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ABSTRACT

Plants are the most important source of Fe for humans and animals; therefore, its accumulation in edible plant parts is of great
importance. Since plant species, ecotypes, genotypes, lines, and varieties may differ in their ability to accumulate mineral
elements, the aim of this study was to i) examine the accumulation of Fe in the grain of Aegilops and Triticum species with
different genomes (AA, BB, BBAA, BBAADD), ii) study the relationship between the level of ploidy and grain Fe accumulation, and
iii) analyze correlations between grain size and Fe concentration. Twenty different genotypes were included in three-year field
experiments. The examined species and genotypes differed significantly with respect to grain Fe concentration, which was the
highest in diploid Aegilops speltoides (BB genome). Tetraploid and modern cultivated hexaploid varieties displayed substantial
variation in Fe concentration in the whole grain. Genotypes also differed significantly in thousand grain weight (TGW), which was
the smallest in Aegilops speltoides. A significant negative correlation was found between grain Fe concentration and TGW, and a
positive correlation between TGW and Fe content in individual grains. The higher accumulation of Fe in individual grains of
tetraploid and hexaploid wheat vs. diploid ancestors suggests that the increase in ploidy led to an increase in the capacity of
grains to serve as a sink for that Fe. The results indicate that genetic diversity in the wheat genome is sufficient to allow a
significant increase in Fe concentration in the wheat grain.

Keywords: whole grain, iron concentration, grain size, diploid, tetraploid, hexaploid wheat.

M3BOJ

Busbke npefcTaB/bajy HajBaxkHUjU U3BOp Fe 3a Jbysie U )KUBOTHIbE; 3aTO je Her0BO HAKYI/bakhe Y jeCTUBUM JieJIOBUMA GU/baKa
BeOMa 3Ha4dajHo. [lomTo GM/bHE BpPCTE, €KOTHUIIOBM, eHOTHUIIOBH, JIMHHUje M COPTE MOTY Ja Ce DPa3/IMKyjy y HaKyIlbakby
MUHEpaJHUX MaTepuja, LW/b OBOT pajia je 6O Jja ce UCIUTA HaKyIubawe Fe y 3pHy BpcTa Aegilops u Triticum Koje ce 0JJIUKYjy
passnyuTuM reHomuma (AA, BB, BBAA, BBAADD), ii) uctpaxu oiHoc u3Mehy HUMBOA IJIOUAHOCTU U HaKyIbawa Fe y 3pHy H iii)
aHanu3upa Mehy3aBUCHOCT BeJIMUMHe 3pHa U KoHIeHTpauuje Fe. /[BafleceT pas/MYMTUX FeHOTHUIOBA je OGMJIO YK/bYy4eHO Y
TPOroJHLIH€e N0/bCKe orjesie. McnuTuBaHe BpCTe M TeHOTUIIOBU Cy Ce 3Ha4ajHO Pa3/IMKOBaJ/IM N0 KOHLeHTpauuju Fe y 3pHy, npu
yeMy je HajBHIIA YCTAHOBJ/beHA y 3pHY AuIIoUAHOT Aegilops speltoides (BB renom). TeTpamiouJHH U caBpeMeHU rajeHU
XeKCallJIOUJHU FeHOTUIIOBU N0Ka3a/y Cy 3HadajHe pas/iMKe y KOHLeHTpauuju Fe y nesiom 3pHy. UcnuTUBaHU TeHOTUIIOBHU Cy Ce
3HAYajHO PA3JIMKOBAJU U N0 Macu xubagy 3pHa (TGW), koja je 6usna HajMamwa koj, Aegilops speltoides. 3HayajHa HeraTHUBHA
MeDhy3aBUCHOCT je ycTaHOBJ/beHA HM3Mehy koHueHTpauuje Fe y 3pHy n TGW, 1ok je mosuTuBHA ycraHoB/beHa u3Mehy TGW u
cajgpxaja Fe y mojequHayHuM 3pHuMa. Behe Hakympame Fe y mojeimHaYHMM 3pHMMa TeTPAIUIOMJHUX M XeKCAIUIOMJHHUX
reHOTHUIIOBA y OJIHOCY Ha JAMIUIOM/HE TpeTKe yKa3dyje Ha TO Jia je TOKOM mnoBehama mionjHocTH nosehaHa M crmoco6HOCT
HaKyIJbaka Fe y 3pHy. PesyaTaTu ykasyjy Ha To fia y TeHOMy MILEHHUILe y LieJJMHU OCTOjU A0BOJ/bHA FeHeTHYKa pa3sHOJUKOCT
KOja MOXe /la ce HICKOPUCTH 3a 3HauajHo noBehamwe KOHLeHTpanuje Fe y 3pHy nmiueHune.

