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Abstract—Zinc (Zn) is an essential micronutrient that is crucial to the health of all organisms. Zn absorption
through roots system during the grain-filling period and Zn remobilization from pre-anthesis stores of shoot
into grains are two main sources of zinc accumulation in grains. Field and solution experiments were con-
ducted to study the Zn efficiency in two groups of Iranian bread wheat (Triticum aestivum L.) genotypes with
high and low Zn content in seeds at two vegetative stages. Among 110 evaluated genotypes, six and seven were
selected with high and low seed Zn content, respectively. Assessment of zinc uptake, accumulation and utili-
zation in shoot, root, and shoot dry weight traits showed significant differences between two genotypic groups
only at 60 days after planting (DAP). The genotypes with high seed Zn content showed higher uptake, accu-
mulation and utilization of zinc in shoot than those with low seed Zn content. Our results showed Zn efficient
genotypes are detected not only by Zn uptake but also by accumulation and utilization of Zn in the shoot.
Among the mechanisms involved in Zn efficiency, Zn uptake and/or utilization are likely more influential.
The root-to-shoot translocation ratio was at the same rate between these two groups. Our results showed that
Zn uptake and accumulation in shoot among genotypes can be considered as a useful parameter for revealing
impairments of efficiency in wheat genotypes.

Keywords: Triticum aestivum, micronutrient, zinc-efficiency, uptake, translocation, utilization, vegetative
growth stages
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INTRODUCTION

More than three billion people in all world are suf-
fering from minerals deficiency. It affects labor produc-
tivity, health care costs and rate of premature death [1].
People living in developing countries are especially at
risk, as they cannot afford to buy foods rich in minerals,
such as red and white meat, fresh fruits, and vegetables
[2]. Zinc (Zn) is an essential element that has various
physiological functions in biological systems [3]. Zn
plays an important role in growth and development,
function of the immune system, reproductive system
health, sensory system function, and neurobehav-
ioral development [1]. Deficiency of Zn after that of
iron (Fe), is the most common micronutrient short-
age in developing countries [3].

Cereals are the main source of the human diet that
are rich in carbohydrates but low in nutrient concen-
trations especially Fe and Zn [4]. Among cereals
wheat is one of the most important crops that is con-
sumed steadily by more than one-third of the world
population, contributing more calories and proteins to
their diets than other cereal crops. Wheat is nutritious,
easy to store and transport, and can be processed into

various types of foods [4]. However, more than half of
wheat plantation is in Zn-deficient soils and subse-
quently, the Zn concentration in grain is too low to
supply the required Zn for human health [5].

Biofortification is a strategy to overcome Zn defi-
ciency in crops, especially in developing countries [6].
This practice can develop micronutrient-dense food
crops using agronomic, breeding, and biotechnologi-
cal tools [6]. Two main approaches for grain bioforti-
fication are breeding and micronutrient fertilization.
The latter is a more attainable and cost-effective
approach for increasing Zn concentration in grains [6].
However, reports indicate that grain Zn concentration
is largely determined by plant genotypes rather than by
Zn fertilization, which could be attributed to differ-
ences in Zn uptake behavior [7].

Therefore, it seems likely that the nutrient-efficient
genotypes would play a major role in the increase of
crop quality and yields in the next decades in both
organic and inorganic agricultures [8]. On the soils
where the effectiveness of fertilizers may be limited by
chemical and biological reactions, topsoil drying, and
subsoil constraints, using these genotypes would be a
practical approach [1]. Also growing nutrient-efficient
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genotypes of crop plants on poor soils represents an
eco-friendly approach that would reduce land degra-
dation by reducing the use of agricultural machinery
and minimizing the application of chemicals on agri-
cultural lands [8]. On the other hand, nutrient-effi-
cient genotypes have specific physiological mecha-
nisms allowing them to gain sufficient quantities of a
specific nutrient (uptake efficiency) and/or to utilize
the absorbed nutrient more effectively (utilization
efficiency) [9]. Various genotypes of wheat exhibit a
great diversity in their ability to grow on Zn deficient
soils [10].

Several mechanisms for increasing Zn efficiency
were debated [11]. The interrelated processes include
Zn uptake, translocation to shoots, internal utilization
efficiency, and when grain yield is measured, remobi-
lization of Zn from shoots to grain [11]. Zn efficient
genotypes have been evaluated in monocotyledonous
(Triticum aestivum, Zea mays, and Oryza sativa) and
dicotyledonous (Lycopersicon esculentum and Phaseo-
lus vulgaris) plants for traits associated with Zn effi-
ciency [12]. Significant differences have been reported
in Zn uptake [12]; internal utilization of Zn [9]; root
geometry and morphology [13, 14]; and differences in
biomass production and distribution [13].

