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Abstract: Iodine and vanadium are elements that are closely related to organisms in water
environments. Iodine and vanadium are known as “beneficial elements” that stimulate the growth and
development of higher plants. Iodine is an essential element for the synthesis of the thyroid hormones
triiodothyronine and thyroxine in the human body, with vanadium also known to be involved in
the synthesis of thyroid hormones. The cooperation of both elements in the human body and in algae
presents a question regarding the impact of vanadium interaction on iodine uptake in higher plants.
The absorption of iodine from seawater in algae is known to be more efficient in the presence of
vanadium, with key role in this process played by the iodoperoxidase enzyme, with vanadium acting
as a cofactor. The study of the nature of the absorption of iodine by higher plants, and in particular
by crops such as corn, remains insufficiently studied. The aim of this study was to investigate
the effect of vanadium on iodine uptake via vanadium-dependent iodoperoxidase (vHPO) activity in
sweetcorn plants (Zea mays L. subsp. Mays Saccharata Group) “Złota Karłowa”. The experiment was
carried out with organic and inorganic iodine compounds, namely potassium iodide (KI), potassium
iodate (KIO3), 5-iodosalicylic acid (5-ISA), and 2-iodobenzoic acid (2-IBeA), each used in a dose
of 10 µM. These compounds were applied with and without vanadium in the form of ammonium
methavanadate (NH4VO3) at a dose of 0.1 µM. A double control was used, the first without iodine
and vanadium and the second with vanadium but without iodine. Root length, root mass, and
above-ground weight were significantly higher after iodine and vanadium compared to controls.
Plants were collected at the five true leaf stage. vHPO activity level was much higher in the roots
than in the leaves, but greater variation in the leaves was observed between treatments in terms of
vHPO activity. Vanadium was shown to accumulate in the roots. The use of a relatively low dose of
vanadium may have caused changes in the accumulation of this element in the aerial parts of the plant,
leaves, and shoots. Fertilization with iodine and vanadium compounds decreased the accumulation
of most minerals, macroelements, and microelements compared to controls. The obtained results of
iodine accumulation in individual parts after applying iodine and vanadium fertilization testify to
the stimulating effect of vanadium on iodine uptake and accumulation.

Keywords: iodine; vanadium; vanadium-dependent haloperoxidases; beneficial elements;
stimulating effect; biofortification

1. Introduction

Around two billion people in the World suffer from health issues related to iodine deficiency in
their diets [1,2]. The problem of insufficient amount of iodine in the diet concerns areas with a high
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degree of economic development and less economically developed countries. The recommended
daily iodine intake through the diet ranges between 90–250 µg. Iodine is responsible for proper
functioning of the thyroid gland by synthesizing thyroxine (T4) and triiodothyronine (T3). Proper
iodine concentrations in pregnant women protect against complications in the prenatal period (mental
retardation), miscarriage, and infertility [3]. Multilateral organizations, such as WHO (World Health
Organization), UNICEF (United Nations Children’s Fund), ICCIDDs (International Council for Control
of Iodine Deficiency Disorders) have been looking for effective and practical methods to introduce
iodine into the human diet for over twenty years [4]. Table salt iodination has so far been the only
cost-effective, common solution to supply this essential element to many households [4]. The process
of biofortification of plants with iodine (as well as other elements, vitamins, and nutraceuticals) has
become an alternative, effective, and cost-effective solution. Agro technical methods of enriching crops
with iodine have become the subject of many scientific studies. Previous research on the effectiveness
of enriching crop plants with iodine was conducted on several vegetable species, including lettuce [5,6],
spinach [7,8], tomato [9], cucumber [10], carrot, celery [11], and potato [12]. Research was also carried
out on the efficiency of rice grain enrichment [13] of wheat, corn [14], and buckwheat [15]. In this
experiment, an inorganic form of iodine KI and KIO3 was used for effective iodine biofortification. Halka
et al. [16] used an organic form of iodine 5-iodosalicylic acid, 3,5-diiodosalicylic acid, 2-iodobenzoic
acid, 4-iodobenzoic acid, and 2,3,5-triiodobenzoic acid to enrich a tomato plant with iodine. Sularz et
al. [17] used 5-iodosalicylic acid and 3,5-diiodosalicylic acid for the biofortificaation of the lettuce. To
achieve the most effective method of biofortification researchers conduct their experiments by applying
iodine compounds to hydroponic culture systems [12], soil, [14] or by foliar spraying of plants [14,18].

