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Abstract
Iranian wheat landrace accessions (IWAs) were collected from country-wide farm 
fields and market places in 1935 by a professor at the University of Tehran and shared 
with University of California at Davis, California. IWAs were further submitted to the 
genebank of International Maize and Wheat Improvement Center (CIMMYT), Mexico. 
2,403 IWAs from CIMMYT’s genebank were assayed by DArT-seq technology to as-
sess genetic diversity. No apparent ecogeographic patterns related to genetic diver-
sity were detected, probably due to long-term transport and frequent interchange of 
landraces among farmers. A multivariate clustering procedure combining genotypic 
and phenotypic information was used in selecting a core-set, which represented 15% 
of the hexaploid wheat accessions included in this study. This subset captured an 
estimated 93% of rare (frequency <0.05) alleles. Multisite phenotypic data (India, 
Mexico) validated the ability of the core-set in detecting useful variants. Potential 
donor accessions for multiple traits (disease resistance, zinc concentration) were 
identified from the core-set for wheat-breeding. This report illustrates a breeder 
friendly robust core-set formulation strategy for harnessing the useful genetic varia-
tion stored in the genebanks.
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1  | INTRODUC TION

It is well recognized that during wheat domestication, adaptive traits 
were selected in the host environments, including increased seed size, 
shattering resistance, reduced plant height, lodging resistance and 
flowering responses (Carmet, 2011; Eckardt, 2010; Fuller, 2007; Peng 
et al., 2011). Wheat landraces, on the other hand, have evolved as 
heterogeneous populations over many generations in a multitude of 
environments and local farming systems. Information pertaining to ge-
netic diversity, adaptability, and relationships within and among land-
races provide valuable information for their use as genetic resources 
for breeding and research programmes (Zhang et al., 2006).

Large collections of wheat landraces from their centres of diversity 
have been conserved, characterized, and deployed in the national and 
international breeding programmes. The CIMMYT wheat genebank 
in Mexico holds nearly 33,000 wheat landrace accessions, including 
more than 6,800 Iranian wheat landrace accessions (IWAs) received 
from the Universities of Tehran and California (Dworkin, 2009; Jafari-
Shabestari et al., 1995). The IWAs are a rich source of diversity for 
resistance to many pests and diseases and for plethora of adaptation 
and end-use quality traits (Aftabi et al., 2013; Bonman et al., 2006; 
Derakhshan et al., 2013; Jafari-Shabestari et al., 1995; Newcomb 
et al., 2013; Newcomb et al., 2013; Sheedy &Thompson, 2009; 
Siosemardeh et al., 2012; Thompson et al., 2016; Valdez et al., 2012; 
Zurn et al., 2014). However, hitherto the rich diversity of Iranian wheat 
landraces remained uninvestigated at molecular level. Additionally, a 
core set of reasonable size is not yet available to efficiently utilize 
the genetic potential of Iranian landraces and it has been a debatable 
issue among researchers and breeders (Jafari-Shabestari et al., 1995; 
Sheedy & Thompson, 2009; Upadhyaya & Ortiz, 2001). Small subsets 
of accessions, called mini-core collections or core sets designed for 
specific needs, that is, commonly called "floating core" concept have 
been proposed (Spagnoletti Zeuli & Qualset, 1993, 1995).

Assembling a core collection involves selecting a subset that max-
imizes genetic diversity with minimum redundancy (Brown, 1989). 
Traditionally, core collections have been based on ecogeographic and 

phenotypic characteristics, but simultaneous use of genomic data 
may enhance the evaluation and selection processes (Liu et al., 2003; 
Marita et al., 2000; Ronfort et al., 2006; Saint-Pierre et al., 2016). Due 
to recent advances in high-throughput genotyping platforms offering 
dissection of crop genomes at nanoscale, it has been made possible to 
combine both genotypic and large-scale phenotypic data in formulat-
ing core sets. This approach maximizes the probability of retaining rare 
alleles along with common alleles (Vikram et al., 2016). First utilized by 
Franco et al., (2010), using hierarchical multiple-factor analysis (HMFA) 
and two-stage Ward Modified Location Model (Ward-MLM) classifica-
tion, this approach permitted joining of phenotypic and genetic data 
sets thereby balancing the effects of continuous and discrete variables. 
Depending on the type of variables, the HMFA approach is associated 
with reducing the dimensionality of the huge data into a few principal 
axes from principal component or correspondence analyses and simul-
taneously maximizing within subset variability. This approach has re-
cently been illustrated in formulating a Mexican bread wheat landrace 
core set from an original set of 8,000 accessions (Vikram et al., 2016).