There have been several studies reported about Zn
efficiency in bread wheat [13–15]. However, there is
no comprehensive study about Zn efficiency in early
vegetative growth which can save both money and
time in breeding programs [16]. In the current study,
the Zn efficiency was assessed using a combination of
field and solution experiments. In addition, the differ-
ent manners of genotypes with high and low seed Zn
content in respect to Zn efficiency parameters such as
Zn uptake and utilization in the shoot along with Zn
accumulation in the shoot were evaluated at two vege-
tative growth stages of 30 and 60 DAPs in the solution
experiment.

MATERIALS AND METHODS

Field experiment. A total of 110 bread wheat (Triti-
cum aestivum L.) genotypes (76 local varieties and
34 cultivars), collected from different parts of Iran,
were kindly provided by Seed and Plant Improvement
Institute in Karaj, Iran (Table 1). All genotypes were
field grown during the cropping season at the experi-
mental farm of Faculty of Agricultural Sciences, Sha-
hed University, Tehran, Iran (35°55′ N, 51°34′ E,
1032.6 m above sea level). Some of the soil character-
istics in the topsoil layer (0–30 cm) were pH 7.45,
electrical conductivity of a saturated soil extract
7.4 dS/m, organic matter 0.78%, CaCO3 15.59%, total
S, K, P, Mn, Cu, B, Fe, and Zn – 29, 533, 40.83, 1.73,
0.81, 1.15, 7.57, and 0.7 mg/kg respectively.

All genotypes were harvested at maturity and seed
were analyzed for Zn content. Atomic absorption
spectrometry (Shimadzu AA-670, Japan) following
RUSSIAN JOURN
Campbell and Plank [17] was used to measure the
grain Zn concentration. Based on grain Zn content,
genotypes were sorted into two groups of high and low
Zn content.

Solution experiment. From high and low Zn
groups, six and seven genotypes were respectively
selected for conducting the solution experiment [14].
For vernalization of winter wheat genotypes in these
two groups seeds were located in a refrigerator at 4°C
for four weeks. Seeds were sown in pots (25 cm height,
22 cm top, and 18 cm bottom diameters) containing
perlite and fed with modified one-quarter-strength
Johnson’s nutrient solution [18]. The solution con-
tained 2 mM KH2PO4, 2 mM K2SO4, 1 mM MgSO4,
4 mM Ca provided as CaSO4 and/or Ca(NO3)2 and the
micronutrients 50 μM Cl (KCl), 25 μM B (H3BO3),
20 μM Fe (as Fe-EDTA), 2 μM Mn (as MnSO4·H2O),
2 μM Zn (as ZnSO4·7H2O), and 0.5 μM Cu (as
CuSO4·5H2O) [23]. In the first seven days, plants
were fed with this solution every day and subse-
quently once in every three days. Plants were grown
in controlled conditions with light/dark periods:
16/8 h; temperature (light/dark): 22/18°C; relative
humidity (light/dark): 60/70%; and photosynthetic
f lux density: 400 μmol/(m2 s) during 60 days.

The solution experiment was set up according to a
randomized complete block design (RCBD) in three
biological replicates. Two pots and four plants per pot
were considered in each replicate (six pots per geno-
type). All plants were harvested at two vegetative
growing periods of 30 and 60 DAPs (days after plant-
ing). All tissue samples (in both growth stages of 30
and 60 DAPs) were well washed with deionized water
before any measurement to remove any metal that may
be stuck. Root and shoot samples were weighed and
processed for tissue nutrient analysis after oven drying
at 70°C for 72 h. Dried samples of root and shoot were
ground and burned to ash at 550°C for 8 h, and the ash
was dissolved in 2 M HCl [17]. The root and shoot Zn
concentration in digestion solutions was determined by
atomic absorption spectrometry (Shimadzu AA-670,
Japan).

