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Abstract

Bicarbonate anion, has a very high concentration in the calcareous soil, and in fact, is the main cause of chlorosis
in calcareous soils. This study was conducted to evaluate eight soybean cultivars with iron deficiency and bicarbonate
presence. The present research was carried out with the aim of assessing the effect of irrigation with water containing
bicarbonate on enzyme activities and Fe and Zn uptakes in soybean. We also compared Fe-efficient and non-Fe-
efficient varieties regarding their tolerance against bicarbonate stress. This experiment was done in two parts; the first
part was performed in order to identify Fe-efficient and non-Fe-efficient varieties (8 soybean varieties: ‘Perishing’,
‘Zaan’, ‘Clark’, ‘Williams’, ‘M7°, ‘M9’, ‘B.P’, and ‘L17’). ‘Perishing’, with an Fe efficiency index of 0.98, was
considered Fe-efficient, and ‘Clark’, with an Fe efficiency index of 0.43, was identified as non-Fe-efficient. In the
second part, the treatments included two levels of Fe, four levels of bicarbonate (0, 10, 20, and 40 mM), and two
varieties different in terms of Fe uptake (Fe-efficient [‘Perishing’] and non-Fe-efficient [‘Clark’]) were selected. The
results showed that under conditions of bicarbonate stress caused by the irrigation water, the Fe-efficient variety
(‘Perishing’) had more resistance than the non-Fe-efficient variety (‘Clark’). Zinc uptake by ‘Perishing’ was greater
than that by ‘Clark’. The activity of catalase enzyme decreased with increasing the bicarbonate concentration, while
that of super oxide dismutase increased in both varieties, but more strongly in ‘Perishing’.
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1. Introduction calcium content (in the form of calcium
carbonate), and high alkalinity (pH 7.5 to 8.5)

Bicarbonate is an anion, which abounds in (Zhao and Wo., 2017). A high concentration of
calcareous soils in arid and semi-arid areas. It is bicarbonate buffers the soil pH. As a result,
often created by dissolving carbonate minerals, mineral Fe concentration reduces by reducing
which are present in the parent material and also insoluble sediments. H+, produced by the
by combining water and CO; (Colla et al., 2010; activity of proton pomp, is neutralized and
Zhao and Wu, 2017). Bicarbonate is known as inactivated in the presence of bicarbonate.
the main factor to outbreak Fe-deficiency in Consequently, secreting phenolic compounds,
plants (Mengel et al., 1994). Different studies which are responsible to complex Fe, reduce,
have shown that the presence of bicarbonate in and the reduction rate of Fe3* in plasma
the irrigation water and soil solution has a membrane decreases. Thus, the plant faces Fe-
negative effect on nutrient uptake and hence on deficiency (Marschner, 1995). Bicarbonate also
plant nutrition (Cuenca et al., 2013; Mengel et affects the balance between Fe - reductase and
al., 1983). Karst regions are characterized by ATPase activities in roots of citrus seedlings
calcareous soils with a low bioavailability of (Cuenca et al., 2013). In an experiment, it was
plant nutrients (e.g., P, Zn, and Fe), high observed that bicarbonate decreased shoot Zn
content in rice varieties by decreasing organic
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plant in an inactive form. The majority of
scientists believe that the presented Fe in leaves
is distributed with apoplast pH, and bicarbonate
prevents plasma membrane from acidification
and neutralizes the H* produced by ionic pomp
activity (Mengel et al., 1994; Ishwar et al.,
2016). Therefore, the metabolic activities of
active Fe (Fe?") in the plant decrease, and many
of the electron transmission processes in plant
metabolic reactions is disturbed. Fe plays an
important role in plant nutrition, whose
deficiency causes oxidative stress, thus
disturbing enzyme activities in plants (Tewari et
al., 2013). Fe is an essential element for
chemical and bio-chemical activities in plants,
whose limitation has a clear effect on the plant
production and photosynthesis (Frey and Reed,
2012). Investigations indicate that the total
absorbed Fe by plants is not used, and part of
that is spent for the formation of insoluble
compounds. Therefore, in some cases, the total
Fe of a plant is not a suitable criterion to
monitor the nutritional status of the plant.
Usually, Fe** is immobile in plants, and the
active form is Fe?* (Rashid et al., 1997; Nikolic
and Romheld, 1999).