The largest reservoir of iodine on Earth is seawater and the organisms living in this environment [19].
Brown algae species are the most efficient iodine accumulators, with an average content of 1% dry
matter in Laminaria digitata [20]. Iodine uptake by seaweed L. digitata involves extracellular iodide
oxidation via vanadium-dependent haloperoxidase (vHPO), among other enzymes [21]. In seaweed
organisms, one function of iodine is its participation in antioxidant mechanisms that protect capsid
and thallus surfaces against oxidative stress [22]. vHPO enzymes play central roles in both iodine
uptake from seawater and in the synthesis of volatile hydrogen halides in marine algae [23,24].

Vanadium occurs in several oxidation levels from −1 to +5 [25]. The result of rock leaching
and natural volcanic eruption causes distribution of vanadium in the soil and air. It is released into
the atmosphere during coal combustion processes and production of petroleum and is considered to be
a fertilizer pollution used in agriculture [25,26]. In higher plants, vanadium still arouses the interest of
scientists and researchers. The uptake and distribution of vanadium to above-ground plant parts occurs
to a small extent. Roots are characterized by the highest degree of accumulation of vanadium [27,28],
with vanadium compounds inhibiting plant proton pumps in plasma membranes [21,29], which act as
osmotic regulators in cells, i.e., by regulating intracellular pH, response to stress conditions, and mineral
deficiencies [30]. The application of high doses of vanadium may cause inhibition of macronutrient
uptake and accumulation, resulting in deficiencies. Critically low Ca concentrations were observed
in vanadium-treated beans [27], with excess vanadium potentially inhibiting phosphorus uptake,
transport, and accumulation in aerial plant parts. Doses above 20 mg V·kg−1 soil resulted in these
phenomena [31]. Studies conducted on mint by [32] did not show a radical decrease in Ca content in
plants after vanadium fertilization.

Daily vanadium intake for humans ranges from 10 to 160 µg [33–35], and is found in mushrooms,
parsley, pepper [35–37], seafood, fresh fish [38], beer and wine, spinach, and fennel seeds [39].
Organic and inorganic vanadium compounds help to maintain glucose homeostasis (balance) in type
1 and type 2 diabetes mellitus due to gene expression of enzymes involved in glucose and lipid
metabolism [34,39,40]. Vanadium also participates in bone and tooth metabolism and acts as an enzyme
cofactor [41], further regulating the action of (Na, K)-ATPase, phosphotransferase, adenyl cycadadase,
and protein kinase [41,42]. An important aspect is the dose and type of vanadium compound used [39].
Vanadium, like iodine, is involved in the metabolism of thyroid hormones [41,43].
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Vanadium and iodine are known as beneficial elements for humans and animals, but also for higher
plants. The benefits of iodine were supported by many studies on its functions and transformations in
plants [24,44,45]. Classification of vanadium as a beneficial element for higher plants was based on
research proving its participation in photosynthesis and the metabolism of nitrogen compounds [27,31].
Experiments carried out with legumes confirmed the effectiveness of vanadium and the possibility
of replacing molybdenum with vanadium in nitrogen transformations and atmospheric nitrogen
fixation [31] as part of the nitrogenase enzyme [46]. Vanadium is mainly found in algae, where it is
part of the vanadium-dependent peroxidase enzyme responsible for iodine uptake and accumulation
in marine algae tissues [20].

Previous studies conducted on enriching crop plants with iodine (biofortification) showed that
vegetable leaves are characterized by higher accumulation and efficiency of iodine biofortification
compared to the generative parts of plants [47]. Iodine is transported mainly by xylem [48,49]. This
transport route could be an obstacle to the effective enrichment of this element in cereal grains. Mineral
elements collected and accumulated in grain are transported by phloem [13], with research results
showing that iodine transport through phloem is also possible [14,35]. Based on the many researches
and searching for the most effective way of iodine biofortification we based on combination of iodine
and vanadium as in L. digitata. Vanadium is as a metal ion which readily converts among oxidations
states, has the potential to support catalytic processes through oxidation/reduction [50,51]. Mechanisms
of iodine uptake and volatilization from cells by L. digitata mediated by vanadium-dependent
iodoperoxidase [20].