According to equality of Zn concentration in solu-
tion experiment for all treatments, sum of root and
shoot Zn contents were reported as plant total Zn
uptake. Also, root-to-shoot Zn translocation ratio was
calculated by the percentage of Zn in the shoot to the
total Zn uptake. Root and shoot Zn content were cal-
culated as the total accumulation of Zn per plant. Uti-
lization efficiency of Zn (the dry matter (DM) pro-
duced per mg of Zn in the specific dry weight (DW) (of
plant tissue), along with root and shoot DW, were used
for recognizing the efficiency of wheat cultivars differ-
ing in their responses to zinc deficiency [13–15].

Statistical analysis. Normality test based on the
Shapiro-Wilk method, analysis of variance (ANOVA),
Student’s t-test, and Pearson correlation coefficient
were performed using SPSS software version 21.0
AL OF PLANT PHYSIOLOGY  Vol. 68  Suppl. 1  2021
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Table 2. Mean comparison of traits between two groups of bread wheat genotypes with high and low Zn content (μg/seed)
in solution experiment at 30 and 60 DAPs

DM—dry mater; DW—dry weight. ns, * and **: not-significant and significant at 5% and 1% probability levels, respectively. Values rep-
resent the means ± SE (n = 3).

Traits
30 DAP 60 DAP

low Zn content
in seed

high Zn content
in seed t-test low Zn content 

in seed
high Zn content 

in seed t-test

Root DW, g/plant 0.010 ± 0.001 0.019 ± 0.010 ns 0.131 ± 0.023 0.249 ± 0.013 **
Shoot DW, g/plant 0.041 ± 0.002 0.040 ± 0.000 ns 0.161 ± 0.014 0.269 ± 0.014 **
Zn utilization in shoot,
mg DM/(mg Zn/kg DW) 0.919 ± 0.281 0.984 ± 0.213 ns 4.669 ± 0.440 9.063 ± 0.880 *

Root Zn accumulation, μg/plant 0.900 ± 0.303 0.921 ± 0.379 ns 1.641 ± 0.890 2.049 ± 0.540 ns
Shoot Zn accumulation, μg/plant 1.032 ± 0.382 1.647 ± 0.778 ns 3.774 ± 0.240 5.783 ± 0.740 **
Zn uptake, μg/plant 1.934 ± 0.159 2.579 ± 0.400 ns 5.443 ± 0.450 7.829 ± 0.760 *
Root-to-Shoot translocation ratio, % 52.679 ± 14.587 63.342 ± 9.462 ns 71.109 ± 9.53 72.650 ± 8.530 ns

Root Zn concentration, mg/kg 35.669 ± 20.92 24.815 ± 24.34 ns 9.663 ± 2.080 10.739 ± 4.420 ns
Shoot Zn concentration, mg/kg 40.951 ± 24.82 38.744 ± 11.670 ns 39.364 ± 6.480 32.905 ± 10.340 ns
(SPSS, United States). The least significant difference
(LSD), was calculated for mean comparison with
SAS 9.2 software at P ≤ 0.05 and 0.01. The heatmap
was utilized for the studied traits and genotypes clus-
tering at 60 DAP using the squared Euclidean distance
and ward linkage by MetaboAnalyst 2.0 web server
(http://www.metaboanalyst.ca/).

RESULTS

Seed Zn Content in Different Wheat Genotypes

The average grain Zn concentration in 110 bread
wheat genotypes ranged from 30.45 to 85 mg/kg
(Table 1). Also, the seed Zn content was calculated in
the 110 bread wheat genotypes (Table 1). The six gen-
otypes selected among the 110 field studied genotypes
for high Zn showed a range of Zn content from 2.28 to
2.82 μg/seed. In contrast, the seven low Zn genotypes
were in the range of 0.79–0.99 μg/seed. The average
zinc content in high Zn genotypes was nearly 3-folds
higher than those of low Zn genotypes (Table 1).

Zn Uptake, Accumulation and Utilization in Shoot

Our results showed that the Zn uptake by the plants
along with shoot Zn content (accumulation) and utili-
zation were significantly different among two groups
of genotypes at 60 DAP, whereas no significant differ-
ence was observed at 30 DAP (Table 2). Zinc uptake,
accumulation and utilization in shoot of genotypes
with high seed Zn content were 1.44-, 1.53-, and 1.94-
fold higher than those with low seed Zn content at
60 DAP, respectively (Table 2). In contrast, root Zn
accumulation, root and shoot Zn concentrations,
and root-to-shoot translocation ratio were not signif-
RUSSIAN JOURN
icant among genotypes at two growth stages of 30 and
60 DAPs (Table 2).

