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Abstract
Background and aims Zinc (Zn) and iron (Fe) deficien-
cies are the most important forms of malnutrition glob-
ally, and caused mainly by low dietary intake. Wheat, a
major staple food crop, is inherently low in these
micronutrients. Identifying new QTLs for high grain
Zn (GZn) and Fe (GFe) will contribute to improved
micronutrient density in wheat grain.

Methods Using two recently developed RIL mapping
populations derived from a wild progenitor of a tetraploid
population BSaricanak98 × MM5/4^ and an hexaploid
population BAdana99 × 70,711^, multi-locational field
experiments were conducted over 2 years to identify ge-
nomic regions associated with high grain Zn (GZn) and
grain Fe (GFe) concentrations. Additionally, a greenhouse
exper iment was conducted by growing the
BSaricanak98 × MM5/4^ population in a Zn-deficient
calcareous soil to determine the markers involved in Zn
efficiency (ZnEff) of the genotypes (expressed as the ratio
of shoot dry weight under Zn deficiency to Zn fertilization)
and its relation to GZn. The populations were genotyped
by using DArT markers.
Results Quantitative trait loci (QTL) for high GFe and
GZn concentrations in wheat grains were mapped in the
both RIL mapping populations. Two major QTLs for
increasing GZn were stably detected on chromosomes
1B and 6B of the tetra- and hexaploid mapping popula-
tions, and a GZnQTL on chromosome 2B co-located with
grain GFe, suggesting simultaneous improvement of GFe
and GZn is possible. In the greenhouse experiment, the
RILs exhibited substantial genotypic variation for Zn
efficiency ratio, ranging from 31 % to 90 %. Two QTL
for Zn efficiency were identified on chromosomes 6A and
6B. There was no association between Zn efficiency and
grain Zn concentration among the genotypes. The results
clearly show that Zn efficiency and Zn accumulation in
grain are governed by different genetic mechanisms.
Conclusion Identification of some consistent genomic
regions such as 1B and 6B across two different mapping
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populations suggest these genomic regions might be the
useful regions for further marker development and use
in biofortification breeding programs.

Keywords Biofortification . Iron . Zinc . Zinc
deficiency.Mapping population . QTL .Wheat

Abbreviations
GZn Grain zinc
GFe Grain iron
ZnEff Zn efficiency
QTL Quantitative trait loci
PVE phenotypic variation explained

Introduction

Zinc (Zn) and iron (Fe) deficiencies are increasing con-
cern worldwide affecting greatly human health and
caused mainly by reduced dietary intake (White and
Broadley 2009; Cakmak et al. 2010; Joy et al. 2015).
Micronutrient concentrations are very low in commonly
consumed cereal based diets and their bioavailability is
also significantly affected by dietary factors (Pfeiffer
and McClafferty 2007; Cakmak 2008). It is estimated
that up to one-third of the population in developing
countries are at risk of Zn deficiency (Holtz and
Brown 2004; Nube and Voortman 2011). Due to wide-
spread poverty, the majority of people in the developing
world rely on cereal-based foods as a source of energy
and protein intake, and the animal-based food products
with high level of micronutrients are very rarely con-
sumed (Cakmak 2008; Bouis and Welch 2010). Cereal-
based foods not only contain relatively low levels of Zn
and Fe, but are also rich in compounds limiting bioavail-
ability of Zn and Fe in the body, such as phytate and
fibre (Welch and Graham 2004; Bouis andWelch 2010).

One major strategy to improve the amount of
micronutrients in staple food crops is to exploit the
natural genetic variation for grain micronutrients.
Modern wheat cultivars are, however, very low in con-
centrations of Zn and Fe and show very narrow genetic
variation for micronutrients to be exploited in breeding
programs (Rengel et al. 1999; Cakmak et al. 2010).
Previous reports indicated that wild tetraploid wheat
species (Triticum turgidum sp. dicoccoides) are highly
promising genetic stocks for GZn and GFe (Cakmak
et al. 2004; Distelfeld et al. 2007; Gomez-Becerra et al.

2010a; Chatzav et al. 2010). Substantially high concen-
trations of up to 190mg kg−1 for Zn and 109mg kg−1 for
Fe in grains of wild tetraploid wheat (e.g., wild emmer
wheat) have been reported (Cakmak et al. 2004, 2010).