The impact of vanadium on iodine uptake by higher plants, including crops, is not yet determined;
therefore, the effect of simultaneous fertilization with iodine and vanadium on sweetcorn plants at
an early developmental stage should be determined. The diet of several billion people in the world
is based on cereals, including corn. Research carried out regarding iodine and vanadium uptake by
sweetcorn plants may help in the development of the iodine enrichment (biofortification) process of
this plant.

The aim of this study was to determine the effect of vanadium on the uptake and distribution of
iodine in sweetcorn plants at an early vegetative stage of their growth. The hypothesis of this research
was that vanadium would stimulate iodine uptake in sweetcorn plants, with the key role of this process
played by the iodoperoxidase enzyme with vanadium acting as a cofactor. Next, vanadium and iodine
fertilization could modify the uptake of macro- and microelements by plants.

2. Materials and Methods

2.1. Plant Material and Cultivation

The experiment was carried out with sweetcorn (Zea mays L. subsp. Mays Saccharata Group)
“Złota Karłowa” and conducted by the Faculty of Biotechnology and Horticulture, University of
Agriculture in Kraków. Seeds were sown into multipallets (propagation trays: 330 × 520 × 40 mm)
with cells (32 × 32 × 40 mm in size) filled with sphagnum peat moss substrate (Hartmann) mixed with
sand (1:1). Seedlings at the one true leaf phase were transplanted into 1.5 dm3 pots and filled with
peat substrate. Plants were cultivated in 4 replications of 3 plants (12 plants per combination of one
plant per pot; see Figure 1). The total number of plants in the experiment was 120. The plants were
grown in a phytotron. During cultivation, the plants were illuminated with a 600 W high-pressure
sodium lamp (photosynthetic photon flux density /PPFD/) reaching the plants was approximately
200 µmol m−2 s−1), maintaining a photoperiod of 10 h of light: 14 h of darkness. The air temperature
was 25 ◦C during the day and 20 ◦C at night. The experiment was conducted twice. Organization of
the pots in the phytotron was randomized.
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The study plan included ten combinations of plant treatment with various iodine compounds,
including potassium iodide (KI), potassium iodate (KIO3), 5-iodosalicylic acid (5-ISA), and
2-iodobenzoic acid (2-IBeA) and vanadium in the form of ammonium methanadate (NH4VO3)
(Table 1). Chosen dose of vanadium and iodine, 10 µM iodine and 0.1 µM vanadium was based on
preliminary research, which was done to prepare a two-cycle experiment in phytotron. The main aim
was to adjust a safe dose of vanadium and iodine for plants.

Table 1. Doses of applied compounds (µM).

Dose of Applied Compounds (µM)

Treatments Iodine Vanadium

Control - -
V - 0.1 µM
KI 10 µM -

KI+V 10 µM 0.1 µM
KIO3 10 µM -

KIO3+V 10 µM 0.1 µM
5-ISA 10 µM -

5-ISA+V 10 µM 0.1 µM
2-IBeA 10 µM -

2-IBeA+V 10 µM 0.1 µM

Compounds of iodine and vanadium were applied four times by fertigation. The fertigation
process started on day 7 post-transplantation of the plants into the pots. The time between applications
was 3 days (two true leaf stage). A single application dose for one pot (one plant) involved adding
100 mL of each tested solution. The plants were harvested 4 weeks after sowing (five true leaf
stage—in BBCH 15 the developmental phase). The experiment was conducted twice, with biometric
measurements made during the harvest. Root length and weight as well as height were determined
alongside the mass of aerial plant parts. Roots and aerial parts (leaves and stems) were washed in
tap water and then distilled water. The second part of preparation for chemical analysis involved
chopping these parts up into fragments of about 1–2 cm.

Calculation of iodine or vanadium uptake by plants was performed according to the formula
(average of iodine or vanadium concentration mg·kg−1 d.w. × total dry weight content in each plant
parts this is leaves, roots or stems separately: 1000 = results in µg of I or V·part of plant−1).