In this study, we report the simultaneous use of phenotypic and 
genotypic characterizations of IWAs to develop a core set of Iranian 
landrace accessions. The formulated core set is an invaluable genetic 
resource for wheat breeders across the globe to identify trait-specific 
donors. The free availability of both genotypic and phenotypic data 
of this important genetic resource will facilitate gene discoveries and 
allele mining projects.

2  | MATERIAL S AND METHODS

2.1 | Iranian wheat landrace accessions (IWA)

IWAs were collected from farmers’ fields and markets through-
out Iranian wheat-producing areas in 1935 (Figure 1) by Professor 
Mansour Ataee, University of Tehran and conserved at the 
University of Tehran as single-spike accessions obtained from re-
search plantings. More than 11,000 samples were received by the 
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Genetic Resources Conservation Program, University of California 
at Davis, California in 1986–1987 (Dworkin, 2009; Hijmans et al., ; 
Jafari-Shabestari et al., 1995; Rettig et al., ; http://biogeo.ucdav is/
proje ct/iranw heat/). Under USDA importation protocol, the seeds 
were planted in a greenhouse in small tubes with two seeds planted 
in each tube. Because of dead seeds, ultimately about 8,000 sur-
vived through subsequent field grow-outs. The derived seeds for 
each accession represent the progeny from a single plant which was 
designated as an IWA. Approximately 6,800 IWAs were submitted 
to the genebanks of the USDA National Small Grains Collection, 
Aberdeen, Idaho and to CIMMYT, Mexico. About 1,000 durum IWAs 
were sent to the ICARDA genebank. A subset of 2,544 Iranian acces-
sions was randomly selected from the CIMMYT wheat genebank, 
depending on sufficient seeds, for phenotyping in field plantings 
and genomic analyses. Accessions with duplicate identifier num-
ber, that is, genome identification number (GID) were then omitted 
from analysis. Finally, 2,403 accessions were analysed in the study 
(Table S1). These 2,403 accessions comprised 2,184 hexaploids, 208 
tetraploids and 11 unidentified species. These IWAs were collected 
from different temperature regimes of Iran. Collection sites of IWAs 
have been presented on political map of Iran (Figure 1). Along-with 
collection sites on the map, daily mean temperature regimes during 

1951–2000 is also presented (50 year temperature data obtained 
from Hijmans et al., 2005). The ArcGIS Desktop ArcMap 10.2.2 soft-
ware (ESRI, 2015) was used to develop this map.

2.2 | Genotyping with DArT-seq

Seeds from a randomly selected single spike from each landrace acces-
sion were used to produce leaf tissue for DNA extraction. Landrace ac-
cessions were grown in field as hill plots on raised bed at 50 cm spacing 
under a well-managed irrigated environment. Genomic DNA was ex-
tracted from all 2,403 accessions from a leaf selected at tillering stage 
from one representative plant using a modified CTAB (cetyltrimethylam-
monium bromide) method (CIMMYT, 2005). DNA sequencing was done 
with the Diversity Arrays Technology (DarTseq™) through using two 
complexity reduction methods as described by Sansaloni et al. (2011).

2.3 | SNP allele-calling from DArT-seq data

A proprietary analytical pipeline developed by DArT P/L was used 
to produce DArT scores and SNP tables (DArT Pyt Ltd; http://www.

F I G U R E  1   Collection sites of IWA within Iran. The annual mean temperature shown using colour coding in the inset 
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diver sitya rrays.com/dart-appli catio n-dartseq). Using this pipeline, 
markers were filtered based on reproducibility, call rate, and the av-
erage read depth. ‘Reproducibility’ is the ratio of technical replicate 
pairs scoring identically for a given marker. ‘Call rate’ is the propor-
tion of the number of samples for which a given marker was scored. 
‘Average read depth’ is the average number of sequence ‘tag’ counts 
contributing to the number of genotype calls for a given marker. To 
determine the reproducibility scores, approximately 60% of samples 
were assayed twice. The minimum threshold values for reproducibil-
ity, call rates, and average read depth were 95%, 85%, and 7, respec-
tively. An internal reference was used by clustering the sequences by 
sequence similarity. The sequence which was defined as ‘reference’ 
for each SNP pair was either (a) most common sequence in the popu-
lation, or (b) a wheat sequence which is previously recorded from 
DArT-seq genotyping.