A series of studies at CIMMYT has shown that there
is a two- to three-fold variation for GZn and GFe con-
centrations within wheat germplasm genepools (Ortiz-
Monasterio and Graham 2000; Guzman et al. 2014).
The inheritance of nutritional traits in crops appears to
be mostly quantitative, influenced by the environment
(Cichy et al. 2009; Blair et al. 2009). Improving GFe
and GZn concentration in a particular crop by traditional
breeding methods depends on what extent these traits
are heritable. Experiments at CIMMYT demonstrated
medium to high heritability for GZn and GFe across
varying environmental conditions (Velu et al. 2012).
Recently, it has been reported that wheat plants grown
under yield-limiting conditions such as under heat and
drought stress contain higher GZn concentrations (Velu
et al. 2016). Besides its effect on nutritional quality, Zn
deficiency is also an important constraint to crop pro-
duction. At least one third of world’s cultivated soils are
deficient in plant-available Zn, leading to expression of
Zn deficiency in crop plants and depression in their yield
especially in cereals (Graham et al. 1992; Cakmak 2008;
Impa and Sarah 2012). Therefore, like high Zn in grain,
high tolerance to Zn deficiency in soils represents an
important breeding target. Both cereal species and ge-
notypes of a given cereal species are known to show
high variation in their tolerance to Zn deficiency in soils
(Graham et al. 1992; Cakmak et al. 1998, 1999).

The rapid development of DNA marker technology
provides great opportunities to enhance nutritive values
of wheat grain and also to identify genotypes tolerating
Zn deficiency. Molecular markers can improve breeding
efficiency and accelerate breeding cycles by efficient
and precise identification of a trait of interest linked to
them. During the past few decades molecular markers
have been widely used in plant breeding and related
genetic studies in wheat (Bonnett et al. 2005; Gupta
et al. 2010). The identification and use of quantitative
trait loci (QTL) and DNA markers that are linked to
GZn and GFe concentrations is a promising approach to
improve wheat with high micronutrient concentrations.
Many publications have now identified QTLs linked to
accumulation of GZn and GFe in wheat. More
than twenty different QTL for increased GZn and GFe
have been reported on ten different chromosomes in
diploid (T. monococcum and T. boeoticum), tetraploid
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(T. dicoccoides and T. durum), and hexaploid wheats
(T. aestivum) suggesting that GZn and GFe are governed
by complex inheritance (Genc et al. 2009; Peleg et al.
2009; Hao et al. 2014; Tiwari et al. 2016). Wild emmer
wheat and Triticum aestivum ssp. Sphaerococum hold
rich allelic diversity for micronutrients (Cakmak et al.
2004; Gomez-Becerra et al. 2010a), which is believed to
be depleted in modern wheat germplasm.

In the present study, 2 recently-developed mapping
populations were used. Intensive screening studies at
Sabanci University in collaboration with Haifa and
Jerusalem Universities have identified various promis-
ing wild emmer genotypes with high GZn and GFe.
Among these promising wild emmer genotypes MM5/
4 was a particular one that was simultaneously rich in
protein, Zn and Fe and had high Zn deficiency tolerance
(Zn efficiency) and drought stress tolerance (Peleg et al.
2008; Gomez-Becerra et al. 2010a). MM5/4 also exhib-
ited high environmental stability in terms of GZn and
GFe when grown at 5 locations (Gomez-Becerra et al.
2010a). One of the mapping populations used in this
study was derived from the cross between MM5/4 and
the cultivated tetraploid wheat Saricanak98. Triticum
aestivum ssp. Sphaerococcum is a hexaploid wheat en-
demic to Pakistan and India (Mori et al. 2013) and has
high Zn efficiency (e.g., higher tolerance to Zn deficien-
cy and high Zn accumulation capacity (Cakmak et al.
1999). The second mapping population used in the
present study was developed from the cross between
Triticum aestivum ssp. Sphaerococcum and cultivated
hexaploid wheat Adana99. By using these 2 mapping
populations, multi-locational field experiments were
conducted to identify genomic regions associated with
high GZn and GFe concentrations. Additionally,
Saricanak98 × MM 5/4 mapping population has been
grown on a Zn-deficient calcareous soil under green-
house conditions to examine a link between grain
micronutrients of the genotypes with Zn deficiency
tolerance or shoot concentrations of Zn.

Materials and methods

Plant materials

The hexaploid mapping population derived from a cross
between ‘Adana99’ (a spring modern bread wheat
grown in Mediterranean part of Turkey) and Triticum
sphaerococum. The Triticum sphaerococum line 70,711

was used in development of the corresponding mapping
population and received from Dr. Hakan Ozkan
(Cukurova University, Adana, Turkey). A total of 127
RILs were developed from the cross between Adana99
and 70,711 at Sabanci University, and used for QTL
mapping of high GZn and GFe concentrations related
loci. The tetraploid population derived from the
Saricanak98 × MM 5/4 mapping population consisted
of 105 F7 recombinant inbred lines (RILs) developed
through single seed descend method at Sabanci
University, Turkey. Saricanak98 is a cultivated durum
wheat cultivar grown in Turkey and MM 5/4 is a tetra-
ploid wild emmer wheat (T. dicoccon).

Field trials

Field trials were conducted at Turkey in two different
locations (Sakarya and Kahramanmaras) and at the
Norman E. Borlaug Experimental Station in Ciudad
Obregon, Mexico during 2012–13 crop seasons. The
hexaploid RIL population (Adana99 × 70,711) was
planted and phenotyped in the following 4 different
location/year combinations: i) Sakarya 2012
(2012TSK), ii) Sakarya 2013 (2013TSK), iii)
Kahramanmaras 2012 (2012TKM), and iv) Ciudad
Obregon, Mexico 2013 (2013MCO). In the case of the
tetraploid population (Saricanak98 × MM 5/4) the fol-
lowing 3 location/year combination were used: i)
Sakarya 2012 (2012TSK), ii) Kahramanmaras
2013(2013TKM) and iii) Ciudad Obregon, Mexico
2013 (2013MCO).