The results showed that the Zn efficiency parame-
ters in the efficient genotypes are indicated not only by
Zn uptake but also by Zn accumulation and utilization
in shoot. It seems different impairment types were
found in Zn inefficient genotypes. The Mashhad
5 genotype showed low Zn uptake (3.617 μg/plant),
low Zn accumulation (2.522 μg/plant), and low utili-
zation in the shoot (3.737 mg DM/(mg Zn/kg DW))
(Table 3). Although the Molavi Khorramabad geno-
type showed high Zn uptake (7.120 μg/plant) and root
Zn accumulation (3.516 μg/plant), the detected root-
to-shoot translocation ratio (50.617%), shoot Zn
accumulation (3.604 μg/plant), and Zn utilization in
shoot (5.450 mg DM/(mg Zn/kg DW)) were low
(Table 3). Though the lowest Zn utilization (3.100 mg
DM/(mg Zn/kg DW)) belonged to Zarrin genotype,
considerable Zn uptake (5.888 μg/plant), shoot Zn
accumulation (4.470 μg/plant), and root-to-shoot Zn
translocation ratio (75.917%) were detected in this
genotype.

Root and Shoot Dry Weight
Significant differences in root and shoot DW were

observed between the two high and low Zn content
groups of bread wheat genotypes at 60 DAP, whereas
these differences were not significant at 30 DAP
(Table 2). In this study, root and shoot DW in genotypes
with high seed Zn content was 1.90- and 1.67-fold
higher than genotypes with low seed Zn content,
respectively (Table 2).

Statistical analysis showed significant differences
in root DW among 13 selected genotypes at both 30
and 60 DAPs. Shahabad Ashtareh and Mashhad 2
AL OF PLANT PHYSIOLOGY  Vol. 68  Suppl. 1  2021
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Table 3. Root and shoot Zn accumulation (μg/plant), Zn uptake, root-to-shoot translocation ratio and utilization in the
shoot in two groups of bread wheat genotypes with high and low Zn content at 60 DAP

DM—dry mater; DW—dry weight. Values represent the means ± SE (n = 3).

Seed Zn
content Genotype Name

Root Zn 
accumulation, 

μg/plant

Shoot Zn 
accumulation, 

μg/plant

Zn uptake,
μg/plant

Root-to -shoot 
translocation 

ratio, %

Zn utilization 
in the shoot,

mg DM/(mg Zn/kg DW)

High

Alia Ark Brojerd 2.632 ± 0.321 7.019 ± 0.611 9.651 ± 0.289 72.728 ± 4.156 8.845 ± 0.321
Arak 1.968 ± 0.191 5.623 ± 0.392 7.591 ± 0.201 74.074 ± 3.206 10.023 ± 0.289
Azizabad Farahan 1.316 ± 0.213 8.167 ± 0.463 9.483 ± 0.677 86.122 ± 1.268 11.651 ± 1.043
Khorramabad 2.524 ± 0.456 5.687 ± 0.503 8.211 ± 0.959 69.260 ± 1.993 9.139 ± 0.186
Shahabad Ashtareh 1.495 ± 0.134 3.462 ± 0.368 4.957 ± 0.502 69.840 ± 0.347 7.234 ± 0.204
Shiroudi 2.335 ± 0.294 3.750 ± 0.429 6.085 ± 0.135 61.626 ± 5.968 7.503 ± 0.115

Low

Azadi 0.732 ± 0.227 3.867 ± 0.306 4.599 ± 0.078 84.083 ± 5.229 4.368 ± 0.169
Malayer 1.428 ± 0.197 4.332 ± 0.593 5.759 ± 0.400 75.221 ± 5.184 4.834 ± 0.213
Molavi Khorramabad 3.516 ± 0.555 3.604 ± 0.662 7.120 ± 0.486 50.617 ± 6.100 5.450 ± 0.147
Mashhad 2 1.642 ± 0.283 3.719 ± 0.288 5.361 ± 0.570 69.371 ± 2.021 4.636 ± 0.160
Mashhad 5 1.095 ± 0.123 2.522 ± 0.338 3.617 ± 0.213 69.726 ± 5.266 3.737 ± 0.263
Posht Tang Parian 1.632 ± 0.431 3.926 ± 0.306 5.558 ± 0.737 70.636 ± 3.938 6.609 ± 0.308
Zarrin 1.418 ± 0.292 4.470 ± 0.519 5.888 ± 0.563 75.917 ± 5.901 3.100 ± 0.271

Table 4. Dry weight of root (at 30 and 60 DAPs) and shoot (at 60 DAP) of 13 Iranian bread wheat genotypes in solution
experiment (in g/plant)

DW—dry weight. Values represent the means ± SE (n = 3).