Fe-deficiency in high sensitive plants creates
oxidative damages. In a study, Reactive Oxygen
Species (ROS) accumulation was observed in
Fe-deficient sunflower plants (Rodriguez et al.,
2001). For many antioxidant enzymes, Fe is
important for electron transmission in reactions.
A potential targeted comparison of oxygen
active types such as hydrogen peroxide (H202),
hydroxyl (OH), reduction of H,O and the
tendency of oxidation like O, (radical of
superoxide anion), is along with reduction of
Fe** to Fe?*. In some plants, when there is Fe-
deficiency, the level of lipid peroxidation
decreases. Reactive oxygen species, including
peroxide (O2), singlet oxygen (O2), hydrogen
peroxide (H20-), and hydrogen radicals (OH),
are produced during environmental stresses. A
defensive mechanism in plants against these
compounds is the production of antioxidant
enzymes, such as peroxidase (APX), superoxide
dismutase (SOD), and catalase (CAT), and non-
antioxidant enzymes, such as glutathione-
ascorbate and carotenoid (Tewari et al., 2005;
Molassiotis, 2006). Molassiotis (2006) reported
that under conditions of Fe-deficiency, catalase
activity in the leaves and roots of peach
decreased, while that of superoxide dismutase
increased. The ability of root to create suitable
conditions for Fe absorption is different among
various plants. The plants that are resistant to
Fe-deficiency have an efficient root system to
absorb Fe. The root system of sensitive plants

does not have enough efficiency to absorb Fe
(Marschner, 1995). Plants adopt two types of
mechanisms (Strategy | and 1) for iron
acquisition from the soils. Strategy | is found
among dicots and monocots, except
graminaceous species which adopt Strategy II.
The Strategy | mechanism involves proton
release at the rhizosphere that lowers the pH of
soil solution and increasing solubility of Fe®*,
Fe(lll) chelate reductase activity that reduces
Fe3* to more soluble Fe?*, and transportation of
Fe?* into the root by metal transporters (Ishwar
et al.,, 2016). Strategy Il plants acquire Fe
through naturally synthesized mugineic acid
(MA) family phytosiderophores, which dissolve
insoluble Fe®* in the rhizosphere and acquire
Fe(l11)-MA complexes. Soybean is a strategy |
plant, whose yield in calcareous soils decreases
because of the chlorosis induced by Fe-
deficiency. A method to investigate the effects
of the genetics on plant nutrition is using
different varieties of a given plant with different
abilities to absorb a certain element (Marcchner,
1995). The efficiency of Fe absorption by
genotypes is the ability of them to better grow
and produce more yields under conditions of Fe-
deficiency in comparison with other genotypes
(Barton and Abed, 2006; Behl et al., 2003;
Lamont et al., 2002).

Fe is essential for physicochemical and
methalo-protein activities. Fe is also necessary
for the activities of many enzymes (Marschner,
1995). An optimum concentration of Fe is
essential for the functionality of antioxidant
enzymes. Fe-deficiency reduced the activities of
catalase, peroxidase, and superoxide dismutase,
while the production of free radicals increases
simultaneously, which influences electron
chain, damages chloroplast, and reduces
carotenoid synthesis (Mathey et al., 1996). The
aims of this research was to investigate the
effects of bicarbonate on Fe concentration,
active Fe in the shoot, and the activities of
catalase and super oxide dismutase enzymes in
two varieties of soybean different in Fe-
efficiency, and also to compare the effect of this
ion on each variety.

2. Materials and Methods
2.1. Soil selection and analysis

This experiment, arranged in a completely
randomized block design with three replications
in greenhouse conditions, was conducted in two
parts. The primary part was performed in order
to identify Fe-efficient and non-Fe-efficient
varieties of soybean. For this purpose, seeds of
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eight commercial and common varieties of
soybean in Iran were provided and cultivated in
a soil with less than 2 mg/kg available Fe (less
than the critical level). Some physicochemical
properties of the soil such as texture, saturation
moisture percent, pH, electrical conductivity
(EC), calcium carbonate value, organic matter,
available potassium, available phosphorous, soil
nitrogen, and cation exchange capacity are
shown in table 1 (Ali-ehyae and
Behbahanizadeh, 2002).

2.2. Plant cultivation in pre-treatment

In order to evaluate the eight varieties of
soybean grown under a soil with Fe deficiency
(to identify Fe-efficient and non-Fe-efficient
varieties), a greenhouse factorial trial was
carried out, being arranged in a completely
randomized block design. The first factor was
Fe at two levels: no Fe fertilization and
optimized Fe fertilization at planting time (5
mg/kg; Sequestrin), and the second factor was 8
soybean varieties: ‘Perishing’, ‘Zaan’, ‘Clark’,
‘Williams’, ‘M7°, ‘M9, ‘B.P’, and ‘L17".

