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Comprehensive abstract

Introduction

Environmental stresses such as nutrients deficiency stress are serious threats to agricultural products.
Zinc is one of the low-consumption essential nutrients but with high nutritional value, which plays an
important role in root growth, increasing yield, plant resistance to diseases, photosynthesis, cell membrane
integrity, pollen formation, energy production and increasing antioxidant enzymes and chlorophyll in plant
tissues. Furthermore, zinc is essential for production of plant hormones such as abscisic acid, auxin,
gibberellins and cytokinin, and its deficiency causes disruption in plant cell reprodution. Wheat grain
contains zinc about from 20 to 30 mg/kg. About 50% of the soils used for cereal production in the world
do not have enough usable zinc. One of the strategies to compensate for zinc deficiency is to improve
zinc-efficient cultivars. Therefore, it is necessary to conduct basic research to identify the genes
controlling zinc. In the current research, 64 spring wheat cultivars were studied under normal and zinc
deficiency stress conditions, and the objective of this experiment was to identify genomic locations
controlling phenological, physiological and biochemical characteristics using LD-based GWAS method
based on SNP markers.

Materials and methods

To genome-wide association study of yield and physiological and biochemical traits in Iranian bread
wheat varieties, 64 varieties of spring wheat were cultivated as a pot experiment in a simple lattice design
under two normal and zinc deficiency stress conditions in the research farm of Faculty of Agriculture,
Urmia University, Urmia, Iran. The studied traits include days to germination, days to booting, days to
pollination, days to physiological maturity, grain filling period, canopy temperature, total chlorophyll, leaf
area index, fresh and dry shoot weight, relative water content, shoot zinc concentration, grain protein
concentration and grain yield. Genotypic evaluation of the population was performed using 36360 SNP
markers. To determine the population structure, principal component analysis (PCA) was used and PCA
results were considered as covariate variables instead of the Q matrix for association analysis. For
association analysis and identification of linked markers to the genes controlling the studied traits, GLM
and MLM methods were used and significant marker-trait associations (MTAs) were separately identified
for each of the experimental conditions.
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Research findings

The results of association analysis using the GLM method identified 145 marker-trait associations
(MTAs) under normal conditions and 135 MTAs under zinc deficiency stress conditions, while using the
MLM method, 165 and 142 MTAs were identified under normal and zinc deficiency stress conditions,
respectively. The highest and lowest number of significant marker-trait associations with both GLM and
MLM methods under normal conditions were identified for dry weight and grain filling period,
respectively, while under zinc deficiency stress conditions, the highest number of significant MTA with
both association analysis methods was observed for leaf relative water content and the lowest number of
MTA was observed for grain protein content and shoot zinc concentration. Identified markers can be used
in breeding methods such as selection with in breeding programs. The significant marker-trait associations
(MTAs) identified in this experiment can be used to increase the efficiency of breeding programs using the
marker-assisted selection.

Conclusion

The results of the present study showed the efficiency of the association analysis method as well as the
GLM and MLM models in identifying markers linked to evaluated traits in wheat. The information
obtained from this experiment also showed that SNP markers are a powerful tool for evaluating genetic
diversity and preparing the structure of wheat populations and can be used in breeding programs via
marker-assisted selection. Although, it is necessary to investigate the markers identified in larger
populations to ensure their relationship with the studied traits. In this study, several common and similar
gene loci were also identified for the studied traits, which can be used for the simultaneous multi-traits
selection in future breeding programs.
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Table 1. Spring wheat cultivars used in this study

