of the important
abiotic stresses that affects the growth and development of plants including maize. The objective of
this study was to evaluate the genetic diversity of a number of corn lines under normal and zinc
deficiency conditions.

Materials and methods

To assess the genetic diversity of 95 maize lines using agro-morphological traits, an experiment
was carried out in alpha lattice design in two replications under two normal (use of zinc sulfate
fertilizer) and zinc deficiency (no use of zinc sulfate fertilizer) conditions in Sistan Agriculture and
Natural Resources Research Center during two years. The studied maize lines were obtained from
Razi University of Kermanshah, Khorasan Razavi Agricultural and Natural Resources Research
Center, and Seed and Plant Improvement Institute (SPII) in the form of research project No.
94/101/T.T. approved by Biotechnology Institute of Urmia University. Twenty-nine traits were
measured and recorded. Combined analysis of variance of the studied traits under normal and zinc
(Zn) deficiency conditions were performed using SAS ver. 9.4 software. Other statistical analyzes
including descriptive statistics, Pearson correlation coefficient, forward stepwise regression and factor
analysis method were done using R software by pastecs, corrplot, olstr, and psych packages,
respectively.

Research findings
The results of this study revealed high phenotypic variation among the studied maize lines for all
investigated traits under both normal and zinc (Zn) deficiency stress conditions. The results of analysis
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of variance confirmed the presence of high phenotypic diversity among maize lines. All traits were
affected by environment, and a statistically significant difference was observed between two
environments for the all measured traits in maize lines. Genotype x environment interaction was also
significant for most of the studied traits. Descriptive statistics showed a considerable diversity among
the lines, and the highest diversity in both normal and zinc deficiency conditions was observed for
yield per unit area, economic yield, and number of grains per cob. In correlation analysis, weight of
five cobs, number of grains per cob, and 100-grain weight showed a positive and significant
correlation with economic yield in both normal and zinc deficiency conditions. Therefore, these three
can be introduced as important traits in the initial selection of zinc deficiency tolerant lines. In factor
analysis of morphological traits using the parallel analysis method, four hidden and independent
factors were determined under both normal and zinc deficiency conditions, which explained 63% and
57% of the total variation of the lines, respectively. Based on the results of the factor analysis, the
traits including number of days to tasseling, number of days to pollen emergence, number of days to
cob emergence, plant height, ear diameter and width, number of grains per cob, economic yield, yield
per unit area, and harvest index with high degree of commonality under both normal and zinc
deficiency conditions, can be suggested as key traits for the selection of zinc deficiency tolerant lines.

Conclusion

The results of this research showed that there is a high genetic diversity among the studied maize
lines in terms of morphological traits under both normal and zinc deficiency stress conditions. It
makes it possible to use these lines in breeding programs as a valuable genic source to improve the
performance of lines and produce improved genotypes under normal and zinc deficiency conditions.
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Table 1. The studied maize genotypes under non-stress and zinc (Zn) deficiency stress conditions

No. Genotypic code No. Genotypic code No. Genotypic code
1 Ma001 33 Ma034 65 Ma079
2 Ma002 34 Ma035 66 Ma080
3 Ma003 35 Ma036 67 Ma083
4 Ma004 36 Ma037 68 Ma085
5 Ma005 37 Ma038 69 Ma089
6 Ma006 38 Ma039 70 Ma091
7 Ma007 39 Ma040 71 Ma096
8 Ma008 40 Ma042 72 Ma098
9 Ma009 41 Ma043 73 Mal00
10 Ma010 42 Ma044 74 Mal04
11 Ma011 43 Ma045 75 Mal05
12 Ma012 44 Ma046 76 Mal06
13 Ma013 45 Ma048 77 Mal07
14 Ma014 46 Ma049 78 Mal08
15 Ma015 47 Ma050 79 Mal09
16 Ma016 48 Ma051 80 MallO
17 Ma017 49 Ma052 81 Malll
18 Ma018 50 Ma053 82 Mall2
19 Ma019 51 Ma054 83 Mall3
20 Ma020 52 Ma055 84 Mall4
21 Ma021 53 Ma057 85 Mall5
22 Ma022 54 Ma060 86 Mall6
23 Ma023 55 Ma062 87 Mall7
24 Ma024 56 Ma064 88 Mall8
25 Ma025 57 Ma065 89 Mall9
26 Ma026 58 Ma066 90 Mal20
27 Ma027 59 Ma072 91 Mal21
28 Ma028 60 Ma073 92 Mal22
29 Ma030 61 Ma074 93 Mal23
30 Ma031 62 Ma075 94 G703
31 Ma032 63 Ma076 95 Simon
32 Ma033 64 Ma077
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Table 2. Soil physico-chemical characteristics of the experimental field