In the first part, the seeds were disinfected
and then sown in three-kg pots. In this part, one
treatment of Fe adequacy and one treatment of
Fe deficiency were applied (Fe fertilizer was
sourced from Fe EDDHA), and then the pots
were transferred to a growth chamber with an
appropriate temperature for the soybean growth.
The other required nutrients were applied
optimally. Irrigation was done by hand till 0.7
of field capacity (FC), and after eight weeks, the
plants were harvested. Plant samples were kept
at a temperature of 70°C for 72 hours. The dry
matter weights were measured, and the
concentration of Fe in the plant tissue was
extracted with hydrochloric acid 1 N and read
by atomic absorption spectrometer. There were
significant differences regarding Fe uptake and
transmission among the different varieties
tested, so they were classified under two groups
of resistant (Fe-efficient) and sensitive (non-Fe-
efficient) (Mahmoudi et al., 2005).

Fe-efficient and non-Fe-efficient varieties were
identified by using element-efficiency equation
(Sadrarhami et al. 2010):

Fe — efficient = > 1)
Yp

Ys: yield under conditions of Fe-deficiency
Y,: yield under conditions of Fe-adequacy

Various varieties were compared with each
other, and two varieties of Fe-efficient and non-
Fe-efficient were selected by calculating Fe

efficiency index and indices of tolerancence and
sensitivity against stress.

2.3. The cultivation of Fe-efficient

The second part of the present experiment
was performed in order to compare the two
varieties (Fe-efficient and non-Fe-efficient) of
soybean with two soil bicarbonate content.
Through this part, the seeds of both varieties
(Fe-efficient and  non-Fe-efficient)  were
disinfected and cultivated in three-kg pots, and
two treatments of fertilization (Fe-adequacy)
and non-fertilization (Fe-deficiency) were
administered. The other nutrients required for
the plant growth were applied optimally. They
were then transferred to a germinator with a
day/night temperature of 28/22°C, a relative
day/night humidity of 74/54%, and a
photoperiod of 16/8 hours (dark/light).
According to research report (Malakouti and
Shahabi, 2002) Bicarbonate was added to the
irrigation water by dissolving ammonium
bicarbonate salt therein at four concentrations:
0, 10, 20, and 40 mM and added to soil. In fact,
the Fe-efficient variety (‘Perishing’) and the
non-Fe-efficient one (‘Clark’), which were
selected in the first part of the experiment, were
subjected to bicarbonate stress at four levels.
This was also a factorial trial arranged in a
completely randomized block design with three
replications. The first factor was Fe fertilization
(with and without Sequestrin, according to the
critical level of Fe in the soil for both varieties).
The second factor was bicarbonate at four
levels. Irrigation was done by hand till 0.7 FC,
and after eight weeks, the plants were harvested.
In this part of the study, Fe, active Fe, Zn, and
some of enzymes were measured.

2.4. Measuring active Fe

The active Fe is an important part of plant
tissue and is considered the available part of Fe
for metabolic reactions. To measure the active
Fe, some opened and matured leaves were
provided from each pot and washed with
distilled water. After that, the active Fe of green
leaves was measured according to Katyal and
Sharma’s method. To measure the active Fe in
the plants, the solution of ortho phenanthroline
1.5% was used and then the amount of active Fe
was calculated by using the below equation
(Katyal and Sharma, 1980):

Fe ** (mg/kg) = Fe** (mag/kg) (from calibration
curve) A/Wt; Wt: the dry weight of 2 g fresh
plant sample that was oven-dried

A: the volume of extractant.
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Measuring Fe and Zn: Fe and Zn in the plant
samples were measured by the dry ashing
method and by extracting with hydrochloric
acid 1IN. Fe concentration in filtered samples
was read by atomic absorption spectrometer
(Oserkowsky, 1933).

2.5. Measuring antioxidant enzymes activity

To evaluate the activities of the enzymes, a
spectrophotometer device (UV_160A_
SHIMADZU) with a quartz cuvette was used
and reported in the unit of u min'* mg? protein.

2.6. Data analysis

The data were analyzed by using SAS
software, and the graphs were drawn by using
Excel. The means were compared according to
Duncan’s multiple-range test (P<0.05).