Seed Zn content Genotype Name
30 DAP 60 DAP

root DW,
g/plant

root DW,
g/plant

shoot DW,
g/plant

High

Alia Ark Brojerd 0.017 ± 0.004 0.221 ± 0.017 0.260 ± 0.039
Arak 0.014 ± 0.000 0.225 ± 0.021 0.212 ± 0.022
Azizabad Farahan 0.018 ± 0.003 0.243 ± 0.065 0.275 ± 0.046
Khorramabad 0.025 ± 0.002 0.320 ± 0.080 0.300 ± 0.008
Shahabad Ashtareh 0.031 ± 0.003 0.253 ± 0.037 0.266 ± 0.052
Shiroudi 0.013 ± 0.000 0.261 ± 0.013 0.283 ± 0.030

Low

Azadi 0.017 ± 0.002 0.118 ± 0.004 0.151 ± 0.027
Mashhad 2 0.007 ± 0.000 0.140 ± 0.027 0.156 ± 0.03
Mashhad 5 0.011 ± 0.001 0.103 ± 0.012 0.161 ± 0.042
Malayer 0.023 ± 0.003 0.107 ± 0.011 0.116 ± 0.007
Molavi Khorramabad 0.018 ± 0.003 0.232 ± 0.047 0.199 ± 0.028
Posht Tang Parian 0.025 ± 0.005 0.104 ± 0.006 0.21 ± 0.025
Zarrin 0.014 ± 0.001 0.080 ± 0.022 0.110 ± 0.020
LSD 5% 0.009 0.088 0.101
LSD 1% 0.012 0.124 0.137
genotypes with 0.031 and 0.007 g had the highest and
the lowest root DW at 30 DAP, respectively. Also, the
shoot DW was statistically different only at 60 DAP. At
60 DAP, root and shoot DWs of Khorramabad were
the highest (0.320 and 0.300 g), and in Zarrin were the
lowest (0.080 and 0.110 g), respectively (Table 4).
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 68
Relationship between Zn Efficiency and Biomass

A significant positive correlation was observed
between the Zn uptake and root or shoot DW at 30 DAP
(r = 0.65 and 0.65, P ≤ 0.05, respectively) and at
60 DAP (r = 0.61 and 0.58, P ≤ 0.05, respectively)
(Fig. 1). Also, the Zn utilization in shoot was signifi-
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Fig. 1. The relationship between Zn uptake, root (a, b) and shoot dry weight (c, d) of 13 bread wheat genotypes at 30 DAP (a, c)
(r = 0.65 and 0.65, P ≤ 0.05, respectively) and 60 DAP (b, d) (r = 0.61 and 0.58, P ≤ 0.05, respectively). DW—dry weight.
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(d)
cantly correlated with the root or shoot DW at 60 DAP
(r = 0.70 and 0.76 P ≤ 0.01, respectively) (Fig. 2).
Above all, the Zn utilization showed a positive cor-
relation with Zn uptake and accumulation in shoot at
60 DAP (r = 0.83 and 0.83, P ≤ 0.01, respectively)
(Fig. 2).

Associations between Zn Efficiency and Biomass

The studied traits in 13 bread wheat genotypes at
60 DAP were exposed by means of heatmap and two-
dimensional dendrograms (Fig. 3). Clustering analy-
sis of all traits at 60 DAP developed three main
groups. The Zn uptake, accumulation and utilization
in shoot were different between these clustered geno-
types. The first group including four genotypes with
high ability in Zn uptake, accumulation and utiliza-
tion in shoot. The genotypes in the second group
showed a lower average in the studied traits than
those in the first. Molavi Khorramabbad was placed
in this cluster. Also, genotypes in the third group
showed a low ability in Zn uptake, accumulation and
utilization in shoot with Mashhad 5 and Zarrin
located in this group (Fig. 3).
RUSSIAN JOURN
DISCUSSION
Crop improvement through plant breeding strategies

is based on genetic variation. Results of previous studies
indicated genetic variations could help to identify geno-
types with inherently high Zn concentration in grain
[19]. The average of Zn concentrations in bread wheat
grain in previous studies were 16.4–39.5 mg/kg [20],
16.2–32.4 mg/kg [21], and 24–36 mg/kg [2]. The suffi-
cient concentration of Zn for plant growth is 1–3 mg/kg
[22]. So, it appears that the used soil type, in this field
experiment (0.7 mg/kg), was classified as zinc defi-
cient soil. In the present study, while the soil suffered
from the deficiency of zinc, the Zn concentration in
110 Iranian bread wheat grains was 30.45–85 mg/kg
(Table 1). This shows a high variation for Zn concen-
tration in these genotypes compared to the previous
studies. These variations can be used in breeding pro-
grams for producing elite genotypes with high yields
and Zn concentrations in grains.