For the diversity analysis and core set development, 24,620 
SNP markers were used. The genetic map positions were deter-
mined using two consensus genetic linkage maps: (a) based on 
three RIL populations available at CIMMYT (Li et al., 2015), and 
(b) a consensus map based on ~64 K DArT-seq and 4,000 DArT 
markers based on 15 different populations provided by DArT 
(DArT, Australia, Unpublished, https://www.diver sitya rrays.
com/).

2.4 | Phenotypic evaluation in heat, drought and 
irrigated environments

The phenotype data presented in this study was generated in 
CIMMYT’s grain quality laboratory under ‘Seeds of Discovery’ pro-
ject (www.seeds ofdis covery.org). The 2,403 IWAs were evaluated 
at three environments: (a) well-irrigated, (b) drought stressed, and 
(c) heat stressed. Grain quality measures including- thousand kernel 
weight, test weight, protein content, grain length, width and hardi-
ness were recorded. Samples for grain quality analysis were taken 
from well-irrigated experiment.

Field trials of the 2,403 IWAs were conducted at the Campo 
Experimental Norman E. Borlaug, Cd. Obregon, Sonora, Mexico (27 
20° N, 109 54° W, 38 masl) in 2010–2011 and 2011–2012 crop sea-
sons. Well-irrigated and drought experiments were sown at optimum 
planting dates (late November) and the heat-stressed experiment 
was planted in April to expose the plants to high temperatures. The 
site has a temperate climate with high solar radiation. Experiments 
were laid in an augmented design with checks repeated after every 
50 plot. Spacing of 50 × 50 cm were followed (row to row and plot 
to plot). The hill plot size was kept 0.3m2 for each entry. Fertilization, 
weed, disease, and pest control were applied as necessary to avoid 
performance limitations. Plants at well-irrigated plots received ap-
proximately 600 mm of water during the wheat cycle. Plots were 
irrigated when approximately 50% of available soil moisture was 
depleted according to gravimetric determinations. Under drought 
conditions, approximately 200 mm of total moisture were made 

available through irrigation. For the heat stress environment, four 
irrigations were applied during the crop cycle. The following vari-
ables were recorded and used to define the Core sets (a) phenology 
(visually scored as early, medium and late) and plant height under 
heat, (b) days to heading and days to maturity from date of seeding 
under heat and drought conditions, and (c) visual biomass scores (low 
to high) at heading and at maturity under drought, and (d) grain yield 
under drought.

2.5 | Grain quality

All 2,403 IWAs were subjected to the grain quality analysis at the 
CIMMYT wheat quality laboratory. Grain morphological character-
istics were evaluated with digital image system SeedCount SC5000 
(Next Instruments, Australia). Thousand kernel weight (TKW, g), 
test weight (TW, Kg/hectoliter), average kernel length and width 
(mm), and grains affected by yellow berry (%) were observed. Seed 
size distribution was recorded for the percentage of grains sized by 
sieves of 2.8 mm, 2.5 mm, and 2.2 mm screens. Grain hardness (GH, 
%) and protein content (GP, %) were determined by near-infrared 
spectroscopy (NIRS, Antaris II FT-Analyzer, Thermo Scientific) cali-
brated based on AACC methods (AACC, 2000) that is, for particle 
size index (AACC Method 55-30) and protein (AACC Method 46-
11A) (AACC, 2000). Lower hardness index (%) values correspond to 
harder grains. Grain protein was adjusted to a 12.5% moisture basis. 
Whole-meal flour samples were obtained with a UDY Cyclone mill 
(0.5 mm sieve). One gram of whole-meal flour was used to perform 
SDS-sedimentation (SDS, ml) test as described previously (Peña 
et al., 1990).

2.6 | Principal component analysis

Principal component analyses (PCA) were done using DArT-Seq data 
sets with genome-wide marker information using the ‘princomp’ 
function of R-project version 3.1.1 (R Core Team, 2013). PCA analy-
ses were used to describe genetic versus geographical diversity pat-
terns for the 2,184 hexaploid IWAs.