3. Results

3.1. The selection of Fe-efficient and non-Fe-
efficient varieties

The comparison of Fe efficiency index in the
eight varieties of soybean in the preliminary

Tablel.The studied soil properties

Motesharezadeh et al. / Desert 22-2 (2017) 145-155

study showed that the wvariety had a
considerable effect on Fe uptake. ‘Perishing’,
with an Fe efficiency index of 0.98, had the
highest Fe-efficiency, while ‘Clark’, with an Fe
efficiency index of 0.43, had the lowest Fe-
efficiency. The difference between ’Williams’
and ‘M7’ was insignificant statistically
(P<0.05). Similarly, there were no significant
differences between ‘Perishing’, ‘M9’, ‘B.P’,
‘Zan’ and ‘L17°, but ‘Perishing’ and ‘Clark’
showed the highest difference (Fig. 1).

Means within the same columns followed by
the same letter(s) have no significant differences
(P<0.05). Based on table 2, Fe fertilization and
the variety had significant effects on the
concentrations of Fe, Zn, and active Fe in the
shoot, whereas the effect of bicarbonate was
only significant on the concentrations of Fe and
active Fe in the shoot. Additionally, the
interactive effects of Fe and bicarbonate on the
concentrations of Fe, Zn, and active Fe of shoot
were significant. The interactive effects of
bicarbonate and variety were significant only on
the concentration of Fe in the shoot. The
interactive  effects of Fe fertilization,
bicarbonate, and variety were significant on the
concentrations of Fe and active Fe in the shoot.

Characteristics Unit Value
Soil Texture Class Loam
EC dS/m 0.80
FC % 19.00
pH - 7.80
CEC cmolc*/kg 11.07
CaCO, % 6.15
N % 0.03
oC % 0.08
NaHCO3-Pe mg/kg 3.90
NH,Ac-K mag/kg 530.00
DTPA-Zn mg/kg 0.86
DTPA-Fe mg/kg 1.25

Table 2. Analysis of variance of the concentrations of Fe, active Fe, and Zn in the shoot of soybean

Mean Square

Source of variations Degree of freedom Fe in the shoot Active Fe Zn
Iron 1 30402.3** 516** 5598.72**
Variety 1 123340.9** 364** 369.63ns
Bicarbonate 3 28127** 507** 10348.72ns
Fe*Var 1 621.936** 60.60** 7.05ns
Fe*Bic 3 889.90** 4.8* 1414.94*
Var*Bic 3 6031.74** 1.7ns 7.74556ns
Var*Bic*Fe 3 534.98** 8.34** 48.11ns
Error 32 38.52** 1.18 158.60

Note: ns: non-significant; * and **: significant at 5% and 1% probability levels, respectively; CV: coefficient of variation

3.2. Fe concentration in the shoot and root

The concentration of Fe in the shoot was
much more under conditions of Fe-availability
(Fe fertilization) than under conditions with no
Fe fertilization. At all concentrations of

bicarbonate (0, 10, 20, and 40 mM), Fe
fertilization had an incremental effect on the
concentration of Fe in the shoot, but with
increasing  bicarbonate  concentration, the
concentration of Fe in the shoot decreased.
Moreover, the concentration of Fe under
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conditions with no Fe fertilization decreased
with increasing bicarbonate concentration
(Table 3).

In both varieties, ‘Clark’ (non-Fe-efficient)
and ‘Perishing’ (Fe-efficient), with increasing
bicarbonate concentration in the irrigation

1.2 1

17 ab

o
oo
1

o
o
1

Fe efficiency index

" Pershing Zaan

cd

Clark wiliames

bcd

M7

149

water, shoot Fe concentration decreased, but at
all levels of bicarbonate, shoot Fe concentration
in ‘Perishing’ (Fe-efficient) was much more
than that in ‘Clark’ (non-Fe-efficient) (Table 3).
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Fig. 1. Fe efficiency of eight varieties of soybean

Table 3. Fe and Zinc concentration in conditions of fertilization and non-fertilization at different concentrations of bicarbonate.
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Based on the data in table 3, shoot Fe bicarbonate, root Fe concentration under
concentration under conditions with Fe conditions with Fe fertilization was more than

fertilization and with no Fe fertilization and at
levels of 0 (control), 10, 20, and 40 mM
bicarbonate were 71.1, 55.37, 41.1, and 32.38
mg/kg, respectively. These results indicated that
with increasing bicarbonate concentration, Fe
fertilization efficiency (Fe fertilizer recovery)
decreased substantially, and these variations
were statistically significant (P<0.05) at all
bicarbonate concentrations. With increasing
bicarbonate concentration, Fe concentration in
the root increased strongly under conditions of
Fe adequacy (Fe fertilization). In fact, with
increasing bicarbonate concentration, root Fe
concentration increased. At all levels of

that under conditions with no Fe fertilization
(Table 3).