2.2. Analysis of Fresh Plant Material Sample

The analysis of the total activity of vanadium-dependent haloperoxidases enzymes (vHPO) was
determined based on the procedure described by Smoleń et al. [52].

2.3. Analysis of Dry Samples of Roots, Stems, and Leaves

Fresh samples of roots, shoots, and leaves were dried at 70 ◦C (48 h) in a laboratory dryer with
forced air circulation. Dried samples of leaves, roots, and stems were ground in a laboratory mill
and stored in a plastic bag until the analysis of iodine, vanadium, macroelement, and microelement
contents was carried out.

To determine iodine content, the PN-EN 15111-2008 method was used with the modifications
described by Smoleń et al. [53].

The concentrations of V, P, K, Mg, Ca, S, B, Cu, Fe, Mn, Mo, and Zn were determined using
the ICP-OES spectrophotometer after microwave digestion in 65% super pure HNO3. Plant samples of
0.5 g of dry material were placed in 55 mL TFM modified polytetrafluoroethylene (PTFE) vessels and
digested in 10 mL of 65% HNO3 using a CEM MARS-5 Xpress microwave digestion system [54].
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2.4. Data Analysis

All data were statistically verified using the one-way analysis of variance (ANOVA) module of
the Statistica 12 PL program at a significance level of α = 0.05. The significance of differences between
the means was estimated using Tukey’s test at the assumed significance level of α = 0.05.

3. Results

3.1. Plant Growth

Tested treatments of iodine and vanadium fertilization compared to the control (without iodine
and vanadium) statistically increased root length and weight, except for root weight after application of
V and KIO3 (Table 2). In the aerial parts of the plants, height was significantly greater than the control
after fertilization with KI, KI+V, and KIO3, and significantly less than the control after application
of 2-IBeA+V. Limiting plant growth after 2-IBeA+V demonstrated no negative effect on aerial plant
parts, which was similar to what was observed in the control. Significantly higher aerial plant parts
were noted after the application of KI, KI+V, KIO3, KIO3+V, 5-ISA, 5-ISA+V, and 2-IBeA compared to
the control. The application of KIO3 resulted in a statistically increased shoot/root ratio compared to
the application of 5ISA, 5ISA+V, and 2IBeA. Fertilization vanadium and iodine did not significantly
affect shoot/root ratio compared to the control.

Table 2. Root length and weight and of the aerial part’s height and weight of sweetcorn plants at an
early stage of development.

Treatment Root Length
(cm)

Plant Height
(Aerial Part of
the Plant) (cm)

Root Weight (g)
Plant Weight

(Aerial Part of
the Plant) (g)

Shoot/Root
Ratio

Control 12.08 ± 1.39 a 58.17 ± 0.64 b,c 5.11 ± 0.71 a 26.82 ± 2.21 a 5.1 ± 0.61 a,b,c

V 16.83 ± 1.75 b 58.17 ± 1.37 b,c 7.17 ± 1.15 a,b 34.43 ± 4.42 a,b 5.2 ± 0.88 a,b,c

KI 22.50 ± 2.10 c,d 61.50 ± 1.95 d 14.37 ± 3.21 c,d 54.06 ± 5.98 c,d 5.1 ± 1.20 a,b,c

KI+V 16.46 ± 2.53 b 65.50 ± 1.00 e 14.52 ± 3.43 c,d 62.27 ± 5.56 d 6.0 ± 1.38 b,c

KIO3 17.58 ± 2.94 b 62.33 ± 1.36 d 10.07 ± 2.33 a,b,c 50.65 ± 6.51 c,d 7.0 ± 1.42 c

KIO3+V 20.83 ± 1.71 c,d 57.92 ± 2.29 b 8.52 ± 1.03 a,b,c 43.48 ± 5.69 b,c 5.0 ± 0.50 a,b,c

5-ISA 20.33 ± 1.92 c 60.96 ± 2.19 c,d 12.61 ± 1.50 b,c,d 40.14 ± 2.71 b,c 3.2 ± 0.32 a,b

5-ISA+V 26.83 ± 0.37 e 59.50 ± 1.98 b,c,d 18.95 ± 2.13 d,e 49.95 ± 6.04 c,d 2.7 ± 0.23 a

2-IBeA 23.00 ± 1.49 d 57.38 ± 3.30 b 23.02 ± 5.36 e 44.45 ± 8.08 b,c 2.5 ± 0.36 a

2-IBeA+V 21.33 ± 2.18 c,d 49.00 ± 3.43 a 9.24 ± 1.48 a,b,c 30.69 ± 3.48 a,b 4.0 ± 0.94 a,b,c

Identical letters in superscript indicate the means are not significantly different at P < 0.05; different letters indicate
statistically significant differences at P ≤ 0.05 (n = 8). The developmental phase of maize: BBCH 15.