Depth  EC H TNV  Total Availabe P Availabe K OC  Clay Sand  Silt Soil Zn
em) @sm) PT (%) N@®)  ppm)  (pm) (%) (%) (%) (%) texture (ppm)
0-30 1.85 8.03 204 0.05 26 220 0.54 18 42 40 Loam  0.67

EC, electrical conductivity; TNV, total neutralizing value; N, nitrogen; P, Phosphorus; K, potassium; OC, organic
carbon.

5w axly o 0 Sles G Gl 0g it Al Lyl is 90 0 oads dslllae las S o il g 45
RS O S YAYEN Y Dl (g9, 9505 Lo SAS  Jl8le 5 5l eolawl b iolesT sly) Lo 50 (o g
(FAAEYIAY) s Shee e 5 (FAVIA) o,Skee iy 5l ooliiul b b slool] .cd 5 plxil 9.4
3 o cpl Glp YU gai canmolis o 0l canline S8l 5,0 «stat.desc(mydata)» ,siwo L «pastecs»
Ol o S ol il oo adllas 0,50 oY o # nbr.val, nbr.null, nbr.na, min ) sla a5l a5 R
3y 0t b (ol slaadly 4o max, range, sum, # median, mean, SE.mean,
ol 2l g5, 598 g b oy L o S oo &)l 1) (Clmean, var, std.dev, coef.var
Wb saslie (gislsd Slis o iSlas 5 Sl O b Bl Ol 5 Sz (onp Sl B 050
bsgi gy (St iyl adllas 350 Slao

o @b b Gz Sl (olad 4S5 5k
5 L8l Glast (g 5elisS ley e )3 (59, dgeS 29,
& o ($59lyid Slio Gl o (53, 33008 lie 28bos JL3ls g By, FGs soyp sln 5 Q021
5, 5 om Jloy bame o cpimmen 0l Jlog Lyl o shele Jlos Sl 2 F5e glizl s ol
Sl olao 2151 5s labasde BB aal8l sy, 5995 5L ;;: ;r ;Zﬁ;ﬁlj r;;:tof;y P:(rjiieininilys,l,j
ey A5 il Jyb Jub Jsb iy 8] 8 T eolind Revelle, 2016) R 1o i
o les (O iy (3 s, o als slawy (PO o ails

i axly 0 o Slee (P o wls dlaw (golaidl
oealS ol samline cuiley asld 5 gm0, Sles
30 e axly o o Slee 5 eoladl 5 Slee .Sl
=l 0e Ol bepy o )0 Gy 95eS laes
Sy rare oY polie Cdl o as ol lis oasl Cuwody

Wei and Simko, ) R ,l;8le 5 ;o «corrplot» ai.,

oilylg 4325 9 oy gl Lol
Sl o Jilas polie Jols irog oo Ll
S 50 Slho Slpnsd oo g b Bl (Sl
2 8oy deeS G5 s Jlop kbl g o o) p

’ ’ ’ WS o oS ols i b el snd ) ¥ s

65,5 hos il o a5l 4 e g 0,08 oo il

K b pY oy 5 LB sgs S y00 Slao
Harada et al., ) o,Ken 5 blle 0sd o beasss) 979 0oy e 00 2P JE E5T o 0090