Results showed that with increasing
bicarbonate concentration, root Fe concentration
increased in  both varieties. Root Fe
concentration in ‘Clark” (non-Fe-efficient) at all
concentrations of bicarbonate was much more
than that in ‘Perishing’ (Fe-efficient) and
increased with increasing bicarbonate level
(Table 3).

The results showed that root Fe
concentration in ‘Pershing’ and ‘Clark’ under 0
and 10 mM of bicarbonate was not significant,
while it was significant (P<0.05) at levels of 20
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and 40 mM of bicarbonate. Fe concentration in
‘Clark’ (non-Fe-efficient) was much more than
that in ‘Pershing’ (Fe-efficient).

3.3. Active Fe

Research shows that there is not much
correlation between total Fe and Fe deficiency-
mediated chlorosis, and in most cases, total Fe
in chlorotic leaves are more than in normal
leaves, which is known as the iron
contradiction. However, these chlorotic leaves
had lower active Fe (Abadia, 1992; Therios et
al., 2005). Various methods of Fe extraction
from avocado tress showed that the correlation
between Fe(ll) extracted with phenanthroline
and the degree of chlorosis was more than that
obtained by other methods. Therefore,
extraction with phenanthroline can be a suitable
method for the recognition of Fe deficiency in
these trees (Neaman and Aguirre, 2007). Ortho-
phenanthroline forms a stable complex with
Fe(ll), which produces a specific orange color,
whose intensity is read at 510 nm and then
calculated by using a standard curve (absorption
against Fe(lll) concentration) (Katayal and
Sharma, 1980). Some earlier studies
demonstrate that there is good correlation
between active Fe and the degree of chlorosis,
which is accordingly an appropriate method for
the recognition of Fe deficiency (Tagliavini et
al., 2000; Romheld, 2000).

At all bicarbonate concentrations (0, 10, 20,
and 40 mM), the active Fe concentration in the
shoot under conditions of soil Fe-adequacy was
much more (Fe fertilizing) than that under Fe-
deficiency conditions, and this variation was
statistically ~significant at all levels of
bicarbonate (P<0.05) (Table 3). The active Fe
concentration in both varieties decreased with
increasing the bicarbonate level, but at all levels
of bicarbonate; the active shoot Fe
concentration in ‘Pershing’ (Fe-efficient) was
much more than that in ‘Clark’ (non-Fe-
efficient) (Table 3).

The active shoot Fe concentration under Fe
fertilization and non-Fe fertilization at levels of
0, 20, and 40 mM of bicarbonate were 7.79,
6.59, and 4.73 mg/kg, respectively. These
variations indicated that with increasing
bicarbonate concentration, the differences
among the active shoot Fe concentration in
conditions with Fe fertilization and non-Fe-
fertilization reduced. However, at 0 and 10 mM
of bicarbonate, Fe fertilization was more
effective on increasing active Fe concentration
in the shoot.

The results showed that bicarbonate
decreased shoot Fe concentration in both
varieties, and with increasing Fe concentration,
a stronger reduction was observed, which was
due to a bicarbonate-mediated disruption in the
process of Fe uptake (Table 3). In addition,
active shoot Fe concentration in both varieties
decreased in the presence of bicarbonate (Table
3).

3.4. Shoot Zn concentration

The results showed that shoot Zn
concentration  reduced  with  increasing
bicarbonate concentration. In both varieties,
with increasing the bicarbonate concentration,
shoot Zn concentration reduced. The difference
between the two varieties regarding Zn
concentration was not significant at 0 and 10
mM of bicarbonate, but it was statistically
significant at 10 and 20 mM. However, between
20 and 40 mM, the difference between the two
varieties was not significant statistically. In
general, shoot Zn concentration reduced with
increasing bicarbonate concentration, and at all
levels of bicarbonate concentration; this
reduction in ‘Clark’ (non-Fe-efficient) was more
than that in ‘Pershing’ (Fe-efficient) (Table 3).