2.7 | Estimation of diversity indices

Allele frequencies were calculated with Tassel v5 (Bradbury 
et al., 2007), and then percentiles, number of missing data and 
heterozygosity were calculated by SAS v9.4 (SAS, 2013). Nei and 
Shannon–Weaver diversity indices were obtained to evaluate diver-
sity among the IWAs. Diversity indices were also calculated for dif-
ferent groups as derived from the cluster analysis (described below).

Nei's index H was computed as follows:

H =
1

t

∑t

i=1
1 − (1 − pi )

2 − p2
i
,

http://www.diversityarrays.com/dart-application-dartseq
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where pi is the allele frequency of the major allele of the ith 
marker and t is the number of markers. Shannon–Weaver index was 
computed as follows:

S = −
1

t

∑t

i=1
pilog

�

pi
�

.

2.8 | Cluster analysis

Similarity among landrace accessions was assessed by simple 
matching coefficients transformed to squared Euclidean distances. 
Distance between two accessions x and y is calculated as one minus 
the ratio of the number of matches (M) to the total number of no 
missing pairs (N).

The complete algorithm for grouping, where distance between 
groups a and b is calculated as the maximum distance among all the 
pair distances between individuals in different group.

Analysis was done with bread wheat IWAs using Euclidean dis-
tances. Thereafter, the Euclidean groups were defined and related-
ness between different groups was determined.

2.9 | Systematic use of IWA through core 
set strategy

Core set size determination through its formulation (a), validation (b) 
and use (c) has been explained below point wise.

2.9.1 | (a) IWA Core set formulation

A two-stage strategy was followed to select specific IWA accessions 
for entry to the Core set, (a) grouping accessions into clusters based 
on Gower's distance followed by (b) selection of the most diverse 
subset (out of 1,000 candidates) to be the Core set by stratified ran-
dom sampling.

(a-1) Classification
Firstly, to reduce the size of the problem, principal components anal-
ysis (PCA) was conducted to reduce the marker-dimensions from 
24,620 to 2,000 principal component dimensions, explaining 97% 
of the total variance. Therefore, we generated a matrix with dimen-
sion 2,403 × 2,020, joining the 2,000 coordinates from PCA and 20 
phenotypic variables measured at three environments.

Then the Hierarchical Multiple Factor Analysis (HMFA) was con-
ducted where the hierarchy consisted in the two kinds of pheno-
typic variables (ordinal and continuous) and the PCA coordinates 
(Escofier & Pagès, 2008; Le Dien & Pagès, 2003). From the HMFA, 

six principal axes (PA), were selected in such a way that the pheno-
typic variables contribution to the total variance was 25% and the 
genotypic variables contribution was the complementary 75%. The 
coordinates for each accession on each PA were then used to classify 
the accessions following the mixture of normal distributions cluster-
ing methodology and selecting the convenient number of groups by 
maximum likelihood, as proposed previously (Franco et al., 2010). A 
total of 29 groups were found.

(a-2) IWA core set selection
To select the core set, a stratified random sampling design was used. 
We defined the size of the Core set to be approximately 15% of the 
total number of accessions (optimum size determined based on sim-
ulation, method presented in Vikram et al., 2016). We assigned the 
number of accessions to be selected from each one of the clustering 
groups from STAGE 1 using the D-Method as proposed previously 
(Franco et al. 2005). Then 1,000 candidate subsets were selected 
by stratified random sampling, their diversity (using the average 
of Gower's distance (Gower, 1971) were measured and the subset 
showing the maximum average value was selected to be the Core 
set.

2.9.2 | (b) IWA core set validation: comparative 
analysis of the original and core populations

For comparative analysis of the original population and the Core 
set, a two-way approach was followed: (a) multidimensional scaling 
graphical representation, (b) variance and mean ratios of core/col-
lection for phenotypic traits comparison. To represent the distribu-
tion of core selected accessions in the whole collection we used the 
classical Multidimensional Scaling (MDS) method. The MDS analysis 
reduces the p dimensions to two or three dimensions, maintaining 
the distances between every pair of points in the reduced two-
dimensional space as similar as possible with the distances at the 
p-dimensional original space. Iranian collections were represented 
on MDS graphs. The analyses were made using different libraries 
from the open source R software (R Core Team, 2013). Variance and 
mean comparisons for the phenotypic traits were carried out with 
complete and core sets.