Plants after application of 5-ISA+V demonstrated the most developed root system, with roots
twice as long as those observed in the control. Roots of plants treated with 5-ISA+V resulted in a mass
three times greater than the control (Table 2). However, the largest root mass, more than four times
greater than the control, was found after the application of 2-IBeA. Nevertheless, the greatest mass and
highest aerial plant parts were obtained after fertilization with KI+V maize (Table 2).

3.2. Uptake and Accumulation of Iodine in Maize Plants

Fertigation of organic and inorganic iodine compounds significantly increased the iodine contents
of roots, shoots, and leaves of maize plants compared to the control (Figure 2A–C). Vanadium
fertilization combined with organic and inorganic iodine compounds showed a statistically significant
increase in the iodine contents of the roots, shoots, and leaves in comparison with KI, KIO3, 5-ISA,
and 2-IBeA application without vanadium (Figure 2A–C). Fertilization of vanadium (without iodine)
compared to the control showed a significant increase in corn root, shoot, and leaf iodine contents.
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Figure 2. Iodine contents in leaves (A), shoots (B), and roots (C) of maize. Identical letters in 
superscript indicate means are not significantly different at P < 0.05; different letters indicate 
statistically significant differences at P ≤ 0.05 (n = 8). The developmental phase of maize: BBCH 15. 

Iodine uptake by roots, shoots, and leaves (Figure 3A–C) was different from the results 
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content data (data not shown). Plant fertilization with iodine and vanadium compounds (compared 
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of plants fertilized with KI+V versus KI (Figure 3A–C). The results show the use of KIO3+V, 5-ISA+V, 
and 2-IBeA+V versus KIO3 fertilization, with 5-ISA and 2-IBeA demonstrating no effect on iodine 
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Figure 2. Iodine contents in leaves (A), shoots (B), and roots (C) of maize. Identical letters in superscript
indicate means are not significantly different at P < 0.05; different letters indicate statistically significant
differences at P ≤ 0.05 (n = 8). The developmental phase of maize: BBCH 15.

Regardless of the type of iodine compound fertilization, the highest iodine content was observed
in the roots, followed by the shoots and, lastly, the leaves (Figure 2A–C). The highest contents of iodine
were found after KIO3+V fertilization in roots and shoots, and in leaves after the 2-IBeA+V application.

Iodine uptake by roots, shoots, and leaves (Figure 3A–C) was different from the results determined
by iodine content (Figure 2), probably because the iodine uptake was calculated based on yield,
whereas iodine contents in the roots, shoots, and leaves was calculated using dry matter content
data (Supplementary Materials Table S1). Plant fertilization with iodine and vanadium compounds
(compared to without vanadium) caused a significant increase in iodine uptake by the roots, shoots,
and leaves of plants fertilized with KI+V versus KI (Figure 3A–C). The results show the use of KIO3+V,
5-ISA+V, and 2-IBeA+V versus KIO3 fertilization, with 5-ISA and 2-IBeA demonstrating no effect on
iodine uptake by roots, shoots, or leaves.
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Figure 3. Iodine uptake by leaves (A), shoots (B), and roots (C) of maize. Identical letters in superscript
indicate means are not significantly different at P < 0.05; different letters indicate statistically significant
differences at P ≤ 0.05 (n = 8). The developmental phase of maize: BBCH 15.

