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Abstract

cultivars contained Rhts was independent of Zn.

nated nutrients absorption of plant.

Background: Zinc (Zn) is an important nutrient for human beings, which is also an essential micronutrient for crop
growth. This study investigated the role of Zn in coordinating the mineral elements absorption in modern wheat
(Triticum aestivum L.) cultivars with a new developed method.

Results: A method was developed, and showed a robust capability to simultaneously investigate seven mineral
elements uptake in wheat seedling. With this method, we found low Zn supply (< 1 uM) promoted the absorption of
potassium (K), magnesium (Mg) and manganese (Mn) in wheat seedling, while high Zn supply (> 1 uM) significantly
inhibited the absorption of these elements. Cultivars with the green genes (Rht-B1b and Rht-D1b) showed a higher
uptake capability on ammonium (NH4+), and cultivars with Rht-B1b allele can uptake more phosphors (P), K, calcium
(Ca), Mn and Zn compared to cultivars with Rht-D1b. Further analysis indicated higher uptake capability of NH4Jr in

Conclusion: The key role of Zn in coordinating for mineral elements absorption was identified in modern wheat
cultivars, providing the reference for Zn application in wheat. Meanwhile, this study provides a robust method for
quantifying the absorption of mineral elements, which may be adopted into the broadly investigations on the coordi-

Keywords: Wheat, Zinc, Mineral elements absorption, New method, Cultivars

Background

To enhance the yield, chemical fertilizer has become the
main source of mineral elements for all kinds of crops
[1, 2]. While these inputs help to meet the demand for
crop vyields, then overuse of fertilizers also causes seri-
ous environmental damage, such as the greenhouse effect
and water eutrophication [3]. Therefore, it is important
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to understand the mineral element absorption rules of
crops for rational fertilization.

Zn is an essential nutrient element for plants and
humans, which is widely involved in biochemical and
physiological processes, including enzyme activity, cell
division, photosynthesis, carbohydrate and lipid metabo-
lism, detoxification of oxygen radicals and protein synthe-
sis [4-7]. Zn deficiency is common in most crops, which
causes leaf chlorosis, curling and wilting, and stunted and
thin stems [8—-10], and ultimately leads to low grain yields
and poor grain quality [11, 12]. Foliar application of Zn
can be absorbed through the cuticle and/or the stomates,
and then transported to leaves, stems, reproductive tis-
sues and grains, to rescue the symptom of Zn deficiency
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[13, 14]. Proper supply Zn can promote plant growth
and development by enhancing photosynthesis and car-
bohydrate metabolism [15]. On the other side, excess Zn
can lead to leaf necrosis [16], biomass decline [17], affect
the absorption of other elements [18] and many adverse
effects on crop growth and development [5, 19]. Previ-
ous studies focused on the effects of other elements on
Zn uptake in crops [20-22]. However, the effect of Zn
in regulating other mineral elements absorption is still
largely unknown, which hinders our understanding of the
rational use of Zn fertilizer in agricultural production.

The commonly application of dwarfing genes Rht-B1b
and Rht-D1Ib significantly increases modern wheat yield
and the high-input of nitrogen fertilizers is the key to
achieve the maximum its yield potential [23-26]. Pre-
vious studies have shown that Rhts allele significantly
altered iron (Fe), Zn, copper (Cu) and Mg content in
wheat grains [24, 27], then the underlying mechanism
still keeps in largely unknown.

At present, the research on nutrient elements absorp-
tion in crops mainly adopts tissue digestion method to
determine the content of mineral elements in plant tis-
sues [24, 28, 29]. However, this method is relatively
tedious and also has the risk because of the strong acid
application. Therefore, the aim of this study was to
develop a new method for quantifying the absorption
of mineral elements and identify the role of Zn in the
coordinated absorption of mineral elements in wheat
seedling.

Results

A new method for quantifying mineral elements uptake

in wheat seedling

To investigate the mineral elements uptake in wheat
seedling, a nutrient solution quantification in the test
tube was developed. Briefly, hydroponic wheat seedling
(14 days after germination) was transferred to the tube
containing 1/2 Hoagland nutrient solution with different
treated time (Fig. 1), then quantifying the reduction of
mineral elements in solution by atomic absorption spec-
trophotometer and continuous flow analyzer, to repre-
sent the uptake by the wheat seedling.