2.9.3 | (c) IWA Core set use

(c-1) Grain zinc and iron concentration in IWA core set
This analysis was carried out with the IWA core set in 2015 crop sea-
son in CIMMYT wheat research station at Ciudad Obregon, Mexico 
and at the Indian Agricultural Research Institute, New Delhi, India. 
Core set accessions along-with checks, were grown in field under 
well-irrigated experiments to obtain grains for analysis. Grain Zn and 
Fe concentrations (mg/kg) were determined by using a ‘bench-top’ 
nondestructive, energy-dispersive X-ray fluorescence spectrometry 
(EDXRF) instrument (model X-Supreme 8000, Oxford Instruments plc, 

d (x, y) = 1 −M∕N.

d (a, b) = max
ij

(

d
(

xai, xbj
))

.
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Abingdon, UK), standardized for high throughput screening of Zn and 
Fe in whole wheat grains (Paltridge et al., 2012).

(c-2) Rust resistance evaluation of the IWA core set
Yellow rust. Core set IWAs were planted in Toluca, Mexico, and 
Punjab Agricultural University (PAU), Ludhiana, Punjab, India in 
the 2014–2015 and 2015–2016 crop cycles using 2-replicate ran-
domized complete blocks. Sowing was done in two-row plots. Row 
length was 1m, with plot to plot distance of 0.5m. Seeding rate was 
60–70 seeds/ plot. The experimental block was surrounded by a 
spreader row planted with the susceptible variety Avocet. Freshly 
collected urediospores, suspended in distilled water, were injected 
into plants in the spreader rows (1–3 plants/m) using a hypodermic 
syringe at least twice just prior to booting growth stage. Disease re-
sponses were visually assessed when Avocet displayed 100% sever-
ity during the mid-dough stage of plant growth.

Leaf rust. A similar experiment was performed at Punjab 
Agricultural University, Ludhiana during the 2014–2015 and 2015–
2016 crop seasons for leaf rust evaluations. Methods as described 
for yellow rust were followed.

Stem rust. The Core set was grown at the Njoro research sta-
tion of the Kenya Agricultural and Livestock Research Organization 
(KALRO) during the 2015 wheat season, including the stem rust race 
differential varieties for the Ug99 race group. Experimental layout 
was same as for yellow and leaf rusts. On one side of each plot, the 
spreader variety 'Cacuke' was planted as hill plots in addition to sur-
rounding the experiment by 1-m spreader rows alongside the nurs-
ery with a mixture of cultivars with Sr31 (susceptible to TTKSK) and 
Sr24 (susceptible to TTKST). Fresh urediospores were collected and 
suspended in distilled water and then injected into culms of spreader 
plots at least twice before booting stage and sprayed with the ure-
diospore suspension in Soltrol® 100 isoparaffin solvent. Disease 
severity was scored two times: first, when the susceptible check va-
riety showed 50%–60% stem rust severity and again when it reached 
100% severity. The modified Cobb scale (Peterson et al., 1948) was 
used to assess the stem rust severity at the soft dough stage rated 
as S (susceptible), MS (moderately susceptible), MR (moderately re-
sistant) and R (resistant). For each line, the stem rust severity was 
multiplied by a constant value for infection response to compute the 
coefficient of infection (CI) (Knott, 1989).

3  | RESULTS

3.1 | Genotypic and phenotypic variation among 
landrace accessions

Tables 1 and 2 present the relevant statistics used for creating core 
set of IWAs. The percentage of DArT-Seq based SNPs with allele fre-
quency between 0.05 and 0.95 was 54%. Shannon-Weaver and Nei's 
diversity indices were used to evaluate diversity using all marker 
data and using equally spaced genome wide 300 markers. The 

mean Shannon-Weaver and Nei diversity indices using all marker 
data (24,620 SNP markers) were 0.152 and 0.189 respectively. 
Phenotypic means and variances are presented in Table 1.