At concentrations of 0 and 10 mM of
bicarbonate, shoot Zn concentration was not
significantly different in ‘Pershing’ (Fe-
efficienty and ‘Clark’ (non-Fe-efficient).
Additionally, shoot Zn concentration in
‘Pershing’ was not significantly different at 20
and 40 mM of bicarbonate, whereas the
difference was significant between bicarbonate
0 and 10 mM and 20 and 40 mM in variety of
‘Pershing’ (Fe-efficient), and between 10 and 20
mM was a considerable difference (Figure 8).
The presence of bicarbonate in the irrigation
water not only prevents the uptake of Fe, but
also disrupts that of Zn. In both varieties, shoot
Zn concentration reduced, but this reduction
was stronger in the non-Fe-efficient variety
(Table 3).

3.5. Catalase Activity (CAT)

As shown in figure 9, with increasing
bicarbonate concentration, the catalase activity
in both varieties decreased. The catalase activity
in ‘Pershing’ (Fe-efficient) was more than in
‘Clark’ (non-Fe-efficient) at all levels of
bicarbonate. The difference between the two
varieties in the case of catalase activity was
statistically significant (P<0.05) at all levels of
bicarbonate. In fact, there was a decreasing
trend. The highest CAT activity was observed in
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the ‘Pershing’ plants irrigated with water
containing bicarbonate 0 mM, while the lowest
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CAT activty (umol of H,0,
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in ‘Clark’ plants irrigated with water containing
bicarbonate 40 mM (Figs. 2 and 3).
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Fig. 2. The activity of catalase in the ‘Perishing’ and ‘Clark’ plants irrigated with water containing different
concentrations of bicarbonate

3.6. Superoxide dismutase (SOD) activity

In both ‘Pershing’ and ‘Clark’, the activity of
superoxide dismutase enhanced with increasing
the bicarbonate concentration, which was
significant statistically (P<0.05) at all levels of

bicarbonate. At all levels of bicarbonate, the
activity of superoxide dismutase in ‘Clark’
(non-Fe-efficient) was more than in ‘Pershing’.
The highest activity was observed in ‘Clark’
irrigated with water containing bicarbonate 40
mM, and the lowest in ‘Pershing’ (Fig. 3).

_ 0.009 -
= 0.008 - a
B b
o -
:-_ 0.007 c :[ :[
é" 0.006 - d I o
- 0.005 - I e
é 0.004 - f f m Pershing
=) -
= 0.003 Clark
= 0.002 -
S 0.001 -
S .
2 0 - . . .
0 10 20 40

Bicarbonate levels (mM)

Fig. 3. The activity of SOD in the ‘Perishing’ and ‘Clark’ plants irrigated with water containing different concentrations of
bicarbonate

4, Discussion

The results of the present study showed the
differences between various Glycine soja
cultivars regarding “iron efficiency” (Fig. 1). In
order to understand the possible reasons and the
mechanisms behind iron efficiency, it is
important to recognize the differences between
‘Pershing’ and ‘Clark’, iron efficient and non-
efficient, respectively. This Fe difference could
be attributed to better root growth and biomass
production (formulas used to calculate iron

efficiency index: data of Fig. 1). Furthermore,
some of mechanisms of iron efficiency for
increasing active iron in the plant and the ability
to transfer the Fe from root to shoot are
attributed to the plant’s aerial organs (data in
Table 3).

A high Fe concentration in the leaves at the
time of chlorosis induced by Ca can be because
of its restrictive effect on the other factors
required for leaf growth and chloroplast growth
and organization (Ksouri et al., 2005). Fe-
deficiency is common among plants, e.g.
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almonds, rice, beans, soybean, and sorghum
(Fageria, 2008). A plant’s Fe requirement
changes proportionally with its ability to utilize
Fe from the environment. For example,
differences were observed among plant different
varieties of a species such as sunflower, barley,
corn, oat, wheat, rice, corn, tomato, cucumber,
and soybean (Tinker and Launchi, 1984;
Marschner, 1995). As shown in figure 1, the
different varieties of soybean showed varied
yields under conditions of Fe deficiency, which
was because of variation in their genetic
properties and their specific mechanism against
Fe deficiency. Severe Fe deficiency in plants
increases the root secretion compounds such as
phenolic materials, riboflavin, and organic
acids. In addition to their indirect effects on the
soil  microbial population, the secreted
compounds affect micronutrient availability by
increasing the acidity of root zone, forming
chelates and reducing Fe3* to Fe?* (Ksouri et al.,
2005). Various studies have shown that under
conditions of Fe deficiency, yields and growth
of different plants reduce significantly, but with
less severity in resistant varieties (Norvell and
Adams, 2006; Yousfi et al., 2009). Plants that
are Fe deficient do not perform photosynthetic
processes completely because of inadequate
chlorophyll content, thereby diminishing the
growth and yields. Generally, the plants that are
capable of converting Fe to available forms are
considered Fe-efficient under conditions of Fe-
deficiency. The utilization of Fe-efficient
varieties increases Fe uptake due to
morphological and/or physiological mechanisms
like secreting organic acids (citric acid) and
increasing reductive capacity of the root
(Marcshner, 1986). Bertamini and
Nadunchezhian (2005) declared that Fe-
deficiency reduced plant fresh and dry weights
and leaf area in grapes. Pestana et al., (2012)
showed that adding Fe to nutrient solution of
sugarcane increased shoot and root Fe
concentration and had a substantial effect. The
results of this experiment showed that under
conditions of Fe sufficiency, Fe-reductase
activity decreased.