To evaluate the reliability of this method and determine
the optimal treatment time, two wheat cultivars and four
treatment times (12 h, 36 h, 60 h, 84 h) were selected for
the evaluation. The absorption of the all three elements
(NH4+, P and K) increased with the treatment duration,
and showed significant difference in absorption between
two tested cultivars (Fig. 2a). Meanwhile, the contents
of three elements in the control tube remained constant
at any quantification time (Additional file 1: Figure S1),
indicating the mineral elements were absorbed in wheat
seedlings, and the quantification procedure is reliable. To
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Seedlings germinated for 14 days Treatment

Control

Fig. 1 Scenes of tube nutrient solution treatment. Wheat seedlings
that had been hydroponic for two weeks after germination were
transferred to tubes containing nutrient solution for treatment. The
test tube mouth is covered with a film to reduce the loss of water
and nutrients. Nutrient solution in test tube without treatment of
seedlings were used as control

determine the optimal treatment time point, the absorp-
tion rates of three elements were analyzed (Fig. 2b) and
showed that the absorption rate of three elements gradu-
ally decreased with the treatment duration, and then
plateaued at 60 h. In addition, the absorption of Mg, Ca,
Mn and Zn in wheat seedling could also showed a stable
value after 60 h treatment (Additional file 1: Figure S2).
Therefore, 60 h treatment was selected for subsequent
investigations.

Correlation of absorption of seven mineral elements

in wheat seedling

To understand the coordinated absorption of different
elements in wheat seedling, a correlation analysis was
performed (Fig. 3), and showed a significant positive cor-
relation among the five macronutrients (N, P, K, Mg and
Ca), consistent with the previous reports [30, 31]. A new
finding is that trace element Zn is significantly positive
correlated with macronutrients N, K, Mg and trace ele-
ment Mn, indicating that Zn plays an important role in
mediating nutrient absorption of wheat.

Zn significantly affects the uptake of other mineral
elements in wheat seedling

To further clarify the role of Zn in mediating min-
eral elements absorption, five Zn concentrations were
performed on seven wheat cultivars. Results showed
the uptake of Zn in all seven cultivars is significantly
increased with the increase of Zn concentration (Addi-
tional file 1: Figure S3). In different Zn concentrations,
the absorption of K, Mg and Mn in all seven wheat cul-
tivars is promoted by low concentration Zn (< 1 uM)
but is inhibited by the high concentration (10 uM), and
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Fig. 2 The absorption values (a) and absorption rates (b) of various elements in wheat seedlings under different treatment times. The absorption
rate of wheat seedlings was indicated by the absorption value of per unit fresh weight per hour. UFWAV: unit fresh weight absorption value. Values
are means of at last six replications £ SE. *t test significant difference. *P < 0.05, **P < 0.01

suggesting 0.01-0.1 uM Zn in solution have the optimal
effect to promote the uptake of other mineral elements
(Fig. 4). However, the uptake of NH," and P seems not
be affected by different Zn supply (Fig. 4). These results
displayed the role of Zn in regulating the absorption of
specific mineral elements in wheat seedling.
Interestingly, the uptake of Ca showed distinct
response among different cultivars with the alterations
of Zn concentration (Fig. 4), indicating the interaction
between Zn and Ca uptake is highly variable in differ-
ent wheat cultivars, which may be determined by the
different genetic background of different wheat cultivar.

The potential role of dwarfing gene Rhts in mineral
elements uptake

Previous studies suggested that the dwarfing gene Rhts
significantly increases the uptake for nitrogen fertilizer
in crops [26, 32]. To further test our method, eight new
wheat cultivars were added into our investigation. All
fifteen wheat cultivars (see methods) were classified
into three groups: Rht-B1b allele contained group, Rht-
D1b allele contained group and Control group (without
either Rht-B1b or Rht-D1b allele). We found the uptake
of NH,* is significantly increased in both Rht-Bib and
Rht-D1b group (Fig. 5) with medium Zn supply (1 uM),
consistent with previous conclusion [23], further

supporting the special role of green gene in mineral ele-
ments absorption.