€55 Ol G2 Ut oy 930 Slao ples o 2l
O,Slos Dlawo 4 bgrpe (55, dgeS laze o oTgid
(goladl o Slae) PL o als 39 chaw axlg o
b cwipa (asyo) cuslo g pli g Db o ails slaws

WDy Soiedsd e Dlho gy, 993 Gudms o (2009
IS oi9 9 Iy als slaw Glas a5 W, 5,158
195 W0 g (aigid Olpsd capo YL Glls Lol

Slas a5 ol Lz (Khodarahmpour, 2012) 46>,
OlFse cnlpl agr </¥e g o /¥e o YE /0P oo

S5 Bl ey oyse sy ol o o5 caS
5o olital (sl (59, SgreS @ STy Ll I 9>
392y Slao pl Sgp Sz D)0 Mol sladsly
(23l U 59, olaws Slas (g5, dgmeS lame ;o 50
SIS @ Pl b g, slaws g 03,5 50l U 59, ol
50 oy Slae gm0l b £45 By (S

o wls slaws g o, jo als slass ils o ,Sles
g Holo wibls 1) (e Sl copd SR
sielesl o 55 (Sadeghi and Rahimi, 2017) ex>,
a5 w0,8 ) 5 s |y 25386 Jus sl 095
S 95 Ol i i Slio (0
Solor & Conglite o Sonlss 4 Cunglie Dlao 4y by o

D dils & Slac g

Slao gl IO B /Y 5l Ol oo Jase ol

oY



VIV [l /Ul o5losss [p20 ja 090 [e Olagdons oS g ol Slye

(Zn) S9y O},.on JLAJ.: Jaal)w S u).b Lnguiy 3y @y S )90 Slao u‘)-u.u w,os u,.b..oy Lng)LJ—Y‘ Jj»
Table 3. Descriptive statistics and coefficient of variation of the investigated traits in maize lines under
normal and zinc (Zn) deficiency conditions

Trait® Minimum Maximum Range Mean Standard deviation OCfojigzl;;l;
N® ZDb N ZD N 7D N ZD N ZD N ZD
DTS (day) 3 4 5 5 2 1 371 4.5 0.523 0406 0.14 0.09
DTT (day) 41 49 555 56 14.5 7 4735 5307 3506 2061 0.07 0.03
DTA (day) 49 57 64.5 65 15.5 8 5585 61.77 3714 2205 0.06 0.03
DTE(day) 51 59.5 67.5 68.5 16.5 9 5835 6499 3952 2364 0.06 0.03
ASI(day) 2 2.5 3.25 3.5 1.25 1 25 3.19 0381 0.289 0.15 0.09
LL(cm) 3325 3325 5275 525 19.5 19.25 4357 4333 4025 3290 0.09 0.07
LW (cm) 6 5.5 8.62 8 2.62 2.5 7.44 7.08 0.541 0468 0.07 0.06
EULN 4.25 425 6.75 6.75 2.5 2.5 5.16 5.61 0.538 0463 0.10 0.08
TL 9 8.5 1391 13.83 4.91 5.33 11.35 1148 0874 1.044 0.07 0.09

EH(cm)  47.75 385 87.5 88.5 39.75 50 70.70 67.84 8787 9533 0.12 0.14
PH(cm) 97.5 84.5 162.5 166.16 65 81.66 139.63 136.44 13.424 14.198 0.09 0.10
TAL(cm) 21.25 20.5 34.37 33.75 13.12 13.25 18.18 2786 3.059 2.688 0.10 0.09
SD (cm) 6.87 6.5 9.12 9.25 2.25 2.75 8.01 7.78 0469 0.588 0.05 0.07

PL (cm) 9 8.75 23 19.75 14 11 15.58 14.94 2.40 2.809 0.15 0.18
EL (cm) 10 8.5 15.75 15.5 5.75 7 13.39 12.23 1.348 1.289 0.10 0.10