Kbe'-n-[e peyYu: 1ieJs10 3pHo, KOHLleHTpaLU/Ija I‘BO)Kba, BE€JIMYUHA 3pHA, AUIVIOU/JIHA, TeTPaIlJIOUHA, XeKCallJIOWJHA NIIeHU1a.

1. Introduction

Iron is present in all parts of the biosphere. It is the
second most abundant metal in the Earth’s crust, after
Al. It directly or indirectly affects numerous
physiological processes in plants and all other
organisms. Therefore, Fe deficiency limits the growth
and development of plants, reduces the yield and
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nutritive value of food, but also provokes many
diseases in humans (Edison et al., 2008; Broadley et al.,
2012; Barker et al,, 2015). The deficiency of Fe in forms
available to plants in the soil is widespread all over the
world. Globally, lack of Fe, alongside Zn, is the most
widespread compared with all the other essential
elements for plants. The causes of the lack of available
forms of Fe in the soil, regardless of its overall relative
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abundance in the soil, are very diverse and specific for
climatic, pedological and soil management conditions
(Kabata-Pendias, 2000). Nevertheless, Fe deficiency
generally occurs on alkaline soils rich in clay, in arid
and semi-arid regions. The lack of one or several
essential nutrients in agricultural soils is widely spread,
on several millions of hectares (Welch et al., 1991).

In many regions of the world, due to the
insufficient content of Fe in the soil, its concentration in
plant-derived food is insufficient to meet the needs of
the human diet. Together with iodine and vitamin A,
iron is the most important in global public health
terms; its deficiency represents a major threat to the
health and development of populations worldwide,
particularly children and pregnant women in low-
income countries (WHO, 2020). Poor nutrition
increases the vulnerability of children. One in five
children in the poorest parts of the world will not live
longer than their fifth birthday, mainly because of
environment-related diseases. For example, Pb is
known to be more toxic to children whose diets are
deficient in calories, Fe and Ca (WHO, 2007). According
to WHO (2011) nearly 3.7 billion people in the world
consume insufficient amounts of Fe. Since plants are
the principal source of Fe for humans, the increase in
its concentration in edible plant parts, along with an
increase in its availability provided by crop breeding
and other biotechnical procedures, is of great
importance (Frossard et al., 2000; Weich and Graham,
2004). In many parts of the world, small grains are
often the most commonly grown and processed crops,
with wheat having a special place in the processed food
industry and human nutrition.

Table 1.

Grain Fe concentration in small grain crops and
products processed from them is often low. Since this
type of food is abundantly present in the diet, Fe
deficiency often occurs. In crop breeding programs, far
more attention is generally given to crop yield than to
the nutritional quality of products (Morris and Sands,
2006). Wheat breeding aimed at increasing the content
of Fe in the grain requires knowledge of its content in
the available germplasm. Many results suggest that
there is significant variability in the concentration of Fe
in the grain of different cultivars and lines of wheat
(Welch and Graham, 2004; Graham et al., 1999; Zhao et
al,, 2009). The concentration of micronutrients in the
grain is important for initial seedling growth and crop
productivity, especially under conditions of
micronutrient deficiency, which may occur due to
unfavorable biotic and abiotic factors (Duxbury et al.,
2005). Insufficient concentrations of micronutrients
reduce the viability and vigor of seeds (Welch, 1999).

In the present study, the objective was to assess
the influence of species, genomic structure, ploidy level
and growing season on Fe accumulation in the whole
wheat grain.

2. Materials and methods

2.1. Plant material

Six diploid genotypes of wheat with different
genomes (BB, AA, or DD), five tetraploids (BBAA) and
nine hexaploids (BBAADD) were used in the
experiment (Table 1).