In addition, Rht-B1b showed a significantly higher
uptake of P, K, Ca and Mn compared to control group,
and a higher absorption in P and Zn compared to Rht-
D1b group (Fig. 5). However, neither Rht-B1b nor Rht-
D1b significantly affected Mg absorption (Fig. 5). These
results indicate that Rhts alleles contribute a broad effect
in the absorption of mineral elements in addition to
nitrogen, and suggest a different mineral element uptake
potential between Rht-B1b and Rht-D1b.

The interaction between Zn supply and Rhts alleles

on uptake of mineral elements

In low Zn concentration (< 1 uM), both Rht-B1b and Rht-
D1b group showed a significantly increased absorption
on NH," with the Zn supply increase, and Rht-B1b and
Rht-D1b group showed enhanced absorption of P and
Mg, respective (Additional file 1: Figure S4). While the
Rht-D1b group showed a significantly decreased absorp-
tion on Ca and Mn with Zn supply increase (Additional
file 1: Figure S4).

In high Zn concentration (10 pM), Rht-Blb and
Rht-D1b group still maintained the higher absorption
on NH," compared control group (Fig. 6), indicat-
ing that the higher NH,™ absorption is independent
of Zn concentration. Similarly, the absorption of P, K,
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Fig. 3 Pearson correlation analysis matrix between elements. *Significant correlation. *P < 0.05, **P < 0.01, ***P < 0.001. The fitting function are

Ca, Mg, Mn was not significantly inhibited by high Zn
concentration in Rht-DI1b group (Fig. 6), compared to
the absorption in medium Zn concentration (Fig. 5).
In contrast, the absorption of these elements was sig-
nificantly inhibited in Rht-B1b and control group, high-
lighting a special interaction between Zn and Rht-D1b
in mineral elements absorption.

Discussion

In this study, we developed a new method to quantify
the absorption of mineral elements in wheat seedling.
Our data with this method demonstrated highly sta-
ble and reproducible, indicating it is a robust method,
which could be applied to study the role of different

elements in wheat nutrient coordinated absorption,
and may be extend to other crops.

Although its robustness, there are still some disadvan-
tages that should not be overlooked. Firstly, the NO3~
ions, another important nitrogen form [33], failed to be
quantified in this method. Secondly, few trace elements
cannot be effectively detected due to their low content
nature. Thirdly, the soil environments and related micro-
organism context played the core role in determining the
absorption of soil mineral elements [34, 35], thus this
method definitely need further evaluate and improve
to reflect the real status of nutrients uptake by crop in
field condition. Then based on this initial method here,
it is promised to develop a comprehensive and precise
method for futural study in plant nutrients absorption.
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In this study, our results (Fig. 4) indicate that Zn
broadly affects K, Mg, and Mn uptake, supporting low
concentration of Zn limited the absorption of K and Mg
[12, 36] and high concentration of Zn significantly inhib-
its the absorption of Mn and Ca [37-39]. This result
further confirms that excessive Zn caused a negative
interferences to others nutrients uptake [16]. It should be
noted that the absorption of NH," in different Zn con-
centrations keeps stable in this study (Fig. 4d), which
is different with the positive interaction relationship
between Zn and nitrogen in previous report [40]. We
assume the difference may result from the quantifica-
tion on uptake of nitrate is missed in our study, but this
hypothesis needs further comprehensive investigation.
Importantly, a general optimum concentration of Zn was
proposed, the 0.01-0.1 uM of Zn in solution can promote
the uptake of most mineral elements, providing a refer-
ence concentration for futural Zn fertilizer application.

Consistent with the previous study [23], both Rht-Bib
and Rht-DIb significantly increased NH," uptake by
wheat seedling. Moreover, in our results Rht-B1b and
Rht-D1b contribute a distinct influence in the uptake
of mineral elements, and distinct response to alteration

of Zn concentrations. Although limited wheat culti-
vars were investigated in this study, then these distinct
responses between the Rht-B1b and Rht-DIb implying
that our method may provide important clues for study-
ing the effect of different genes on the mineral element
absorption in plant.