3.2 | Species classification of landraces

The complete set of landraces comprising 2,403 accessions in-
cluded 2,184 hexaploids, 208 tetraploids and 11 unidentified spe-
cies (Figure 2). Among 2,403 accessions, 78 are suspected to be 
non-IWAs, even though they entered in USDA collection during the 
period 1953–1959 (based on USDA GRIN data, Personal commu-
nication with Calvin O. Qualset). The principal component analysis 
(PCA) revealed clear separation of tetraploid and hexaploid acces-
sions (Figure 2); however, some of the accessions overlapped. Within 
hexaploid group, accessions did not cluster according to their geo-
graphical distribution. IWAs from northern, western, eastern and 
central regions were highly dispersed (Figure 3).

3.3 | Genetic classification of hexaploid IWAs

The hexaploid IWAs were first clustered into 1 to 22 clusters based 
on Euclidean distances. Classification was then done in a stepwise 
manner and in every step one group split into two. Thereafter, classes 
of accessions corresponding to group 2 to 22 were compared with 
respect to their geographical distribution (based on available infor-
mation of 1,671 IWAs). Based on the available information, groups 
were compared with respective geographies. Group 2 composed of 
accessions solely from Mashhad (Eastern Iran). Groups 3, 6, 8 and 12 
corresponded to Central, Western, East Central and North Western 
Iran, respectively. Total number of accessions in groups 1, 2, 3, 4, 5, 
6, 7, 8, 9, 10, 11 and 12 were 212, 142, 191, 313, 194, 249, 215, 94, 
35, 130, 282 and 57, respectively. Groups 13–22 were outliers with 
less than 20 accessions. Relatedness among these groups has been 
presented in the dendrogram (Figure 4).

3.4 | Core set formulation and validation

A core set of 305 hexaploid IWAs was selected (Figure 5, Table S2). 
The mean Gower's genetic distance of IWA core and complete sets 
were 0.089 and 0.820. Shannon–Weaver and Nei's diversity indi-
ces of Iranian core set were 0.208 and 0.250, respectively (data not 
presented).

Of the total 37,406 SNP alleles, 19,307 (51.6%) showed 
MAF < 0.05 in the complete set (Figure S1), while 18,486 SNPs 
(49.4%) of core set revealed MAF < 0.05 captured 92.6% of the rare 
alleles of the complete set (Figure S2).

Means and variances of phenotypic values explained by com-
plete and core sets are presented in Table 2. Ratio of core set mean/
complete set mean for all the phenotypic variables were in range 
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Trait Variable Mean Variance CV (%)

Phenology (early = 1; medium = 2;late = 3) ord1 1.71 0.71 49.3

Biomass score-heading:drought (score 1–5, 
1 = lowest biomass & 5 = highest biomass)

ord2 1.37 0.36 43.8

Biomass score-maturity:drought (score 1–5, 
1 = lowest biomass & 5 = highest biomass)

ord3 2.65 0.23 17.9

Days to heading-heat (from seeding date) con1 64.25 25.71 7.9

Days to maturity-heat (from seeding date) con2 81.97 30.70 6.8

Plant height (centimeter)-heat con3 53.75 26.11 9.5

Days to heading-drought (from seeding date) con4 91.58 63.48 8.7

Days to maturity-drought (from seeding 
date)

con5 128.13 56.69 5.8

Grain yield (grams)-drought con6 177.44 4447.07 37.6

Thousand-kernel weight (gms) con7 44.57 33.13 12.9

Test weight (gms) con8 75.31 8.71 3.9

Grain length (mm) con9 7.10 0.15 5.5

Grain width (mm) con10 3.08 0.04 6.4

Screen-1 (>2.8 mm)% con11 46.20 544.50 50.5

Screen-2 (2.8–2.5 mm)% con12 25.86 70.38 32.4

Screen-3 (2.5–2.2 mm)% con13 13.12 67.12 62.5

Yellow berry (%) con14 8.40 74.70 102.8

Grain hardness (%, Antaris) con15 53.48 26.43 9.6

Grain protein (12.5% MB, Antaris) con16 15.86 1.22 6.9

Whole meal SDS-Sedimentation (ml) con17 17.56 11.80 19.6

Abbreviations: Con, continuous variable; Ord, ordinal variable.