Row | Year | Genotype Pedigree
1 11951 4820
2 1976 Adl TK/SHAHPASSAND
3 12010 Aflak HD160/5/Tob/Cno/23854/3/Nai60//Tit/Son64/4/LR/Son64
4 12006 | Akbari 1-63-31/3/12300/TOB//CNO67/SX
5 1978 | Alborz FN/MD//K117A/3/2*CLLF/4/SON64/KLRE/3/CNO//LR64*2/SON64
6 [1995]| Alvand 1-27-6275/CF1770 OR CF17170 1-22-11
7 12006 Arta HD2206/HORK//BUL/6/CMHS80A.253/2/M2A/CML//ALD*4/5/BH1146/H56.71//BH1146/3/CMH78.390/4/SERI82/7/HEL/3*
CNO79/7/2*SERI82
8 [1974| Arvand RSH/3/MTA//KY/MAYOS58
9 1995 Atrak JUP/BJY’S’//URES
10 | 2007 Bahar HD2172/3/BB/2*1C//Y50E/3*KAL
11 | 2006 Bam VEE#5/NAC//1-66-22 OR VEERY/NACOZARI-76//1-66-22
12 | 1976 Bayat PUNJAB-76/CHENAB-70
13 | 1980 | Biston 9-36/592/PIEVE
14 | 1997 | Chamranl ND/VG9144//KAL/BB/3/Y ACO/4/VEE#5
15 |2013 | Chamran2 ATTILA 50Y//ATTILA/BACANORA
16 | 1980 | Darabl RSH/IRN 149(60-61)//C271
17 1995 | Darab2 MAYA'S/NAC
18 | 2006 | Darya SHA4/CHIL
19 | 1960 | Dastjerdi DASTJERDI
20 | 1968 | Deyhem DIADEM/ITALIAI
21 | 2002 Dez KAUZ*2/OPATA//KAUZ
22 o DN11
23 | 1990 Falat KVZ/BUHO//KAL/BB
24 -—- Fong
25 --- Fontana
26 | 1996 | Gahar ND/VG9144//KAL/BB/3/YACO'S'/4/VEE#5
27 | 1988 Gods RHS/5/WT/4/NOR10/K54*2//FN/3/PTR/6/OMID//KAL/BB
28 | 1986 | Golestan D6301/NAI60//WRM/3/CNO*2/CHR
29 2002 | Hamoon FALAT/RSH
30 | 1969 INIA LR64/SN64
31 | 2011 Karim TRITICIM AESTIVUM/SPRW”S”//CA8055/3/BACONORAS8
32 | 1980 | Kaveh FTA/PL
33 | 1997 Kavir STM/3/KAL//V543/J1T716 OR SHORTIM/3/KALYANSONA//V-534/]JIT-716
34 | 1974 | Khazar P4160//SN64/LR64
35 | 2002 | Koohdasht BB/RON//CNO67/TOTA/3/JAR
36 | 1995 | Mahdavi TI/PCH/5/MT48/3/WTE*3/NARS59/TOTA63/4/MUS
37 1991 | Maroon AVD/PCHU/5/N10/BR21.1C//KT54B/3/NAR59/1093/4/7C
38 | 1999 | Marvdasht HD2172/BLOUDAN//AZADI
39 | 1974 | Moghanl LR/N10B//3*ANE
40 [ 1974 | Moghan2 LR64A/HUAR
41 |2006 | Moghan3 Luan/3/V763.23/V879.c8//Pvn/4/Picus/5/Opata
42 12009 | Morvarid MILAN/SHANGHAI-7
43 1978 Naz 1112300//LR64A/8156/3/NOR
44 | 2006 | Nishabour 1-63-31/3/12300/TOB//CNO67/SX
45 | 1995 | Nicknejad F134-71/CROW'S'
46 | 2012 Ofog GF-gy54/Attila
47 | 1968 | Panjamo
48 2009 Parsi DOVE”S”/BUC”S”/[2*DARAB1 OR DOVE(SIB)/(SIB)BUCKBUCK(M-84-17)//2*DARAB
49 2008 | Pishgam BKT/90ZHONGS87
50 [2002| Pishtaz ALVAND//ALDAN/IAS 58
51 2014 | Qabous Dryland Agricultural Research Institute
52 | 1942 | Reyhani RAYHANI
53 [ 1960 | Roshan LANDRACE
54 2006 | Sepahan AZADI/5/1.2453/1347/4/KAL//BB/KAL/3/Y50E/3*KAL
55 --- | Shanghai
56 [2002 | Shiraz GV/D6301//ALD/3/AZADI OR GAVILAN,MEX/D-630//(SIB)ALONDRA/3/AZADI OR ALVAND//ALDAN/IAS-58
57 1997 | Shiroodi ND/VG9144//KAL/BB/3/Y ACO/4/VEE#5
58 [2012] Sirvan PRL/2*PASTOR
59 12006 Sistan Bank's"/Veery's"
60 |2009 | Sivand KAUZS /AZD OR KAUZ(SIB)/(AZD)AZADI
61 | 1995 Tajan BOW/NKT
62 | 1969 | Toubari
63 | 1997 | VEE/NAZ Veery/Nacozari
64 | 1996 | Zagros TAN’S’/VEE’S’//OPATA
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Table 2. Descriptive statistics of the investigated traits in spring wheat cultivars under normal and zinc deficiency stress conditions

Trait Mean Minimum Maximum Range Variance Ccv t-value
Normal Stress Normal Stress Normal Stress Normal Stress Normal Stress Normal Stress