Bicarbonate is an important factor in the
occurrence of chlorosis induced by Fe-
deficiency. A high concentration of bicarbonate
in the root may indirectly affect leaf Fe
utilization value. In the majority of varieties
sensitive to chlorosis, a high concentration of
bicarbonate  stops  important  processes
including: root growth, root respiration, and root
pressure power to transfer solution through
xylem and to send out cytokinin to branches.

The findings of the present study showed
that with increasing bicarbonate in various
treatments, Fe and Zn concentrations decreased
in all treatments (table 3), however at different
rates. Iron efficient plants such as ‘Pershing’
resisted the increased bicarbonate very well,
with a slight decreasing gradient. However, Iron
non-efficient plants lost more Fe and Zn. Ours
results are in consistency with those of
Kosegarten et al. (2001). Kosegarten et al.,
(2001) indicated that the presence of
bicarbonate led to the accumulation of Fe in
apoplsat of root epidermic cells, the increase of
apoplast pH, and the restriction of Fe transfer
from the root to the shoot. The increased
apoplast pH leads to the reduction of Fe in the
leaves, hampers Fe uptake and transmission to
the shoot, and reduces the capacity of the
reduction of Fe®** and inactivates active Fe
(Mengel et al., 1994). Yang et al (2003, 1994)
observed that bicarbonate decreased Zn and Fe
concentrations in non-Zn-efficient varieties but
not in Zn-efficient varieties. These genotypes
grow in calcareous soils easily. Moreover,
bicarbonate can neutralize Zn, Fe, and other
micronutrients in plants. Bicarbonate makes Fe
to sediment in leaf apoplast, and Fe
concentration decreases subsequently (Nicolik
et al., 1998).

Bicarbonate in the rhizosphere is considered
an important factor to cause plant Zn-deficiency
in calcareous soils. In a Hajiboland et al., (2005)
study, the effect of bicarbonate on rooting,
distribution, and secretion of organic acids in
Zn-efficient and non-Zn-efficient genotypes was
investigated, and the results indicated that
bicarbonate considerably increased the number
of fine roots in the Zn-efficient variety. In the
non-Zn-efficient variety, the growth decreased
and the plants secreted more citrate and malate.
Bicarbonate increased malate secretion in the
fine roots in 1-2 cm depth of the soil, and this
secretion was stronger in the Zn-efficient
variety than in the non-Zn-efficient one.
Furthermore, bicarbonate decreased rooting in
the non-Zn-efficient variety and led to a more
accumulation of organic acids in the root. In the
non-Zn-efficient variety, the accumulations of
malate and citrate in fine roots reduced the
secretion of these compounds in the rhizosphere
and diminished their transfer to the shoot
(Hajiboland et al., 2005). It has been stated in
numerous reports that bicarbonate ions decrease
root volume, prevent Zn uptake, and decrease
Fe mobility in the root, thus reducing its transfer
to the shoot (Ferno et al., 1975).

Fe mobility in plants is affected by
bicarbonate ions more than Fe uptake value. It
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has been shown that with the application of
bicarbonate in the nutrient solution, Fe content
increased in the stem and petioles but decreased
in the leaves. Additionally, the pH of cell
extract is related to the total Fe and soluble Fe
therein. When the pH of a cell increases, the
total Fe content increases, whereas the soluble
Fe decreases. When there is a high
concentration of bicarbonate or CO; (which
produce bicarbonate under poor soil aeration) in
the irrigation water, the absorption of nutrients,
especially micronutrients, is disturbed, which is
due to the elevated soil pH (Koasch and Hofner,
1984).