Conclusions

In summary, the new method developed in this study
have a robust capability to investigate the coordinated
mineral elements absorption in wheat seedling, and
promisingly extend to other crops. With this method, we
identified the key role of Zn in coordinated absorption
of mineral elements in wheat seedling, which provides
a reference to properly apply Zn for enhancing wheat
production.

Methods

Plant materials

In this study, according to whether it contained Rht-B1b
and Rht-D1b alleles, fifteen wheat cultivars were used
and divided into three groups: Control group: UNI-
VERSAL, Chuannongl2 (CN12), Nanda96co76 (ND96),
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Fig. 5 Effects of Rhts allele on absorption of mineral elements in wheat. UFWAV: unit fresh weight absorption value. The control group contains
seven cultivars, and the Rht-B1b and Rht-D1b groups respectively include four cultivars, and each cultivar has at least six replicates. Values are means
of all replicates of all cultivar in each group £ SE. *t test and ANOVA significant difference. *P < 0.05, **P < 0.01. The results of ANOVA are shown in
Additional file 2: Table S2

GHARFLORI1611 (G1611), Tumangmai (TMM), Wany-
uan66 (WY66), PENNY; Rht-Bib group: Xuzhou2l
(XZ21), Xiaoyan22 (XY22), SAGITTARIO, Wanmai33
(WM33) and Rht-D1b group: Aikang58 (AK58), Zhong-
mai9 (ZM9), Xinmai9 (XM9), Jimai26 (JM26).

Plant culture and treatments

Seeds of the wheat were surface-disinfected in 5% sodium
hypochlorite for 10 minutes, then rinsed in distilled water
for six times, and soaked in a low-temperature (4 °C)
incubator for vernalization 3 days. The vernalized seeds
were transferred into germinating box (15 x 15 cm, 16
seedlings per box) with filter paper and cultured in sterile
distilled water. In addition, replacing 15 ml distilled water
every two days. During this period, no mineral nutrients
were added. These seedlings were cultured in a growth
chamber with 22 °C/18 °C (day/night), 16 h/8 h (light/
dark, light intensity, 2000 1x), and 50% humidity.

After 14 days of germination, well-grown wheat seed-
lings from each cultivar were selected and transferred
into a test tube containing 1/2 Hoagland nutrient solu-
tion (Fig. 1). The composition of the nutrient solution was

as follows: 2 mM Ca(NO,),-4H,0, 3 mM KNO;, 1 mM
MgSO,-7H,0, 10 pM Fe-EDTA, 0.5 mM NH,H,PO,,
23 uM HBO,, 1 uM ZnSO,-7H,0, 0.15 uM, MnCl,-4H,0,
CuSO,-5H,0 and 0.05 pM Na,MoO,-2H,0. Notably, to
avoid failure detection of trace elements, two seedlings
were put into each test tube. In addition, the opening of
the tube is sealed with plastic film to prevent the evap-
oration of nutrient solution. Then, these seedlings were
transferred to the growth chamber with the same growth
parameters for different treatment time.

Time gradient treatment

Two cultivars were selected for treatment at four time
points (12 h, 36 h, 60 h, 84 h). The treatment time is cal-
culated from the time when the seedlings are placed in a
test tube containing nutrient solution to the time when
they are removed. At least 6 replicates were performed
for each cultivar under each time treatment, with one
test tube as a replicate. In addition, test tubes with-
out treatment of seedlings were used as controls and at
least 6 replicates were also performed under each time
treatment.