3.3. Activity of vHPO and Content and Uptake of Vanadium by Maize Plants

vHPO activity levels were determined to be higher in the roots than in the leaves of plants
(Figure 4A,B). A significant variation between areas in terms of vHPO activity in plants was observed
alongside greater variation in the leaves than in the roots of sweetcorn plants.
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Figure 5. Vanadium contents in leaves (A), shoots (B), and roots (C) in maize. Identical letters in 
superscript indicate means are not significantly different at P < 0.05; different letters indicate 
statistically significant differences at P ≤ 0.05 (n = 8). The developmental phase of maize: BBCH 15. 

Figure 4. Activity of vanadium-dependent iodoperoxidase (vHPO) in maize leaves (A) and roots (B).
Identical letters in superscript indicate means are not significantly different at P < 0.05; different letters
indicate statistically significant differences at P ≤ 0.05 (n = 8). The developmental phase of maize:
BBCH 15.

Vanadium application alone (without iodine) resulted in a significant increase in vHPO activity
relative to the control in the leaves. Fertigation of KIO3, KIO3+V, and 2-IBeA caused a five-fold
reduction in vHPO activity in sweetcorn leaves. Plants fertilized with KI alone (without vanadium) also
reduced vHPO activity in the leaves. However, the highest vHPO activity was observed in the roots
after KI+V fertilization, with statistically greater vHPO activity found in roots after application of V,
5-ISA, 5-ISA+V, and 2-IBeA+V compared to the control (Figure 4B).

Vanadium contents in the roots, shoots, and leaves were comparable to each analyzed part of
the plants (Figure 5A–C). In comparison to the control, vanadium contents increased in maize roots
after fertigation of vanadium alone, as well as when combined with all iodine compounds. Comparing



Agronomy 2020, 10, 1666 9 of 17

vanadium fertilization versus control or the iodine compound applied to the roots, a significant increase
in vanadium content in the roots in the two tested treatments was observed, i.e., V versus control
and KIO3+V versus KIO3. The highest accumulation of vanadium was observed in the roots after
fertilization of ammonium metavanadate. It is worth highlighting that the vanadium contents were
lower in the shoots and leaves than in the control for all tested treatments except for 2-IBeA+V, with
the leaves showing significantly increased V accumulation (Figure 5A–B).
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Figure 5. Vanadium contents in leaves (A), shoots (B), and roots (C) in maize. Identical letters in 
superscript indicate means are not significantly different at P < 0.05; different letters indicate 
statistically significant differences at P ≤ 0.05 (n = 8). The developmental phase of maize: BBCH 15. 

Figure 5. Vanadium contents in leaves (A), shoots (B), and roots (C) in maize. Identical letters in
superscript indicate means are not significantly different at P < 0.05; different letters indicate statistically
significant differences at P ≤ 0.05 (n = 8). The developmental phase of maize: BBCH 15.

The results presented above show an inefficient effect of NH4VO3 fertilization based on low
vanadium accumulation in plant (maize) parts, which could be an artifact of too low a dose of NH4VO3.
This dose did not cause a spectacular increase in vanadium content in maize, particularly in the leaves
and shoots. Therefore, it is likely that the used dose of vanadium was the level of maize physiological
vanadium demand. Calculations of V-uptake levels by stems and leaves (Figure 6A–C) showed a close
synergistic relationship between vanadium and iodine in maize plants. All iodine compounds used
without vanadium applied to the soil resulted in an increase in V-uptake by roots, stems, and leaves
compared to the control. Therefore, combined fertilization with iodine and vanadium (compared to KI,
KIO3, 5-ISA, and 2-IBeA without vanadium) did not increase the level of V-uptake by roots, stems, or
leaves. The result demonstrating the superior role of iodine over vanadium in the uptake process by
corn plants.
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Figure 6. Vanadium uptake by leaves (A), shoots (B), and roots (C) in maize. Identical letters in 
superscript indicate means are not significantly different at P < 0.05; different letters indicate 
statistically significant differences at P ≤ 0.05 (n = 8). The developmental phase of maize: BBCH 15. 
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Figure 6. Vanadium uptake by leaves (A), shoots (B), and roots (C) in maize. Identical letters in
superscript indicate means are not significantly different at P < 0.05; different letters indicate statistically
significant differences at P ≤ 0.05 (n = 8). The developmental phase of maize: BBCH 15.