The experiments at CIMMYT in Mexico were man-
aged in the following way: soil Zn heterogeneity in the
experimental field was minimized by a basal application
of 25 kg ha−1 ZnSO4.7H2O. In all trials, basal dose of
50 kg ha−1 N and 80 kg ha−1 P2O5 was applied at the
time of planting and additional 100 kg of Nwere applied
at vegetative stage. Optimal water was supplied through
five irrigations during the crop period to favor good
plant stand. The RIL populations, along with the parents
were evaluated as randomized complete block designs,
with two replicates for each year. Each entry with
approximately 60–70 seeds was grown in 1 m long
paired rows, spaced 20 cm apart on top of 80 cm wide
raised beds, with a 0.5 m pathway. Pesticides were
applied as needed to keep experimental plots free from
diseases and aphids.

Experiments in Turkey (Sakarya 2012 and 2013; and
Kahramanmaras 2013) were planted during the fall
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under rainfed conditions. Experimental units consisted
of double rows of 1 m long with 20 cm separation
between rows with a seed density of 70 seeds per 1
linear meter, using conventional flat land preparation
(not raised beds like in Ciudad Obregon). Every exper-
imental line was planted in randomized complete block
design with 3 replications. Conventional NPK fertiliza-
tion has been made by considering recommended rates
for the given region. Weeds were controlled both by
mechanical removal and by using herbicides. Bread
wheat varieties were used as local checks in the
hexaploid population field trials. In the case of durum
wheat, varieties Balcali 2000 and Guney Yildizi were
used as local checks.

Greenhouse (GH) experiment

The Sarıcanak98 × MM5/4 tetraploid population with
106 RILs was grown in pots under greenhouse
>conditions in a <?thyc=Zn-deficient calcareous soil
(18 % CaCO3) with high pH (pH 8.0 in dH2O). The soil
had a clay-loam texture and low organic matter content
(1.5 %). The concentration of diethylenetriamine
pentaacetic acid (DTPA)-extractableZnwas0.1mgkg−1,
measured using the method of Lindsay and Norvell
(1978). Experimental plants were grown with and with-
out application of Zn at 5 mg kg−1 soil applied as
ZnSO4.7H2O in 3 replicates with a basal treatment of
200 mg N kg –l soil and 100 mg P kg −1 soil in form of
Ca(NO3)2 and KH2PO4, respectively. The nutrients
were mixed throughly with the soil before sowing.
About 15 seeds were sown per pot, and after emergence
the seedlings were thinned to 8 seedlings per pot. All
pots were randomized in the greenhouse and watered
daily with deionized water. Plants were harvested
40 days after sowing (around beginning of stem elon-
gation) because of large differences in expression of Zn
deficiency symptoms and growth among the genotypes.
At harvest, only shoots were harvested to determine
shoot dry matter production and shoot concentrations
of Zn, Fe and other nutrients by using an inductively
coupled plasma optical emission spectrometer (ICP-
OES) as described below. By considering shoot dry
matter production with and without Zn fertilization,
the Zn deficiency tolerance index (Zn efficiency ratio)
of each line was calculated as following: shoot dry
weight at low Zn/ shoot dry weight at adequate Zn
supply ×100.

Grain sampling and trait determination

Plant material at the field experiments was harvested at
complete maturity. Grain samples collected from each
entry in Turkey and Mexico were carefully cleaned to
discard broken grains and foreign material, and were
used for the analysis of GZn, GFe and other nutrients.
For grain samples from Mexico, a ‘bench-top’, non-
destructive, energy-dispersive X-ray fluorescence spec-
trometry (EDXRF) instrument (model X-Supreme
8000, Oxford Instruments plc, Abingdon, UK) was used
to measure GZn and GFe concentrations. Previously, X-
ray fluorescence spectrometry has been standardized for
high throughput screening of micronutrients in whole
wheat grain (Paltridge et al. 2012). Micronutrient anal-
ysis of grain samples collected in Turkey was conducted
at Sabanci University by using ICP-OES (Vista-Pro
Axial; Varian Pty Ltd., Mulgrave, Australia) after
digesting samples in a closed microwave system diges-
tion (MarsExpress CEM Corp.) in 5 ml concentrated
HNO3 and 2 ml concentrated H2O2.