Genotypes of Aegilops and Triticum species (classified according to van Slagreren, 1994) examined in the experiments

(Maksimovic et al., 2020)

No. Species and subtaxa Name Genome(s) Accession name Source

1 Aegilops  speltoides TAUSCH var. - BB - D*
speltoides

2 Aegilops  speltoides TAUSCH var. - BB - D
speltoides

3 Triticum urartu THUM. ex GANDIL. Red wild einkorn AA - RS

4 Triticum monococcum L. Wild einkorn AA Tr. Monococcum RS

5 Triticum monococcum L. var. Cultivated einkorn AA Krupnik RS
monococcum

6 Aegilops tauschii COSS. Tausch's goatgrass DD - D

7 Triticum  dicoccoides (KOERN. ex Wild emmer BBAA - D
ASCHERS. et GRAEBN.) SCHWEINF.

8 Triticum turgidum L. var. rubralbum Wild emmer BBAA - RS
FLAKSB.

9 Triticum turgidum L. var. turgidum Cultivated emmer BBAA - RS

10 Triticum turgidum L. Rivet wheat BBAA Berkners D

Rauhweizen

11 Triticum durum DESF. var. Durum wheat BBAA Durumko 1 RS
pseudosalomonis PAPAD.

12 Triticum spelta L. var. duhamelianum  Spelt wheat BBAADD - RS
(MAZZ.) KOERN.

13 Triticum aestivum L. var. lutescens Common wheat BBAADD Panonia RS
(ALEF.) MANSF.

14 Triticum aestivum L. var. lutescens Common wheat BBAADD Bankut 1205 H
(ALEF.) MANSF.

15 Triticum aestivum L. Common wheat BBAADD Besostaya 1 1 RUS

16 Triticum aestivum L. Common wheat BBAADD Italyan MEX

17 Triticum aestivum L. Common wheat BBAADD Florida D

18 Triticum aestivum L. var. aestivum Common wheat BBAADD Renan F

19 Triticum aestivum L. Common wheat BBAADD Condor AUS

20 Triticum aestivum L. Common wheat BBAADD Bolal TR

*D, Germany; RS, Serbia; H, Hungary; RUS, Russia; MEX, Mexico; F, France; AUS, Australia, TR, Turkey. For details comprising the
accession numbers of studied genotypes please refer to the paper Kastori et al. (2017).
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Among the diploid wheats, four were wild and one
(Triticum monococcum var. monococcum) was a
primitive cultivated wheat. Among the tetraploids, two
genotypes were wild emmer; one was rivet wheat, and
two were cultivated. All hexaploids were cultivated
genotypes. This choice of genotypes allowed a
comparison of the grain Zn accumulation ability of wild
and primitive genotypes with that of modern wheat
cultivars.

2.2. Experimental site and setup

The experiments were established in the
experimental fields of the Institute of Field and
Vegetable Crops, Novi Sad (45.2° N, 19.5° E, 80 m
altitude), during three consecutive years. The soil of the
experimental field was classified as a calcareous, gleyic
chernozem (Loamic, Pachic - CH-cc.gl-Ip.ph (IUSS
Working Group WRB, 2015)). Wheat genotypes were
sown in a randomized complete block design, in three
replications. Plot size was 2.5 m?, each plot contained
10 rows, with a row spacing of 10 cm; 400 seeds were
sown per m2 Details on soil and climate data,
experimental setup, management practices during the
growing season and sample analyses were as described
by Kastori et al. (2017).

2.3. Plant analyses

Genotypes included in the experiment were
harvested at crop maturity and all hulled genotypes
were manually de-hulled. All grain samples used for the
analysis were visibly intact, without any sign of
damage. Milling was performed using a Perten
Laboratory Mill 3100 to produce whole-grain meal
After digestion of whole-grain meal in a mixture of 10
ml HNOs (65%) and 2 ml H20:2 (30%) using the
microwave technique, total Fe concentrations were
measured by an inductively coupled plasma emission
spectrometer (ICP-OES Varian Vista-Pro).