NRC 10 9.5 18 16.5 7.5 7 13.83 13.19 1.376 1468 0.09 0.11

NKR 9.75 10.5 32 28.5 22.25 18 23.25 1990  4.627 3553 0.19 0.17
ED (cm) 4.75 4.87 8 7.37 3.25 2.5 6.43 6.28 0.532 0486 0.08 0.07
EW (cm) 9.5 10 15.5 14.25 6 4.25 12.67 1243 0948 0953 0.07 0.07
GD(cm) 0312 0.375 1.37 1 1.06 0.62 0.650 0.58 0.165 0.123 025 0.21
CD(cm) 4 3.75 593 6.12 1.93 2.37 5.13 5.11 0409 0446 0.08 0.08

FEW (g) 18375 156.25 562.75 480 379 323775 359.80 321.01 79.15 69414 022 0.21
FCW (g) 5625 5625 9625 925 40 36.25 7886 7486 7484 6471 0.09 0.08
EY (g) 19.8 9.7 129.5 110.18 109.75 10048  77.85 61.86 26.826 21366 0.34 0.34
HGW(g) 1625 17.5 40.75 40 24.5 22.5 29.63 29.64 4199 4465 0.14 0.15
NKE 80.25 48.5 406.5 355 326.25 3065 25532 203.67 76523 61.052 0.30 0.30
YUA(g) 2226.1 481.8 56073.6 388429 53847.4 38361.1 23188.2 14827.1 12403~ 8324.9 0.53 0.56
BY (g) 6125  603.5 1004 903.2 3915 299.70 776.55 748.15 66.054 60.770 0.08 0.08
HI 3.25 1.62 15.40 13.74 12.15 12.11 9.85 8.23 2933 2527 0.29 0.30

2 The traits abbreviations are: DTS, days to seedling; DTT, days to tasseling; DTA, days to anthesis; DTE, days to earing;
ASI, anthesis silking interval; LL, leaf length; LW, leaf width; EULN, ear-up leaves number; TL, total leaves; EH, ear
height; PH, plant height; TAL, tassel length; SD, stem diameter; PL, peduncle length; EL, ear length; NRC, number of rows
per cob; NKR, number of kernel per row; ED, ear diameter; EW, ear width; GD, grain depth; CD, cob diameter; FEW, five
ears weight; FCW, five cob weight; EY, economic yield; HGW, 100-grain weight; NKE, number of kernel per ear; YUA,
yield per unit area; BY, biological yield; HI, harvest index.

Y N, normal conditions; ZD, zinc deficiency conditions.
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Table 4. Combined analysis of variance of the investigated traits in maize lines under normal and zinc (Zn) deficiency conditions in two crop years