Genotyping, map construction and data analysis

Genomic DNA was isolated according to the method
described by Diversity Arrays P/L (http://www.
triticarte.com.au/content/DNA-preparation.html). The
two RIL populations and parents were genotyped
using DArT (Diversity Arrays Technology, available
from Diversity Arrays P/L; http://www.diversityarrays.
com, Canberra, Australia). The DArT platform for
wheat has the potential to generate thousands of high-
quality genomic dominant markers with low cost and
shorter time frame. It can be used for construction of
high-density genetic linkage maps with even distribu-
tion of markers over the A, B and D genomes, which
offers real advantages for a range of molecular breeding
and genomic applications. We chose a high-density
array version 3 that includes about 7000 markers with
an increased coverage of the wheat D genome, thus
providing a cost-effective approach for obtaining
genome-wide coverage of markers. Polymorphic loci
were scored as present (1) or absent (0). Genomic
DNA was isolated according to the method described
by Diversity Arrays P/L,. Genetic maps were construct-
ed using the protocol described by Hao et al. (2011) and
further quality control of maps was conducted by using
the ‘plot.rf’ function in R/qtl (Broman et al. 2003).
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QTL analysis

QTL were detected via composite interval mapping
(CIM) analysis using Windows QTL Cartographer 2.5
(shortened as WinQTLCart hereafter). We adopted de-
fault CIM control panel parameters: the model was
standard, control marker number was 5, window size
was 10 cM, regression method was backward, and
the walk speed was set as 1 cM. LOD thresholds
were calculated from 1000 permutations for each
trait to declare significance levels and LOD thresh-
old levels of 3.0 and 2.0 were set for QTL iden-
tification of GZn and GFe, and Zn efficiency
traits, respectively (Wang et al. 2012).

Also R/qtl was used for QTL detection and validation
(http://www.rqtl.org). R/qtl is an extensible, interactive
environment for mapping QTL in experimental crosses.
It is implemented as an add-on package for the freely
available and widely used statistical language R
(http://www.r-project.org). We selected the multiple
imputation method for single QTL genome scanning
because current genetic maps contain several regions
with low genotype information (such as large gaps
between markers). The ‘fitqtl’ function was used to
estimate the QTL effect when identified. Due to the
small population size, we did not consider epistasis
effects. The ‘plot.pxg’ and/or ‘effectplot’ functions
were used to create dot or effect plots of phenotypes
against genotypes at selected loci.

Statistical analysis

We used Microsoft Office Excel 2010 (Microsoft Corp.,
Redmond, WA) to create a GZn frequency distribution
chart. The SAS 9.1 statistical package was used for
statistical analysis and output of the histograms (SAS
Institute, Cary, NC, USA). Broad sense heritability (H2)
was estimated across environments using variance com-
ponents estimated based on ANOVA (Analysis of vari-
ance) with the formula:

H2 ¼ σ2g

σ2gþ σ2ge

y
þ σ2E

ry

where σ2
g is genetic variance, σ2

ge is genotype-by-
experiment interaction, σ2

E is error variance, y is num-
ber of experiments, and r is the replication number.

Pearson correlation coefficients were calculated using
the PROC CORR procedure of SAS.

Results

Phenotypic variation for GZn and GFe

Adana 99 × 70,711 recombinant inbred lines
population

The 127 RILs obtained from a cross between
Adana99 × 70,711 showed large variation for GZn,
ranging from 35 to 80 mg kg−1 in Turkey Sakarya
2012 (2012TSK), from 23 to 60 mg kg−1 in Turkey
Sakarya 2013 (2013TSK), from 21 to 49 mg kg−1 in
Turkey Kahramanmaras 2012 (2012TKM) and from 51
to 91 mg kg−1 in Ciudad Obregon, Mexico 2013
(2013MCO) (Table 1; Fig. 1a). The GFe ranged from
30 to 71 mg kg−1 in 2012TSK, from 31 to 88 mg kg−1 in
2013TSK, from 26 to 55 mg kg−1 in 2012TKM
and from 33 to 55 mg kg−1 in 2013MCO environ-
ments (Table 1; Fig. 2a). The correlation coeffi-
cient (r) among these environments for GZn and
GFe is shown in Table 2. The strength of correla-
tions for GZn in different environments was weak
to medium indicating the trait is sensitive to the
environment and a similar correlation was found
for GFe between 2013TSK and 2012TKM environ-
ments (r = 0.562; P < 0.01). Significant positive corre-
lation was observed between GZn and GFe across
different environments indicating pleiotropic effect or
co-localization of QTL contributing to higher concen-
trations of both GZn and GFe in wheat.

Saricanak98 × MM5/4 recombinant inbred lines
population

Saricanak98 × MM5/4 mapping population was
grown both under field conditions until grain mat-
uration and also under greenhouse (GH) conditions
to the beginning of stem elongation. Significant
variation has been observed for GZn and GFe among
RILs derived from the cross Saricanak98 × MM5/4. A
large genetic variation for GZn was found in different
locations, ranging from 55 to 102 mg kg−1 (mean:
77 mg kg−1) in 2013MCO, from 51 to 88 with the mean
of 77 mg kg−1 in 2012TSK and from 34 to 72 mg kg−1

with a mean of 48 mg kg−1 in 2012TKM (Table 1;
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Fig. 1b). In the case of the parents, MM5/4 showed 5
and 10 mg kg−1 higher GZn than the Saricanak98 at
2012TSK and 2013MCO locations, respectively.
Significant variation for GFe was found and
ranged from 39 to 48 mg kg−1 with a mean of
42 mg kg−1 in 2013MCO, 34 to 84 mg kg−1 with
an average of 50 mg kg−1 in 2012TSK and 31 to
62 mg kg−1 with an average of 44 mg kg−1 in
2012TKM (Table 1; Fig. 2b), indicating that a large
variation for grain Zn and Fe exists within the RILs for
GZn and GFe.