2.4. Statistical procedures

For the analysis of variance (ANOVA), a split plot
model with blocks combined over years was applied,
with the growing season as the main plot and the
genome as the subplot. The species were nested within
the genome. Means were compared using Tukey's test.
The relationship between grain weight, thousand grain
weight (TGW), total iron in the grain and Fe
concentration was determined by linear regression.
Iron concentration stability was assessed by the
regression of Fe concentration means of individual
cultivars against the environmental index and by
calculating the deviation from the regression according
to Eberhart and Russell (1966). The regression
coefficient (bi) was considered an indication of cultivar
response to varying environments. In order to illustrate
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changes in Fe concentration between growing seasons
and genomes, box-plots were calculated. All analyses
were performed by Infostat (Di Renzo et al., 2018).

3. Results and discussions
3.1. Fe concentrations in grains

Significant differences between and within
Aegilops and Triticum species were found with respect
to the concentration of iron (Fe) (Table 2, Figure 1).
The concentration of Fe in the grains of analyzed
genotypes in the three-year period varied from 25.4 to
56.0 mg kg1 of dry matter (DM), which is similar to the
average values for wheat grains in different countries
(21.8-43.4 mg kgt DM) (Kabata-Pendias, 2000). Over
three years, the average concentration of Fe was
highest (and similar) in the grains of two accessions of
Aegilops speltoides (53.39 and 56.02 mg kg! DM,
respectively) bearing exclusively the BB genome, and it
was significantly higher than the concentration in the
other genotypes analyzed. Higher average values of
grain Fe concentration were also measured in the other
diploids bearing the AA genome - Triticum urartum,
Triticum monococum and Triticum monococum var.
monocuccum (48.13, 47.59 and 38.11 mg kg! DM,
respectively). The lowest average concentrations were
25.43 mg kg! DM in hexaploid Triticum sativum L.
(BBAADD genome) cv. Florida and 26.67 mg kg1 DM in
tetraploid genome BBAA Triticum durum DESF var.
Durumko 1. The results suggest that the increase in
ploidy is concomitant with the decrease in grain Fe
concentration. Moreover, the results emphasize the
importance of BB and AA genomes as possibly linked
with the concentration of Fe in the grain of wheat and
its relatives. Plant species differ in their efficiency to
uptake, translocate, and accumulate different mineral
elements (Mengel, 1982). Differences also exist among
genotypes, ecotypes, lines, and varieties within species
(Sari¢, 1981), as shown in this research as well.
Although nutrient utilization efficiency is recognized as
an important crop feature in modern agriculture, the
difference in the ability to uptake and accumulate
mineral elements between wild and cultivated modern
genotypes has received less attention. Batten (1986)
compared wheats of different ploidy with respect to the
uptake and utilization of phosphorus, and concluded
that phosphorus use efficiency increased in the
following order: hexaploid> tetraploid> diploid. As
determined by Cakmak et al. (1999), average Zn
efficiency ratios were 36% for tetrapoid, 60% for
diploid and 64% for hexaploid wheats. Significant
differences were also found in the accumulation of
aluminum between and within Aegilops and Triticum
species. The highest concentration of Al in the grain
was reported for wild diploid Aegilops speltoides (BB
genome), and the lowest for tetraploids (BBAA
genome) (Maksimovié et al., 2020).
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Table 2.
Iron concentration in the whole grain and thousand grain weight of Aegilops and Triticum species over 3 years a
Fe concentration in the whole grain Thousand grain weight (g)
Genotype (mg kg DM)
nob Year Year
2011 2012 2013 Average 517 2012 2013 Average
1 43.84 56.53 59.80 53.39 ab 5.15 5.13 5.00 5.09j
2 46.25 58.33 63.50 56.02 a 5.77 5.67 5.68 5.70j
3 25.50 74.60 4430 48.13 abc 13.93 13.80 15.05 14.261i
4 30.34 71.67 40.77 47.59 abc 11.56 11.58 10.83 11.321
5 43.78 36.37 34.20 38.11bcde 26.98 22.40 31.37 2692 h
6 55.76 23.57 26.07 35.13 cde 13.66 13.67 12.79 13.371i
7 22.41 26.97 47.33 32.23 cde 25.81 19.67 32.82 26.10h
8 33.04 36.57 30.20 33.27 cde 31.14 40.20 43.29 38.21f
9 28.36 26.43 25.80 26.86e 32.86 31.80 27.77 3081¢g
10 36.70 48.60 53.17 46.16 abcd  57.88 56.40 57.61 57.30a
11 28.83 22.40 22.77 24.67 e 50.71 53.53 47.68 50.64 bc
12 32.59 39.30 44.10 38.66 abcde 51.11 48.00 54.02 51.04b
13 22.94 33.43 26.70 27.69e 42.72 44.67 40.57 42.65¢€
14 23.01 37.10 27.90 29.34 de 43.61 43.80 45.34 44.25 de
15 33.83 44.80 37.40 38.68 abcde  49.25 48.07 49.24 48.85 bc
16 26.21 30.82 29.90 28.98 de 37.98 37.60 38.15 37.91f
17 27.39 23.50 25.40 2543 e 47.89 50.07 44.45 47.47 cd
18 32.23 39.97 31.77 34.66 cde 49.18 49.13 49.93 49.41 bc
19 25.41 32.37 34.93 30.90 cde 34.74 37.20 34.26 3540f
20 24.95 53.50 35.97 38.14 bcde  48.23 45.67 52.85 48.92 bc
Average 32.01 40.84 37.10 34.01 33.90 34.94