Days to germination 20.9 21.08 13 15 29 28 16 13 11.8 12.1 17.7 17.7 -0.23 "
Days to booting 177.6 183.1 171 175.5 185 187 14 11 15.6 7.7 1.7 1.1 -9.24"
Days to pollination 194.01 194.4 190 190 198 197 7.5 7 4.88 3.21 1.05 1.2 -1.12n
Days to physiological maturity ~ 216.8 216.9 215 215 219 219 4 4 1.6 1.5 0.2 0.3 -0.42ns
Grain filling period 22.8 22.5 18 18.5 27 27 9.5 9 5.7 5.21 9.5 10.7 0.73™
Canopy temperature 28.6 27.4 26 25.3 31.6 33.2 54 7.9 1.2 2.20 52 6.4 5.17"
Chlorophyll index (SPAD) 40.9 39.4 27.6 24.5 59.5 57.5 31.8 33 40.5 46.9 19.3 14.6 1.34m
Leaf area index 9.49 10 6.96 5.1 18.23 16.9 11.27 11.8 3.71 5.74 21.1 27.2 -1.30"
Shoot fresh weight 0.15 0.148 0.03 0.03 0.49 0.41 0.46 0.37 0.005 0.005 48.1 51.1 0.69 "
Shoot dry weight 0.04 0.043 0.01 0.01 0.1 0.1 0.08 0.09 0.0003 0.0004 38.4 45.6 0.55m™
Leaf relative water content 76.62 74.14 40.75 34.71 87.8 85.38 47.12 50.67 59.9 66.32 13.1 14.4 1.76m
Shoot zinc concentration 0.56 0.39 0.09 0.02 1.08 0.87 0.99 0.85 0.03 0.03 25.6 334 5.21"
Grain protein content 5.11 3.95 1.17 0.88 11.4 9.92 10.32 9.04 9.03 6.22 21.7 16.6 2.36"
Grain yield 1.9 1.3 0.55 0.3 3.3 2.5 2.7 2.27 0.57 0.37 18.1 22.2 5.001™

ns *

, “and ™: Not-siginficant and siginficant at 5% and 1% probability levels, respectively.
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Figure 1. Distribution diagram of markers used in this research at the level of chromosomes
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Figure 2. Population structure and kinship relationships. a) Genotypes in three dimentional space resulting from
principal component analysis, b) Clustering of genotypes with genotypic data, c) Kinship relationships
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Table 3. A summary of observed LD among marker pairs and the number of significant marker pairs per

chromosome and genome using original SNPs

Chromosome TNSP' 2 Distance NSSP*
1A 81125 0.1715 1.832 22629
2A 129100 0.2189 1.091 42953
3A 34550 0.3011 4.894 13896
4A 117650 0.2985 0.985 48885
5A 166550 0.2171 0.860 59272
6A 46450 0.2476 2.386 14400
TA 84000 0.1700 2.608 21570
1B 72750 0.2685 0.900 71566
2B 23800 0.1506 7.108 4185
3B 116600 0.3720 1.502 54874
4B 60500 0.2205 2.176 18555
5B 11300 0.1540 10.747 1695
6B 59050 0.1831 2.448 15601
7B 133200 0.2246 1.451 48738
1D 21650 0.1660 10.240 4757
2D 83200 0.2027 1.546 26058
3D 149050 0.2378 0.844 57638
4D 27150 0.1477 5911 5286
5D 123300 0.2515 1.414 42648
6D 131000 0.1610 1.125 30866
7D 34000 0.2248 6.080 8968
Genome A 664925 0.2487 1.664 322265
Genome B 942150 0.2235 1.101 329588
Genome D 198900 0.2136 5.829 53187
Whole genome 1805975 0.2317 1.829 615040

T TNSP, total number of SNP pairs.
* NSSP, number of significant (p<0.001) SNP pairs.
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Figure 3. Continuity disequilibrium plot. The upper part of the diagonal shows the degree of linkage
disequilibrium and the lower part of the diagonal shows the P-value for the pair of markers.
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Figure 4. Manhattan pie charts to draw common regions associated to studied traits for optimal conditions with
GLM (a) and MLM (b) methods, zinc deficiency stress conditions with GLM (c¢) and MLM (d) methods in
spring wheat cultivars. Inner to outer circles represents average trait days to germination, days to booting, days to
pollination, days to physiological maturity, along with of grain filling period, canopy temperature, total
chlorophyll, Leaf area index, fresh weight, turgor weight, dry weight, relative water content, zinc concentration
on shoots, grain protein concentration and Grain yield. The chromosomes are plotted at the outmost circle where
thin dotted blue and red lines indicate significant level at p value < 0.001 (- log10 (p) > 3) respectively. Green
and red dots indicate genome-wide significantly associated SNPs at p value < 0.001 and < 0.00001 probability

level, respectively. Scale between ChrUn and ChrlA indicates — logl10 (p) values. Colored boxes outside on the
top right side indicate SNP density across the genome where green to red indicates less dense to dense.
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