There was also a large genetic variation for Zn effi-
ciency (ZnEff) of the genotypes when grown on a Zn-
deficient soil under greenhouse conditions (Fig. 3;
Table 3). Zinc efficiency ratio of 106 lines varied from
31% (sensitive to Zn deficiency) to 91% (tolerant to Zn
deficiency) with a mean value of 60 % (Table 3). From
the parental genotypes, MM 5/4 had higher Zn

efficiency ratio than the Saricanak98. Interestingly,
shoot Zn concentrations of both parental genotypes
were similar, indicating that shoot Zn concentration
is not a good indicator for differential Zn efficien-
cy. Absence of a relation between shoot Zn con-
centration and Zn efficiency ratio was also found
within 106 lines as shown in Fig. 4. When Zn was
applied at the adequate amount to soil, the shoot
Zn concentrations of the 106 lines varied between
27 to 68 mg kg−1, while in case of Zn deficiency, shoot
Zn was between 4.8 to 8.0 mg kg−1 with an average
value of 6.0 (Table 3).

Studying the relationship between shoot Zn con-
centrations under greenhouse and grain-Zn concen-
trations under field studies using the same popula-
tion might be important to determine to if shoot
and grain Zn concentrations are linked and con-
trolled genetically by similar mechanisms, or if

Table 1 Mean, range, heritability for different traits in Saricanak98 × MM5/4 and Adana 99 × 70,711 mapping populations

Population trait Environment/locations Parent 1
(mg kg−1)

Parent 2
(mg kg−1)

Range (RILs)
mg kg−1

Mean
(mg kg−1)

H2 LSD

Saricanak × MM5/4

GZn MCO2013 58.5 72.4 49–110 77 0.8 13.3

2012TSK 51–88 70 0.7 8.1

2013TKM 40.0 45.0 34–72 48 0.7 7.6

GH-13 Zn efficiency 50.0 67.0 31–90 60 14.2

GH-13 Total plant Zn (Zn deficient) 54.0 47.0 27–64 45 7.3

GH-13 Total plant Zn (Zn sufficient) 71.0 67.0 34–121 61 15.4

GFe MCO2013 34.0 47.6 32–60 42 0.3 9.4

2012TSK 34–84 50 8.3

2013TKM 38.0 39.0 31–62 44 6.7

GH-13 Total plant Fe (Zn deficient) 45.0 76.0 27–140 68 20.6

GH-13 Total plant Fe (Zn sufficient) 62.0 64.0 32–133 82 18.8

Adana 99 × 70,711

GZn MCO2013 53.1 74.0 51–91 69 0.6 15.1

2012TSK 55.0 70.0 35–80 52

2013TSK 27.0 42.0 23–60 36

2012TKM 31.0 32.0 21–49 33

GFe MCO2013 32.9 42.3 32–54 40 0.3 10.1

2012TSK 52.0 55.0 30–71 46

2013TSK 41.0 45.0 31–88 41

2012TKM 35.0 43.0 26–54 36

PH MCO2013 105.0 128.0 58–138 111 0.9 8.6

TKW MCO2013 38.6 34.6 30.4–46.6 37 0.8 4.2
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their genetic controls are different and independent.
The results from greenhouse and field experiments
showed no correlation between shoot-Zn and
grain-Zn for the low Zn soil treatment (−Zn)
(Fig. 5). In the case of adequate Zn supply (+Zn)

treatment, no correlation was found between shoot-Zn
(green house) and grain-Zn (field experiments)
(r = 0.14). This shows that shoot Zn concentration, at
least at early growth stage, seems to be independent of
the grain Zn concentrations.

Fig. 1 a Frequency distributions of grain zinc concentration
(GZn) in four environments (Turkey Sakarya-TSK, 2012TSK,
Turkey Kahramanmaras-TKM 2012TKM, Turkey Sakarya-TSK
2013TSK and Ciudad Obregon, Mexico MCO -2013MCO) for
the Adana 99 ×70711 mapping population. b Frequency

distributions of grain zinc concentration (GZn) in three environ-
ments (Turkey Sakarya-TSK 2012TSK, Turkey Kahramanmaras-
TKM 2013TKM, and Ciudad Obregon, Mexico-MCO,
MCO2013) and Zn efficiency from Green house 2013(GH-
2013) for the Saricanak98 × MM5/4 mapping population
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Fig. 2 a Frequency distributions of grain iron concentration
(GFe) in four environments (Turkey Sakarya-TSK 2012TSK,
Turkey Kahramanmaras-TKM, 2012TKM, Turkey Sakarya-
TSK, 2013TSK and Ciudad Obregon, Mexico 2013MCO) for
the Adana 99 ×70711 mapping population. b Frequency

distributions of grain Fe concentration (GFe) in three environ-
men t s (Tu r k ey Saka r y a -TSK , 2012TSK , Tu rk ey
Kahramanmaras-TKM, 2013TKM, andCiudad Obregon,Mexico,
MCO, MCO2013) for the Saricanak98 × MM5/4 mapping
population
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Identification of QTL for GZn and GFe