aAverages were obtained from three independent measurements and the significance of differences between the averages was
assessed by the LSD test; different letters indicate a significant difference at the 5% probability level.
bGenotypes of Aegilops and Triticum species examined in the experiments are given in Table 1.
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Figure 1. Concentration of iron in the whole grain of five genomes of Aegilops and Triticum

The analysis of variance, with growing season showed significant differences between species, years
used as a main plot and genome as a sub-plot (a split- and their interactions (Table 3a) as well as between
plot model with blocks combined over the years), genomes, years and interactions (Table 3b).

Table 3.

Analysis of variance for the concentration of iron in the whole grain of a) Aegilops and Triticum genotypes and b) five
genomes

a)
F-table
Source df SS MS F-count ——  — P-value
5% 1%
Year (Y) 2 2352.98 1176.4921 37.45%* 3.08 4.80 0.0000
Species (S) 19 14970.62 787.9273 2.70%* 1.68 2.07 0.0000
S*Y 38 11095.56 291.9885 34.78** 1.51 1.79 0.0000

Error 114 956.97 8.3945
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b)
Source df SS MS F p-value
Year (Y) 2 2352.98 1176.49 27.38 <0-0001
Genome (G) 4 9799.34 2449.83 57.02 <0-0001
G/G>Species 15 5171.28 344.75 8.02 <0-0001
Y*G 8 5795.95 724.49 16.86 <0-0001
Error 150 6445.06 42.97
The level of changes in Fe concentration between boxplot, where the significance between Fe

the three growing seasons and genomes is shown by a
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Figure 2. Boxplot of the concentration of iron in the whole grain over three years (a) in five genomes (b)