3.4. Contents of Macroelements and Microelements in Maize Plants

Application of iodine and vanadium treatment showed a significant effect on the contents of all
microelements and macroelements in the roots, shoots, and leaves of maize (Tables 3 and 4).

Table 3. Contents of macroelements (Ca, K, Mg, P, and S) in leaves, shoots, and roots of “Złota Karłowa”
sweetcorn at an early stage of development.

Leaves (g kg−1 d.w)

Treatment Ca K Mg P S

Control 1.13 ± 0.025 d 4.68 ± 0.133 f 0.31 ± 0.003 d 0.68 ± 0.046 e 0.24 ± 0.005 a

V 1.06 ± 0.026 c,d 4.41 ± 0.143 e 0.27 ± 0.002 c 0.58 ± 0.031 d 0.25 ± 0.002 a,b,c

KI 0.79 ± 0.010 a 4.02 ± 0.140 c,d 0.21 ± 0.004 a 0.47 ± 0.015 b 0.25 ± 0.009 a,b

KI+V 0.92 ± 0.006 b 3.79 ± 0.087 b,c 0.22 ± 0.004 a,b 0.43 ± 0.018 a,b 0.26 ± 0.006 b,c

KIO3 0.90 ± 0.016 b 4.27 ±0.160 d,e 0.24 ± 0.008 b 0.51 ± 0.028 c 0.25 ± 0.005 a,b,c

KIO3+V 1.12 ± 0.035 d 4.22 ± 0.128 d,e 0.30 ± 0.004 d 0.59 ± 0.028 d 0.26 ± 0.005 b,c

5-ISA 0.93 ± 0.051 b 4.13 ± 0.041 d 0.23 ± 0.006 a,b 0.52 ± 0.002 c 0.26 ± 0.015 c

5-ISA+V 0.92 ± 0.041 b 3.61 ± 0.028 a,b 0.24 ± 0.004 b 0.43 ± 0.002 a 0.26 ± 0.013 b,c

2-IBeA 0.98 ± 0.073 b,c 3.49 ± 0.141 a 0.22 ± 0.011 a,b 0.45 ± 0.014 a,b 0.26 ± 0.023 b,c

2-IBeA+V 1.23 ± 0.076 e 3.85 ± 0.190 b,c 0.26 ± 0.014 c 0.56 ± 0.027 d 0.26 ± 0.013 b,c

Stems (g kg−1 d.w)

Control 0.95 ± 0.031 f 8.15 ± 0.282 d 0.41 ± 0.013 e 0.68 ± 0.008 e 0.19 ± 0.011 a,b

V 0.84 ± 0.021 e 8.33 ± 0.491 d 0.37 ± 0.006 d 0.64 ± 0.017 d,e 0.21 ± 0.013 c

KI 0.70 ± 0.029 a 6.61 ± 0.643 a,b,c 0.29 ± 0.026 a,b 0.49 ± 0.011 a,b 0.19 ± 0.01 a

KI+V 0.71 ± 0.013 a,b 5.63 ± 0.802 a 0.26 ± 0.022 a 0.42 ± 0.044 a 0.19 ± 0.02 a

KIO3 0.75 ± 0.028 c,d 7.37 ± 0.703 b,c,d 0.33 ± 0.031 c,d 0.54 ± 0.01 b,c 0.20 ± 0.01 a,b,c

KIO3+V 0.83 ± 0.041 e 7.87 ± 0.66 d 0.37 ± 0.024 d 0.62 ± 0.007 d,e 0.19 ± 0.003 a

5-ISA 0.78 ± 0.017 d 7.44 ± 0.46 c,d 0.31 ± 0.013 b,c 0.58 ± 0.013 c,d 0.20 ± 0.014 a,b,c

5-ISA+V 0.73 ± 0.024 a,b,c 6.25 ± 0.492 a,b 0.31 ± 0.014 b,c 0.49 ± 0.01 a,b 0.19 ± 0.012 a,b,c
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Table 3. Cont.