Accumulation of zinc in wheat grains is supplied
principally from two sources: concurrent uptake
during the grain-filling stage and net remobilization of
Zn from the pre-anthesis stores of source tissues [2].
The relative importance of these two sources can
change under Zn-deficient conditions. So there is no
AL OF PLANT PHYSIOLOGY  Vol. 68  Suppl. 1  2021
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Fig. 2. The relationship between Zn utilization in shoots, root dry weight (a), shoot dry weight (b), Zn uptake (c) and shoot Zn
accumulation (d) of 13 bread wheat genotypes at 60 DAP (r = 0.70, 0.76, 0.83 and 0.83, P ≤ 0.01, respectively). DM—dry matter;
DW—dry weight.
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unanimous agreement about the relative contributions
of these two sources to grain zinc deposition. Accord-
ing to studies on genotypes of different cereal species,
the concentration of Zn in plant tissues is not a reliable
parameter for distinguishing the sensitivity of genotypes
to zinc deficiency. In contrast, the total content of Zn
per plant (portion seed, shoot, or root) is better related
with the sensitivity of cereals to Zn deficiency [13].
Also, in the wheat genotypes, distinctive differences of
sensitivity to Zn deficiency among the genotypes are
closely related to the Zn content per plant tissue but
not to the Zn concentration [23]. In the presented
study, the genotypes were selected based on Zn con-
tent in seed for farther analyses.

The variation in Zn efficiency between these two
groups was observed in the 60 DAP and not in 30 DAP.
So, in the massive experiments, it would be possible to
evaluate the Zn efficiency genotypes in the 60 DAP as
vegetative growth stages. In the early growth stage, min-
eral deficiency occurred in plant tissues. Gradually,
total minerals uptake was increased when plants
approach maturity [24]. Same capabilities in zinc
uptake, accumulation, and utilization parameters were
found among all young plants at 30 DAP, whereas with
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 68
growing plants the genetic differences were appeared
between studied genotypes at 60 DAP [25].

In the solution experiment at 60 DAP, the effi-
ciency parameters of Zn uptake, and utilization along
with Zn accumulation (content) in shoot showed
higher in genotypes with high seed Zn content than
those with low seed Zn content (Table 3). In this
regard, the results of the field experiment showed dif-
ferent levels of Zn in seed between two groups of gen-
otypes. The field and solution experiments both indi-
cated differences in Zn efficiency between the two
groups. However, low seed Zn content in inefficient
genotypes occurred because of the impairments in all
or one of the Zn efficiency parameters. We found inef-
ficient genotypes in different types, the first one,
Mashhad 5 genotype which has low Zn uptake, shoot
Zn accumulation and utilization, the second, Molavi
Khoramabad, that has high Zn uptake with the lowest
shoot Zn accumulation and subsequently, the last one
Zarrin that has low Zn utilization (Table 3).

In our results, the same ratio of root-to-shoot
translocation was detected between two groups of gen-
otypes with high and low Zn content. Also, no signifi-
cant differences were observed in the root and shoot
Zn concentration of two groups genotypes. The results
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Fig. 3. Heatmap and two dimensional dendrograms of
13 bread wheat genotypes at 60 DAP. Dendrograms illus-
trate the relation between traits (rows) and genotypes (col-
umns) using different color shades based on the average
Z-scores. DW—dry weight.