Adana × 70,711 RIL population

A genetic linkage map was constructed with DArT
(Diversity Arrays Technology) markers containing 700
loci. The map spanned 3211.8 cM, with 1089.1, 855.2,
and 1267.5 cM in the A, B, and D genomes, respectively,
and covered all 21 wheat chromosomes with an average
density of 4.6 cM/marker (see Supplementary Fig. 1;
Supplementary Table 1). Pairwise recombination fractions
were further estimated between all pairs ofmarkers in R/qtl
(http://www.rqtl.org/) to check the map quality. No strange
pattern was found in the current map (Supplementary Fig.
2). Therefore, the map was good and can be used for QTL
analysis.Whole genome scanning was conducted to detect
QTL for high GZn content via Windows QTL
Cartographer 2.5. One QTL on 1B was identified in the
environment 2012TSK (Turkey Sakarya); and four QTLs
were detected on 1D, 2B, 3A and 7A in the environment
2013TSK; three QTLs were found in the environment
2012TKM (Turkey Kahramanmaras) on 6A, 6B and
7A; two QTLs on 3D and 7B were detected in the
environment 2013MCO (Ciudad Obregon, Mexico)
(Table 4). Three major QTLs were found for GZn, the
QTL QGzn.ada.1D (ada is the abbreviation of theT
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mapping population Adana) flanked by wPt6979 and
wPt730718, and QGzn.ada.6B flanked by wPt667798
and wPt7065 followed by QGzn.ada.7B flanked by
wPt733112 marker and the proportion of phenotypic var-
iation explained (PVE) by these QTLs varied from 25 to
31 %. Another 6 QTLs were identified on chromosomes
1B, 2B, 3A, 3B, 6A and 6B and the PVE explained by
these QTL ranged from 9 to 15 % indicating quantitative
nature of inheritance for GZn (Fig. 6). In the case of GFe,
two major QTLs were found on chromosome 2B, the
QGfe.ada.2Btsk and QGfe.ada.2Btkm flanked by wPt9812
and wPt1394 and wPt7864 markers, respectively,
explaining 17 % of PVE individually. The Zn QTL on

2B (QGZn.ada.2B) co-located with the GFe QTL (QGfe.
ada.2Btsk) suggesting the same genomic region controlling
both Fe and Zn as this was the evidence from the positive
high correlation between GZn and GFe in this population.

Saricanak98 × MM5/4 recombinant inbred lines
population

A genetic linkage map was constructed with DArT
(Diversity Arrays Technology) markers containing 359
loci. There were 12 linkage groups (LG) that were
obtained from the linkage analysis, with a total distance
of 2668.85 cM. Thus, the LG have on average one
marker every 7.4 cM. A genetic map was developed
and is shown in Fig. 7. Three QTLs were found for GZn,
of these, QGzn.sar_1BMCO and QGzn.sar_6B where
identified in 2013MCO season in Mexico which is
flanked by wPt3819-wPt6117, wPt743099-wPt5037,
respectively, and another QTL in Sakarya location
QGZn.sar_1Btsk flanked by wPt6434-wPt1403 and
these QTL explaining PVE% ranged from 9 to 12 %
(Table 5). For Zn efficiency (ZnEff), two QTLs were
found on chromosomes 6A and 6B, and the QTL
Qzneff.sar_6A and Qzneff.sar_6B flanked by
wPt732324-wPt733051 and wPt733958-wPt-741,804
markers, respectively, and explaining 6 % to 9 % of
PVE. These results suggest that there is no linkage
between QTL for GZn and ZnEff and apparently there

Table 3 Shoot dry matter, Zn efficiency ratio and shoot Zn and Fe
concentration of the parents Saricanak98 and MM 5/4 and their
106 progenies (RILs) grown at two different soil Zn treatments (0

and 5 mg kg−1 soil) in pots under greenhouse conditions. Zn
efficiency ratio has been calculated as the ratio of shoot dry weight
at no Zn to at adequate Zn application

Soil Zn supply Dry matter Zn efficiency ratio Zn Fe
mg kg−1 (g plant−1) (%) (mg kg−1)