3.2. Grain size and Fe concentration

Grain size depends on genetic and ecological
factors and agricultural management practices.
Thousand grain weight (TGW) depends primarily on
grain size and to a lesser extent on grain chemical
composition. Thousand grain weight and grain Fe
concentration between and within Aegilopsis and
Triticum species significantly varied (Table 2). The
analyses of Fe concentration stability was done by the
regression of the mean Fe concentration of individual
cultivars against the environmental index and by
calculating the deviation from the regression (Figure
3). The regression coefficient (bi) was considered an
indication of cultivar response to varying
environments. There was a negative correlation
between average TGW and grain Fe concentration (R2=
0.279%) (Figure 4). The highest Fe concentration was
found in the grains of ancestors of common wheat
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bearing the BB genome Aegilops speltoides, whose TGW
was the lowest (Table 2). Similar values were reported
for the non-essential elements strontium and
aluminum (Kastori et al, 2017; Maksimovi¢ et al,
2020). Mineral substances in wheat grains are
concentrated in the peripheral part, in the hull and
aleurone layer of the grain (Peterson et al., 1983). The
smaller the grain, the greater the weight of the
peripheral portion in the total grain weight, which may
contribute to higher concentrations of minerals in the
grain as a whole. Sve¢njak et al. (2013) determined a
weak correlation between TGW and the concentration
of microelements, except in cultivars differing
significantly in TGW, which is in line with our results.
Zhao et al. (2009) showed that there was a significant,
but not strong, positive correlation between Fe
concentration and kernel diameter, and a negative
correlation between bran yields in 150 lines of bread
wheat.
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Figure 5. The relationship between total Fe in the grain and grain weight of Aegilops and Triticum genotypes
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The regression analysis showed that the amount of
Fe in large individual grains in tetraploids BBAA and
hexaploids BBAADD was higher than in the small grains
in diploid genotypes bearing BB and AA genomes. The
relationship between grain weight and Fe content in
individual grains was significant (R2= 0.80; Figure 5).
Similar results with respect to zinc in individual grains
of diploid, tetraploid and hexaploid wheats were
obtained by Cakmak et al. (1999). The values were 1.21
in diploid AA, 2.18 in tetraploid BBAA and 1.24 pg Zn
grain-lin hexaploid BBAADD. During the development
of contemporary cultivars, not only grain size but also
Fe content in individual grains has increased. This
suggests that during the increase in ploidy the capacity
of tetraploid and hexaploid genotypes to uptake Fe
from the soil increased concomitantly with an increase
in the capacity of grains to serve as a sink for that Fe.

Although the concentration of Fe in plant-derived
food and feed is very important, it is only one source of
Fe for humans and animals. The bioavailability of Fe
depends on a variety of substances present in different
plant species and parts, such as phytate, polyphenols
and cellulose in small grains, tannins in tea, oxalic acid
in spinach leaves, and lecithin in most legumes and
wheat (Graham, 2001). Moreover, contamination by
heavy metals may reduce the bioavailability of Fe.
Phytate and polyphenols are considered “antinutrients”
since they reduce the absorption of micronutrients in
the intestines (Knez and Graham, 2013). The grains of
small grains are rich in phytate (Brankovic¢ et al., 2011),
which is located predominantly in the aleuron layer
and embryo. Phytate reduces the bioavailability of
micronutrients, especially Fe and Zn, in humans and
monogastric animals (Fairweather-Tait, 2004). As
reported by several studies, the reduction in Fe and Zn
absorption in the presence of phytate ranged between
12 and 15 times. Hence, one possibility of increasing
the provision of Fe is to create small grain genotypes
with a lower content of phytate in the specific parts of
the grain (Joyce et al, 2005). Phytate has many
important roles in plant metabolism (Safrany et al,
1999) and, together with phenolics, in humans as well.
Therefore, Bouis and Welch (2010) suggest that small
grains breeding programs should focus more on
increasing the content of Fe in the grain in order to
provide its higher bioavailability than on reducing the
content of phytate. Zhao et al. (2009) have found
concomitant increases in the concentrations of Fe, Zn
and P in wheat lines during breeding. About 80% of
phosphorus in the wheat grain is in the form of phytate,
implicating the complexity of increasing the
bioavailability of Fe by small grain breeding.

4. Conclusions

The species Aegilops and Triticum and genotypes
within them differ significantly with respect to Fe
content in the grain. The concentration of Fe spanned
the range between 25.4 and 56.0 mg kg1 of dry matter.
The highest concentration of Fe was found in the wild,
primitive diploids Aegilops speltoides (BB genome) and
Triticum urartum (AA genome), whereas tetraploids
and hexaploids had lower and similar values. Generally,
the presence of Fe in the grain was higher in wild
species than in contemporary cultivated genotypes,
because, during breeding, the concentration of Fe
decreased while grain weight increased, in other words
the concentration of Fe was diluted due to breeding.
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Thousand grain weight was the lowest in wild diploid
species. There was a negative correlation between
thousand grain weight and Fe concentration and a
positive correlation between the concentration of Fe in
a single grain and grain weight. However, the
concentration of phytate is important for the
bioavailability of Fe for humans and animals. The
obtained results clearly showed great variability in Fe
concentration between wheat genotypes, which can be
used to increase Fe concentration in wheat cultivars
and hence improve the quality of wheat with respect to
Fe content.
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