Khorramabad

Arak

R
oo

t D
W

 

Sh
oo

t D
W

Alia Ark Brojerd

Z
n 

ut
ili

za
tio

n 

Z
n 

up
ta

ke

Azizabad Farahan

Z
n 

ac
cu

m
ul

at
io

n 

Shiroudi

Shahabad Ashtareh

Molavi Khorramabad

Posht Tang Parian

Zarrin

Malayer

Azadi

Mashhad 2

Mashhad 5

2

1

0

–1

–2
of similar study on Zn deficiency of durum and bread
wheat showed that the durum wheat genotypes were
more sensitive to Zn deficiency than bread wheat gen-
otypes in a solution culture [23]. The different sensi-
tivity to Zn deficiency among the durum and bread
wheat genotypes were not related with the Zn concen-
tration in the seeds or in the shoot dry matter. These
genotypes showed similar concentrations of Zn in the
shoot dry matter. The Zn concentration in bread
wheat genotypes was similar to the durum wheat gen-
otypes. Besides, the Zn content (accumulation) per
shoot was more correlated with the sensitivity of geno-
types to Zn deficiency. These results showed that less
RUSSIAN JOURN
sensitivity of bread wheat genotypes compared to the
durum wheat, were characterized by higher Zn uptake
and higher root-to-shoot transport capacity of Zn [23].
On the other hand, among different mechanisms of
Zn efficiency in some genotypes of durum and bread
wheat in soil and solution culture suggested that
uptake is the main mechanism which has an important
physiological effect on Zn utilization in shoot. These
results showed that the root-to-shoot partitioning was
not associated with Zn efficiency in genotypes [15].

Moreover, clustering of genotypes in three different
subgroups in the heatmap dendrogram indicated differ-
ent physiological events with respect to Zn efficiency in
these genotypes (Fig. 3). In general, different enzymes
and proteins are involved in the uptake and transport of
Zn and impaired synthesis of each of them can lead to
reduced uptake and translocation of Zn [26]. Molecular
analyses of three genotypes can show important factors
and enzymes involving in this process. The data from
these molecular analyses of these three genotypes could
use in genetic engineering to biofortified genotypes with
a high yield but low levels of micronutrients.

The importance of dry weight in plant tissues for
recognizing genotypic efficiency has already been
demonstrated. Efficiency is defined as the ability of
plants to obtain higher dry matter yields and/or grain
yields under moderate and deficient nutrient levels
[15, 11]. Genc et al. [15] reported that high Zn con-
centration in root and shoot resulted in increased
root and shoot DW, and the efficient genotypes had
greater dry matter than inefficient ones. Similar
results in rice [7], maize [5], and wheat [27] have
been reported. In this study, root and shoot DW was
detected higher in the genotypes with high Zn con-
tent than those with low Zn content (Table 3). These
traits had positive correlations with Zn uptake and
utilization in shoot (Figs. 1 and 2).

According to our results, Zn uptake and utilization
in shoot had a positive correlation with root and shoot
DW (Figs. 1 and 2). In addition, Zn utilization in
shoot had a positive correlation with Zn uptake and Zn
accumulation in shoot (Fig. 2). Also, all measured
traits had higher values in Zn efficient genotypes com-
pared to Zn inefficient ones (Table 3).

The plant’s growth and development are controlled
by signals that depend on the adequate uptake of
micronutrients from soil to root and root to shoot.
Zinc has many important roles in the plant’s growth,
i.e., photosynthesis, enzyme activity such as carbonic
anhydrase [4], chlorophyll concentration [28], stoma-
tal conductance [29], and auxin biosynthesis [30]. So
adequate uptake of Zn is necessary for optimum plant
growth and yield. Zn efficient genotypes have a greater
ability to absorb and utilize Zn and can use Zn in crit-
ical processes in cells. They also have greater growth
and dry matter than inefficient genotypes. Besides, the
positive correlation of Zn uptake and utilization in
shoot with root and shoot DW indicated this idea.
AL OF PLANT PHYSIOLOGY  Vol. 68  Suppl. 1  2021
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To conclude, results revealed that there was Zn
efficiency differences between the two groups of geno-
types with high and low seed Zn content. Field and
solution experiments indicated the difference in Zn
efficiency between the two mentioned groups. These
differences were clearly observed at 60 DAP of growth
stages. While there are several parameters play a role in
Zn efficiency, Zn uptake and shoot Zn accumulation
could be the most important parameters which reveal
impairments in Zn inefficiency. The shoot Zn accu-
mulation and utilization in the shoot along with Zn
uptake were important factors to identify Zn efficient
genotypes. Different impairment types was observed
among the Zn inefficient genotypes and these geno-
types can reveal important information in future stud-
ies. This study was based on vegetative growth and our
findings need to be verified under field conditions
with different levels of Zn in the soil where efficiency
is based on yield.
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