Sarıçanak 98 0 0.66 50 5.7 67

Sarıçanak 98 5 1.33 54.0 47

MM 5/4 0 0.95 67 5.1 79

MM 5/4 5 1.42 47.0 45

Sarıçanak98 × MM 5/4

Soil Zn supply Dry matter Zn efficiency ratio Zn Fe

mg kg−1 (g plant−1) (%) (mg kg−1)

Maximum 0 1.67 90 8.0 128

Minimum 0.40 31 4.8 59

Mean 0.80 60 6.0 86

Maximum 5 2.01 68 110

Minimum 0.56 27 38

Mean 1.36 45 61

R² = 0.0003 
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Fig 4 Correlation co-efficient between shoot Zn concentration
under low Zn supply and Zn efficiency of the genotypes in
Saricanak98 × MM5/4 population
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are different mechanisms involved in Zn accumulation
in grain and Zn deficiency tolerance (Zn efficiency).
Similarly, there is also no relation between shoot Zn
concentrations and grain Zn of plants. In the case of
GFe, a QTL on chromosome 5B (QGfe.sar_5B) was
flanked by wPt9504-wPt8125 markers, and the QTL
explaining 15 % of PVE.

Discussion

The understanding of the genetic basis of accumulation
of micronutrients in the wheat grain and mapping of the
quantitative trait loci (QTL) will provide the basis for
devising appropriate breeding strategies for improving
grain micronutrient concentrations through marker-
assisted selection (MAS). To facilitate breeding by
MAS, knowledge on the genetic factors affecting Zn
and Fe concentrations is important. This study identified
QTL conferring high grain Zn and Fe, along with Zn
efficiency (e.g., Zn deficiency tolerance) and assessed
whether Zn uptake and remobilization into grain are
governed by the same or different genes. The parental
lines of the mapping populations used in the present
study also carry other desirable traits such as high
drought tolerance and protein concentrations (Peleg
et al. 2008) which can be investigated for their genetic
relation to grain micronutrients in future studies.

In this study, grain Zn, Fe and ZnEff was mapped to a
continuous distribution in the RIL populations indicat-
ing quantitative nature of inheritance. The recovery of
higher concentration of GZn and GFe within the RILs
was due to transgressive segregation suggesting that

both parents carried a few different genes with alleles
contributing to increased Zn and Fe concentration
(Ozkan et al. 2007; Xu et al. 2012). Variation in recom-
binant inbred lines for Zn and Fe were earlier reported
(Tiwari et al. 2009; Cakmak et al. 2004; Srinivasa et al.
2014). We detected two major QTL for increasing GZn,
on chromosomes 1B and 6B in both tetra- and hexaploid
mapping populations. Interestingly, similar genomic re-
gion on chromosome 1B was reported by Hao et al.
(2014) and Tiwari et al. (2016) (S. Fig. 3). The 6B QTL
(QGzn.ada-6B) identified in this study may be associat-
ed with the GPC-B1 gene identified and cloned in
chromosome 6B (Uauy et al. 2006; Distelfeld et al.
2007), which is associated with increased GZn and
GFe from T. dicoccoides, encodes a NAC transcription
factor (NAM-B1) that accelerates senescence and
increases nutrient remobilization from leaves to grain.
We found another major QTL on chromosome 7B from
the hexaploid population. Singh et al. (2010) reported a
QTL on chromosome 7B for grain Zn. We identified a
QTL on chromosome 2B (QGzn.ada-2B) for GZn from
parent ‘Adana’ showed a pleiotropic effect for GFe (S.
Fig. 4), suggesting positive association of a locus for
increasing Zn and Fe simultaneously. The co-
localization of grain Zn and Fe QTL has also been
observed in tetraploid (Peleg et al. 2009) and hexploid
wheats (Crespo-Hererra et al. 2016). This result sug-
gests that there is a similar genetic basis for grain Zn and
Fe accumulation in wheat grain, indicating that GZn and
GFe can be combined and improved simultaneously
(Cakmak et al. 2004; Tiwari et al. 2009; Genc et al.
2009; Xu et al. 2012). For grain Fe concentration a QTL
on chromosome 2B (QGfe.ada-2Btsk & tkm) were identi-
fied, the similar genomic region for GFe was reported
by Yasmin et al. (2013). Although genomic regions
were similar between these two studies the DArT
markers were different, suggesting that there may be
different loci for GFe. It is known that several common
physiological mechanisms and factors contribute to root
uptake, shoot transport and seed allocation of Zn and Fe
such as phytosiderophore-mediated root uptake and
nicotianamine-dependent transportation and seed depo-
sition of micronutrients (Cakmak et al. 2010; Clemens
et al. 2013; Briat et al. 2015; Masuda et al. 2013). These
physiological mechanisms are probably under the influ-
ence of promising genomic regions identified in this
study.