TA B L E  1   Phenotypic variables used for 
genetic diversity analysis of complete set 
of 2,403 IWAs

Variable Environment
Mean (complete set/
core set)

Variance (complete 
set/core set)

Phenology (early/med/
late)

Heat 0.96 0.94

Biomass score at 
heading

Drought 0.96 0.99

Biomass score at 
maturity

Drought 0.95 1.14

days to flowering Heat 0.96 0.79

Days to maturity Heat 0.94 0.86

Plant height Heat 0.99 1.07

days to flowering Drought 0.94 0.80

Days to maturity Drought 0.92 0.78

Grain yield (gms/m2) Drought 1.02 0.91

Thousand-kernel weight 
(g)

Quality 1.01 0.76

Test weight (g) Quality 1.11 0.86

Grain length (mm) Quality 1.13 0.75

Grain width (mm) Quality 0.94 0.83

Yellow berry Quality 1.09 1.19

Grain hardiness Quality 0.96 0.91

Grain protein Quality 1.01 0.87

TA B L E  2   Validation of core set 
using phenotypic mean and variance 
comparison in the complete and core 
sets of Iranian bread wheat landrace 
accessions (IWAs). Values present the 
ratio of means and variances of core and 
complete set populations
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F I G U R E  3   Graph presenting the principal component analysis (PCA) of hexaploid Iranian landraces (based on genotype data) in two 
dimensions and depicted with respect to their respective collection sites. Accessions representing different regions in Iran are presented 
with different colours. PC1, 2 & 3 explained 26.9% (PC1 = 19.59%, PC2 = 4.21% and PC3 = 3.11%) of the total genetic variation. X and Y 
axes present the PC1 & PC2, respectively 

F I G U R E  2   Graph presenting the principal component analysis (PCA) of Iranian landraces (based on genotype data) in two dimensions and 
depicted with respect to ploidy levels. Hexaploid, tetraploid, other undetermined species have been presented with different colours. PC1, 2 
& 3 explained 28.9% of the total genetic variation. X and Y axes present the PC1 & PC2, respectively 
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0.92 – 1.13. Similarly, ratio of variances explained by complete ver-
sus core sets ranged 0.75 – 1.19. Core sets represented considerable 
phenotypic diversity of the complete set. The ratio of complete set 
of IWA population and core set for entries from eastern, central and 

northwestern regions were 1.20, 0.80 and 1.07%, respectively (cal-
culated from Table S 1). Therefore, the formulated core set covered 
whole breadth of geographical diversity of the IWAs complete set. 
Further, MDS graph validated that core set is representative of the 

F I G U R E  4   Dendrogram presenting relationship of the 22 Euclidean groups of Iranian landraces in which height corresponds to the 
diversity index (Euclidean distance). X-axis = Numbers 1–22 represents the genetic groups, Y-axis = height corresponding diversity index 

F I G U R E  5   Multidimensional graph 
showing representativeness of core set 
of the complete set of Iranian landrace 
population. The complete and core set 
accessions presented with different 
colour dots. X and Y axes present two 
dimensions 
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complete set of IWA population in terms of genetic as well as phe-
notypic diversity (Figure 5). The ratio of core and complete sets for 
means and variances of traits was close to one, which additionally 
demonstrated that core set is a representation of diversity of the 
complete set.

3.5 | Trait donor identification

Evaluation of IWA core set in two environments -India and Mexico- 
for yellow rust revealed five accessions as resistant. Leaf rust evalu-
ation in two seasons in India identified four accessions as resistant 
and two accessions were found resistant to stem rust based on 
evaluation in Kenya. Also, seven accessions having higher grain zinc 
concentration compared to the local check variety were identified 
using 2-year data (Tables 3a and 3b).

4  | DISCUSSION

Assessment of genetic diversity in wheat landraces from its centre 
of origin through appropriate tools and technologies can deliver a 
significant impact on next-generation wheat varietal improvement, 
thereby contributing to the global food security. This study pre-
sents a comprehensive genotypic and phenotypic characterization 
of 2,403 Iranian wheat landrace accessions from CIMMYT’s wheat 
genebank. These accessions were genotyped by DArT-Seq approach 
and were subjected to large-scale phenotyping in the field condi-
tions under heat, drought and irrigated environments. Furthermore, 
the large dataset was utilized to formulate a core set for its utiliza-
tion in breeding and research. A detailed phenotypic analysis of the 
formulated core set is underway in collaboration with various NARS 
partners and results will be presented in subsequent publications.