Guo et al. Plant Methods (2021) 17:105

Page 7 of 9

NH,* P K Mg

0.6 Kk 0.5 104 1.5
— *% S 0.4 * S 8 ) *%
o ] o E o 8- o
S S - > S ** ——
£ 04 £ 03] % £ ] N0 ]
> > > >
< < 0.2 < 44 <
= 0.2 = - = 4 = 0.5
L L 0.1- L 2- L
) -} . ) )

0-0 T T T 0-0 T T T 0 T T T 0-0 1 1 T

> N N° > N N > N N > N N
€ oS SER AR SRR SRR
& & & & & & & & & § ¥
(R AN (R SN [ A O &
Ca Mn Zn

41 5- 6
g *%
=] S 41 o =
D 3 | \g 4 > T
£ =2 34 2 4
> 24 > = —
< 2 < 2 <
E E E 21 - T
5 17 D 1 )

0 T T T 0 T T T 0 T T T

> N N° > N0 N0 > N0 N
& ° 4 > \9\ o‘é ° \.‘Q’\ \:o\ & ° \.’Q’\ 4 )
& & & & & &

Fig. 6 Effects of high Zn concentration (10 uM) on the absorption of mineral elements in wheat containing the Rhts allele. UFWAV: unit fresh
weight absorption value. The control group contains seven cultivars, and the Rht-81b and Rht-D1b groups respectively include four cultivars, and
each cultivar has at least six replicates. Values are means of all replicates of all cultivar in each group £ SE*t test and ANOVA significant difference.
*P < 0.05, **P < 0.01.The results of ANOVA are shown in Additional file 2: Table S2

Zn concentration gradient treatment

In this study, five Zn concentration gradients of 0,
0.01, 0.1, 1, 10 uM were selected. Zn concentration
was changed by changing the content of ZnSO,-7H,0O
on the basis of 1/2 Hoagland nutrient solution, while
the content of other elements remained unchanged.
In addition, all treatments and culture conditions were
consistent with those described above.

Determination of absorption value of mineral elements

After treatment, the wheat seedlings were taken out
of the test tubes, and the fresh weight of seedlings and
the volume of remaining nutrient solution were meas-
ured. Next, prepare standard solutions for each ele-
ment, and then use Flame/Graphite Furnace Atomic
Absorption Spectrometer “Z2000” (Hitachi, Japan) and
continuous flow analyzer “FLOWSYS” (Systea, Italy) to
detect the absorbance value of each element, and finally
obtain the standard solution curve and curve equation
of each element. Then detect the absorbance value of
each element in the test tube of the control group and

the treatment group, and calculate the concentration of
each element through the curve equation.

Note: the absorbance value of total Zn, Mn, Cu, Mg,
K and Ca in the nutrient solution in the test tube were
measured by Atomic Absorption Spectrometer. Due to
the limited detection range of the instrument, the nutri-
ent solution must be diluted 10 times to measure the con-
centration of Mg, and diluted 100 times to measure the
concentration of K and Ca. The absorbance value of total
NH," and P in the nutrient solution were measured by
continuous flow analyzer, in which the measurement of
element P requires dilution of the nutrient solution by 5
times. The concentrations of all elements in the nutrient
solution of the untreated seedlings were as the control.

In order to avoid the influence of the different growth
status of wheat seedlings on the measurement results,
the absorption value per unit fresh weight was used as
the index to evaluate the nutrient absorption capac-
ity of wheat in this study. Unit fresh weight absorption
value (UFWAYV) = (control measurement value x vol-
ume — sample measurement value x volume)/fresh
weight.
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Statistical analysis

Use the software SPSS (IBM SPSS Statistics 23.0) for sta-
tistical analysis of the data, and use the analysis of vari-
ance (ANOVA) for the significance of each treatment
effect and its interaction. When the results of the analy-
sis of variance show a significant difference, the Tukey’s
HSD test is used to determine the significant difference
between the means (P < 0.05).

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513007-021-00805-7.

Additional file 1: Figure S1. The concentration of each element in the
control group under different treatment time. Figure S2. The unit fresh
weight absorption values of Mg, Ca, Mn and Zn in two wheat cultivars
after 60h treatment. Figure S3. Zn absorption values of seven cultivars
treated with different Zn concentrations (1 uM and 10 uM). Figure S4.
Effects of low Zn concentration (0-0.1 uM) on the absorption of mineral
elements in wheat containing the Rhts allele.

Additional file 2: Table S1. Fitting function of Pearson correlation analysis
between elements. Table S2. Variance analysis of absorption values of
various elements for different group cultivar.
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