Mean square *

L
Source of variation df DTS DIT DTA DTE ASI LL LW EULN TL
G 99 0.793™ 29.955™ 33.572" 37.651™ 0.340™ 52.140™ 0.843™ 0.933" 3.948™
GxY 99 0.115 6.529 8.033 10.404 0.177" 16.244™ 0.421™ 0.531™ 1.269*
GxE 99 0.905™ 32.933™ 36.766™ 41.481™ 0.431™ 32.777" 0.954™ 0.803™ 2.523™
GxYxE 99 0.221™ 9.407 11.174 12.793 0.225™ 17.566™ 0.414™ 0.366 1.085"
Error 324 0.157 9.258 10.186 11.473 0.117 10.840 0.254 0.316 0.813
CV (%) - 9.6 6.04 5.4 54 12.04 7.5 6.9 10.3 7.8
Table 4. Continued dalol -F Jgux
. Mean square *
Source of variation  df EH PH TAL SD PL EL NRC NKR ED EW
G 99 321.620™ 845.703™ 39.836™ 1.003™ 27.113™ 9.489™ 7.951™ 70.298™ 1.317" 4.450™
GxY 99 68.156™ 197.464™ 8.936™ 0.484™ 5.057™ 3.972™ 5.6117 42.307 0.600™ 2.129™
GxE 99 286.906™ 543.637" 18.003™ 0.858"™ 20.055™ 3.398"™ 6.246™ 51.690 0.545™ 2.007™
GxYxE 99 55.992" 139.267" 10.434™ 0.429™ 3.761 3.779" 4.030™ 36.461 0.480™ 1.640™
Error 324 43.787 73.801 6.077 0.286 3.308 0.934 1.441 11.370 0.142 0.425
CV (%) - 9.4 6.1 8.7 6.7 11.8 7.4 8.8 15.5 5.9 5.1
Table 4. Continued dalol -F Jgux
Mean square #
Source of variation df GD CD FEW(gr) FCW(gr) EY(gr) HGW(gr) NKE YAU(gr) BY(gr) HI
G 99 0.098™ 0.892™ 25448.38™ 164.52™ 2704.64™ 83.85™ 24091.30™ 502269971 17115.81™ 34.064
GxY 99 0.085™ 0.502™ 10675.81™ 151.18™ 1488.72™ 77.81" 8794.78™ 264916242 9047.84™ 20.649
GxE 99 0.056™ 0.486" 13715.93™ 141.81" 1270.78™ 46.77" 10290.40™ 248974234™ 10681.06™ 16.705™
GxYxE 99 0.057" 0.370™ 10926.23™ 145.07" 1265.98™ 48.10™ 9276.73™ 255101125™ 10867.81™ 16.556™
Error 324 0.028 0.109 1220.57 61.97 271.45 14.94 1569.36 61770226.30 1778.03 3.557
CV (%) - 27.5 6.4 10.1 23.1 13.05 16.8 39.9 55 20.5

*and ™ Significant at 1% and 5 % probability levels, respectively.
TG, genotype; Y, year; E, environment.
¥ The traits abbreviations are: DTS, days to seedling; DTT, days to taselling; DTA, days to anthesis; DTE, days to earing; ASI, anthesis silking interval; LL, leaf length; LW, leaf width;
EULN, ear-up leaves number; TL, total leaves; EH, ear height; PH, plant height; TAL, tassel length; SD, stem diameter; PL, peduncle length; EL, ear length; NRC, number of rows per
cob; NKR, number of kernel per row; ED, ear diameter; EW, ear width; GD, grain depth; CD, cob diameter; FEW, five ears weight; FCW, five cob weight; EY, economic yield; HGW,
100-grain weight; NKE, number of kernel per ear; YUA, yield per unit area; BY, biological yield; HI, harvest index.
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Figure 1. Correlation coefficients among investigated traits in maize lines under normal (upper panel) and
zinc (Zn) deficiency (lower panel) conditions in 2 crop years. Based on heat map plots, blue and red colures
indicate positive and negative correlations, respectively, and increasing color intensity reflects a higher
coefficient. The white cells indicate non-significant correlations.
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Figure 2. Optimal number of factors in factor based parallel analysis method and very simple structure (VSS)
under zinc (Zn) deficiency (A) and normal (B) conditions
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Table 5. Factor loading of the investigated traits after varimax rotation in maize lines under normal conditions
in two years