The tetraploid population BSaricanak98 × MM5/4^
showed also an impressive genetic variation for Zn

R² = 0.0017
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Fig. 6 A whole-genome view of QTL detection for high grain zinc concentration based on CIM analysis in different environments of
Adana99 × 70711 population.
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efficiency. Previously, a high genotypic variation for Zn
efficiency has also been also found in wild ancestors and
primitive wheats, and therefore they may represent a
source of variation for development of wheat varieties
adapted to Zn-deficient soils. For instance, several ac-
cessions of T. dicoccoides originating from Israel were
found to be a good source for Zn efficiency (Cakmak
et al. 1999; Peleg et al. 2008). Also in the present study,
substantial genetic variation for Zn efficiency (a range of

3-fold) was found supporting previous results (Fig. 3;
Table 3). Selected wheat landraces with well-developed
root systems may be used as a source of variation for the
genetic improvement of root uptake of Zn, Fe and other
nutrients in high yielding elite germplasm (Waines and
Ehdaie 2007). Wheat genotypes with increased root
capacity for better soil exploration have been shown to
be critical in better Zn uptake and higher of Zn efficien-
cy (Genc and Huan 2007). Differential expression of

Fig. 7 Awhole-genome view of QTL detection for high GZn, GFe and ZnEff in Saricanak98 × MM5/4 mapping population
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Fig. 7 (continued)
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root physiological mechanisms contributing to in-
creased solubilization of Zn in soils and root Zn uptake,
for example by root release of phytosiderophores
(Cakmak et al. 1998; Impa and Sarah 2012) is probably
a further important factor affecting genotypic variation
for Zn efficiency among the lines of the mapping pop-
ulation. In the present study, QTLs linked to expression
of high Zn efficiency were identified on chromosomes
6A and 6B which have not yet been reported earlier but
needs further validation. Current results clearly show
that Zn efficiency or shoot Zn concentration have no
relation to GZn concentration (Figs. 4 and 5), and these
traits seems to be governed by different genes. A similar
observation was made also among different cereal spe-
cies. Rye is known as a highly Zn-efficient species and
show very high Zn deficiency tolerance and an in-
creased Zn uptake capacity but has a very low GZn
concentration (Cakmak et al. 1997, 1998).

The present study also identified a number of chro-
mosome regions that may be useful to improve Zn and
Fe concentrations in the wheat grain. There are consis-
tent QTL on chromosomes 1B (QGzn.ada-1B and
QGzn.sar_1B ) and 6B (QGzn.ada-6B and
QGzn.sar_6B), across two different mapping popula-
tions, suggests common genomic regions (though there
were different DArT markers identified per popula-
tion). Further analysis of these two regions might
provide useful candidate regions for future marker
development. Additionally, about 10 recombinant in-
bred lines with GZn more than 60 mg kg−1 were
selected considering that they have major QTL (1B,
6B, 7B) and are being used in the biofortification
breeding program at CIMMYT. Similarly, different
breeding populations from the same crosses (e.g.,
Adana99 × 70,711 and Saricanak98 × MM 5/4) with
different levels of backcrossing (e.g. from BC1 to BC3
derived populations) have been created and selected in
Turkey under different environments. Increasing mi-
cronutrient content remains a great opportunity to ex-
ploit diverse genetic resources including T.dicoccoides
and T. spelta, landraces which are not been explored in
modern wheat breeding (Cakmak et al. 1999; Gomez-
Becerra et al. 2010a, 2010b). The characterization and
utilization of major QTLs identified in this study will
facilitate the selection of high yielding, Zn enriched
wheat germplasm. Potential strategies for utilization of
identified Zn loci in wheat biofortification includes
introgressing 2 to 3 novel high GZn loci of large
effects into a core set of high-yielding elite wheatT
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backgrounds via either traditional backcrosses, or
backcrossing with marker-assisted selection or marker-
assisted background selection (Randhawa et al. 2013);
the improved lines can then be used as parents in crosses
to select progenies with higher yielding performance along
with highGZn. It is also encouraging that some of the high
GZn and GFe lines showed stable performance with sim-
ilar rank orders across different environments, although
there is some evidence of G × E interactions (Graham
et al. 1999; Zhao et al. 2009; Joshi et al. 2010 and Velu
et al. 2012). Advanced breeding lines derived from the
targeted crossing of high yielding, disease-resistant varie-
ties with high GFe and GZn containing lines are being
commercialized as biofortified wheat varieties in target
regions of South Asia (Velu et al. 2015). Moreover, these
populations also represent a valuable breeding resource for
the introgression of those QTLs into elite winter wheat for
Turkey and Central Asia region. Additional research has
also shown that there is no negative correlation between
grain yield and Fe and Zn concentrations in wheat grain
(Graham et al. 1999).

In conclusion, we found several genomic regions
with positive additive effects for GZn and GFe from
the wild emmer and T. aetivum ssp. Spherococcum
parents. The stable regions detected on chromosomes
1B and 6B of the tetra- and hexaploid mapping popula-
tions, and a GZn QTL on chromosome 2B co-located
with grain GFe, suggesting that simultaneous improve-
ment of GFe and GZn is highly possible. Conversion of
linked DArT markers into other user-friendly SNP
markers would facilitate further validation and precise
introgression of potential genomic regions identified in
this study through MAS in the biofortification breeding.
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