Collection site information of 1,671 accessions was available 
which was used, along with genetic groups based on Euclidean 

distance, to classify the landrace accessions into 22 groups. Only 
few groups (Group 2, 3, 6, 8 and 12) showed clustering of acces-
sions according to their geographic origins. Remaining groups did not 
completely agree with their respective collection sites. PCA revealed 
no concurrence of genetic and geographic groupings (Figure 3). 
Euclidean and PCA classifications could not differentiate accessions 
from eastern, central, northern and western Iran. Part of the north-
west Iran is the Fertile Crescent, which is considered as the cen-
tre of origin of wheat (Dvorak et al., 1998). The non-concurrence of 
genetic diversity with geographical origin could be due to the high 
level of genotype movement within country and/or incorrect collec-
tion site details provided in passport data of IWAs. Possibility of high 
level of landrace germplasm movement within different regions of 
Iran could not be ruled out. A comprehensive study focusing this 
question should provide more insight.

Followed by characterization, identification of useful variation is 
the next step. Both genotypes and phenotypes are important vari-
ables from a breeder's perspective because the genetic diversity 
profiles may or may not be good representation of phenotype di-
versity due to several factors, including selection footprints, linkage 
disequilibrium, etc. The core set of IWAs was defined here using 
genotypic and phenotypic variation simultaneously with the help 
of Gower's distance matrix. Gower's distance is well known for 
analysing the discrete and continuous variables together (Pavoine 
et al., 2009). Genotypic and phenotypic variables were merged into 
one distance matrix using Gower's coefficient followed by hierar-
chical multifactor analysis in which variables are explained into dif-
ferent axes. This strategy was followed in a recent study (Vikram 
et al., 2016) while formulating a Mexican landrace core set in which 
six principal axes were used to explain genotypic and phenotypic 
variables. The six principal axes explained 75% of genotypic and 
25% of phenotypic variation. This strategy was followed in formu-
lating IWA core set where six principal axes represented 70% of 
genotypic and 30% of phenotypic variation. Both studies resulted 
in capturing approximately 90% (89% in Mexican core set and 93% 

TA B L E  3 A   List of Iranian landraces identified as potential donors. List of Iranian landraces identified as potential donors for rust diseases

Disease GID IWA-Accession # Location (Year) Location (Year) Location (Year) Location (Year)

Kenya 2015

Stem Rust 189751 IWA 8607436 — — — 5

Mexico 2014 Mexico 2015 India 2014 India 2015

Yellow Rust 187804 IWA 8600542 15 5 0 0

189040 IWA 8606356 15 5 0 10

189085 IWA 8606425 15 5 0 0

189193 IWA 8606575 20 5 0 20

189201 IWA 8606583 15 5 0 0

— — India 2014 India 2015

Leaf Rust 187818 IWA 8600567 — — 10 10

188463 IWA 8603011 — — 10 0

375433 IWA8612701 — — 0 0
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in the present study with Iranian core set) rare allelic variation in the 
core sets. A recent report of wheat core set formulation concluded 
that using only genotype information is not efficient for capturing 
the rare alleles (Wingen et al., 2014). However, based on our previ-
ous report (Vikram et al., 2016) and the present study, it can be con-
cluded that combining multiple variables through Gower's matrix 
and enhancing representation of variables with lesser data points 
(e. g. phenotype), rare allelic variations can be effectively captured 
in the core sets.

Phenotypic evaluation of core sets led to identification of po-
tentially disease resistant and high grain zinc containing accessions 
(Tables 3a and 3b). Interestingly, evaluation of the Iranian landrace 
core set did not lead to identification of any accession which yielded 
significantly better than elite checks under heat and drought stresses 
(data not presented). Broadening of genetic base of the cultivated 
wheat germplasm pool is an important step in developing next gen-
eration climate smart, input-responsive, high yielding varieties. It is 
obvious that enhancing diversity in cultivated germplasm pool should 
provide better opportunities to the wheat breeders in selecting for fa-
vourable alleles. The hexaploid IWA core set can be efficiently utilized 
in broadening genetic base of cultivated wheat. Breeders in several 
countries, including Mexico, India and Pakistan, are currently utilizing 
the IWA core in their breeding programmes.
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