Trait Factor 1 Factor 2 Factor 3 Factor 4 Communality
Days to seedling -0.33 -0.15 0.82 -0.02 0.81
Days to taselling -0.24 -0.16 0.95 -0.05 0.99
Days to anthesis -0.21 -0.16 0.97 -0.06 0.99
Days to earing -0.17 -0.15 0.98 -0.08 0.99
Anthesis silking interval 0.13 -0.06 0.57 -0.13 0.36
Leaf length (cm) 0.19 0.20 -0.18 0.65 0.54
Leaf width (cm) -0.06 0.13 -0.02 0.61 0.39
Ear-up leaves number 0.10 0.08 0.07 0.50 0.27
Total leaves 0.21 0.11 -0.01 0.57 0.39
Ear height (cm) 0.22 0.14 -0.02 0.68 0.53
Plant height (cm) 0.31 0.25 -0.13 0.76 0.75
Tassel length (cm) 0.18 0.10 -0.20 0.59 0.43
Stem diameter (cm) -0.15 -0.09 -0.03 0.39 0.19
Peduncle length (cm) 0.19 0.18 -0.08 0.39 0.22
Ear length (cm) 0.39 0.58 -0.27 0.29 0.65
Number of rows per cob 0.16 0.51 -0.23 0.14 0.36
Number of kernel per row 0.45 0.50 -0.36 0.06 0.59
Ear diameter (cm) 0.16 0.95 -0.02 0.16 0.96
Ear width (cm) 0.27 0.92 -0.01 0.17 0.95
Grain depth (cm) 0.06 0.50 -0.22 0.02 0.30
Cob diameter (cm) 0.23 0.64 0.12 0.20 0.51
Five ears weight (g) 0.72 0.52 -0.27 0.13 0.87
Five cob weight (g) 0.23 0.44 -0.19 0.21 0.33
Economic yield (g) 091 0.32 -0.19 0.19 0.99
1000-grain weight (g) 0.54 0.02 0.06 0.26 0.36
Number of kernel per ear 0.74 0.48 -0.30 0.14 0.89
Yeilg per unit area (g) 0.84 0.37 -0.23 0.16 0.92
Biological yield (g) 0.54 0.54 -0.30 0.22 0.72
Harvest index 0.90 0.26 -0.15 0.19 0.94
Variance (%) 0.18 0.17 0.16 0.12
Cumulative variance (%) 0.18 0.35 0.51 0.63
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Table 6. Factor loading of the investigated traits after varimax rotation in maize lines under zinc (Zn) deficiency
conditions in two years

Trait Factor 1 Factor 2 Factor 3 Factor 4 Communality
Days to seedling -0.04 0.84 0.01 0.06 0.705
Days to taselling 0.00 1.00 0.02 0.06 0.99
Days to anthesis 0.02 1.02 0.01 0.06 0.99
Days to earing 0.04 0.99 0.00 0.05 0.990
Anthesis silking interval 0.13 0.43 0.01 0.03 0.202
Leaf length (cm) 0.14 0.00 -0.01 0.61 0.391
Leaf width (cm) 0.05 0.08 0.00 0.46 0.217
Ear-up leaves number 0.21 -0.04 0.17 0.46 0.291
Total leaves 0.13 0.10 0.24 0.55 0.385
Ear height (cm) 0.02 0.04 0.06 0.62 0.393
Plant height (cm) 0.13 -0.04 0.01 0.95 0.927
Tassel length (cm) 0.04 0.09 0.09 0.56 0.332
Stem diameter (cm) -0.01 0.06 0.00 0.30 0.096
Peduncle length(cm) 0.09 -0.11 0.02 0.46 0.227
Ear length (cm) 0.62 -0.03 0.39 0.22 0.584
Number of rows per cob 0.31 0.00 0.49 -0.08 0.337
Number of kernel per row 0.54 -0.04 0.38 0.14 0.453
Ear diameter (cm) 0.21 -0.02 0.96 0.13 0.980
Ear width (cm) 0.24 0.01 0.91 0.11 0.898
Grain depth (cm) 0.32 -0.18 0.24 0.12 0.206
Cob diameter (cm) 0.06 0.09 0.80 0.08 0.659
Five ears weight (g) 0.86 0.08 0.14 0.10 0.775
Five cob weight (g) -0.05 -0.01 0.11 0.10 0.025
Economic yield (g) 0.98 0.06 0.06 0.05 0.966
1000-grain weight (g) 0.39 0.01 0.02 0.13 0.170
Number of kernel per ear 091 0.11 0.13 0.06 0.866
Yeilg per unit area (g) 0.98 0.06 0.06 0.01 0.958
Biological yield (g) 0.63 0.05 0.43 0.20 0.624
Harvest index 0.92 0.08 -0.01 0.04 0.847
Variance (%) 0.21 0.14 0.11 0.11 -
Cumulative variance (%) 0.21 0.35 0.46 0.57 -
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