The results revealed that the plants grown
under stress of bicarbonate experienced changes
in the activities of the enzymes. The activity of
catalase enzyme (CAT) showed a decreasing
trend with increasing bicarbonate (Fig. 1), while
that of superoxide dismutase (SOD) displayed
an increasing trend (Fig. 2). As bicarbonate
increased, the activities of catalase decreased in
both cultivars, but at a lower rate in ‘Pershing’
(Fig. 2) but these changes were stronger at
higher concentrations of bicarbonate. The
comparison between SOD activities revealed
that ‘Pershing’, Fe efficient, has a higher SOD
activity. In other words, Fe efficient cultivars
resist bicarbonate stress with the help of SOD
antioxidant activity, which is a defense
mechanism. Our results are in agreement with
those of Cuenca et al. (2013) and Rivero et al.
(2003). Researchers reported that after 21 days,
citrus seedlings were irrigated with bicarbonate
10mM, and then Fe concentrations in the
different parts were measured. Additionally, the
effect of bicarbonate on the enzyme activity and
Fe availability were examined. The seedlings
that were grown under Fe deficiency and in the
presence of bicarbonate had less shoot Fe
concentration than those grown only under
conditions of Fe-deficiency. Bicarbonate affects
the balance of Fe-reductase and ATPase
activities in the roots of citrus seedlings. The
activities of these enzymes in the presence of
bicarbonate and lack of Fe increase (Cuenca et
al., 2013). Biochemical and ultra-structural
changes are the primary indications of Fe-
deficiency in calcareous soils. In a study, the
effects of different temperatures on Fe uptake
and the activities of APX, GPX, CAT, and SOD
were investigated (Rivero et al., 2003). The lack
of Fe increased the production of active oxygen
types, thus provoking oxidative stress and lipid
peroxidation. Therefore, the activity of
increased (Donnini et al., 2011; Tewari et al.,
2005). Fe-deficiency in sunflower caused
oxidative stress and decreased the activities of

POD and APX. Decreased Fe concentration in
plant tissue reduced Fe-SOD activity in citrus,
peas, and tobacco. Moreover, decreased Fe
concentration in the leaves of strawberry, maize,
and cauliflower changed the activities of
catalase and peroxidase. It also increases active
types of oxygen and SOD (Tewari et al., 2005).
Therefore, bicarbonate leads to oxidative stress
in two ways: disrupting oxidation-reduction
reactions (Klimov et al. 1995) and provoking
Fe-deficiency in plants and thereupon oxidative
stress.

The severe deficiency of Fe is not due to OH
production; it usually  provokes lipid
peroxidation, though the concentrations of H.0;
and O and the activity of SOD increase. Iturbe-
Ormaexte et al. (1995) stated that H.O. is
accumulated in plant leaves treated with
bicarbonate. In an experiment on peach
seedlings, Fe in the leaves and roots as well as
the activity of Fe-reductase in the root reduced
strongly under the lack of Fe and the presence
of bicarbonate. Fe deficiency increased
superoxide-dismutase activity, whereas the
activity of catalase reduced in the roots.

5. Conclusion

Oure results showed that Fe-efficient and
non-Fe-efficient  varieties have  different
reactions to soil bicarbonate. In both varieties,
with increasing the bicarbonate concentration,
the concentrations of Fe and active Fe in the
shoot decreased, but Fe-efficient variety was
more tolerant against this stress. Furthermore,
bicarbonate affected shoot Zn concentration.
Shoot Zn concentration decreased with
increasing the bicarbonate concentration, but the
Fe-efficient variety had a more Zn concentration
in its shoot than the non-Fe-efficient variety. Fe
fertilization increased its absorption by both
varieties. Therefore, it is strongly recommended
that Fe efficient cultivars be recognized at first,
since the administration of Fe fertilizers is not a
sustainable method. Recognition and utilization
of these cultivars can be both eco-friendly and
economical. Accordingly, to deal with soils with
a high lime content and water sources with a
high bicarbonate level, it is essential to utilize
Fe efficient cultivars. The other important note
is to consider ‘Active Iron Index’. This index,
which evaluates Fe (Il) in the plant, can very
well display Fe deficiency. Therefore, farmers
should put more importance on it.
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