Leaves (g kg−1 d.w)

Treatment Ca K Mg P S

2-IBeA 0.74 ± 0.049 b,c 5.94 ± 0.596 a 0.29 ± 0.021 a,b 0.51 ± 0.004 b,c 0.19 ± 0.021 a

2-IBeA+V 0.86 ± 0.010 e 7.33 ± 0.443 b,c,d 0.35 ± 0.022 d 0.67 ± 0.017 e 0.21 ± 0.01 b,c

Roots (mg kg−1 d.w)

Control 0.94 ± 0.004 a,b,c 2.95 ± 0.019 d 0.20 ± 0.001 b,c 0.23 ± 0.001 f 0.48 ± 0.003 c,d

V 0.87 ± 0.006 a 2.89 ± 0.031 d 0.17 ± 0.002 a 0.18 ± 0.002 d 0.46 ± 0.003 b,c,d

KI 1.04 ± 0.002 d 2.57 ± 0.003 b 0.22 ± 0.001 c 0.18 ± 0.001 d 0.45 ± 0.002 b,c

KI+V 0.99 ± 0.005 b,c,d 2.37 ± 0.007 a,b 0.22 ± 0.001 c 0.15 ± 0.001 b 0.38 ± 0.002 a

KIO3 1.00 ± 0.033 b,c,d 2.59 ± 0.084 b,c 0.20 ± 0.008 c 0.16 ± 0.005 c 0.46 ± 0.015 b,c,d

KIO3+V 0.97 ± 0.002 b,c,d 2.82 ± 0.001 c,d 0.18 ± 0.001 a,b 0.22 ± 0.001 e 0.45 ± 0.002 b,c,d

5-ISA 0.84 ± 0.006 a 2.91 ± 0.013 d 0.18 ± 0.001 a,b 0.20 ± 0.002 d 0.41 ± 0.003 a,b

5-ISA+V 0.90 ± 0.004 a,b 2.14 ± 0.010 a 0.20 ± 0.001 b,c 0.14 ± 0.000 a 0.38 ± 0.002 a

2-IBeA 1.03 ± 0.051 c,d 2.41 ± 0.112 b 0.25 ± 0.013 d 0.15 ± 0.007 b 0.50 ± 0.024 d,e

2-IBeA+V 1.03 ± 0.004 c,d 3.61 ± 0.026 e 0.20 ± 0.001 b,c 0.25 ± 0.001 g 0.55 ± 0.002 f

Identical letters in superscript indicate means are not significantly different at P < 0.05; different letters indicate
statistically significant differences at P ≤ 0.05 (n = 8). The developmental phase of maize: BBCH 15.

Table 4. Contents of microelements (B, Cu, Fe, Mn, Zn, Mo) in the leaves, shoots, and roots of “Złota
Karłowa” sweetcorn at an early stage of development.

Leaves (mg kg−1 d.w)

Treatment B Cu Fe Mn Zn Mo

Control 0.85 ± 0.14 a 15.77 ± 0.92 f 134.91 ± 4.91 d 104.87 ± 0.46 e 48.60 ± 4.54 d 0.04 ± 0.03 a,b

V 1.56 ± 0.41 b 14.70 ± 0.75 e 118.64 ± 1.21 c 92.65 ± 0.37 d 40.51 ± 2.00 c 0.86 ± 0.12 a,b

KI 2.29 ± 0.54 c 11.53 ± 0.87 a,b 114.09 ± 3.03 c 65.83 ± 5.67 a 35.22 ± 0.94 a,b,c 1.31 ± 0.40 b

KI+V 1.80 ± 0.28 b,c 11.49 ± 0.85 a 100.55 ± 2.45 a 74.22 ± 3.73 b,c 30.53 ± 1.15 a 1.16 ± 0.27 b

KIO3 1.99 ± 0.46 b,c 12.50 ± 0.79 c 112.65 ± 2.76 b,c 80.73 ± 6.08 c 35.15 ± 1.22 a,b 1.08 ± 0.30 a,b

KIO3+V 1.81 ± 0.42 b,c 14.20 ± 0.93 d,e 117.84 ± 3.34 c 95.77 ± 0.50 d 38.96 ± 1.51 b,c 0.56 ± 0.18 a,b

5-ISA 1.99 ± 0.49 b,c 12.43 ± 0.80 b,c 100.93 ± 2.10 a 77.35 ± 2.37 b,c 35.07 ± 1.28 a,b 0.79 ± 0.25 a,b

5-ISA+V 1.42 ± 0.17 a,b 11.61 ± 0.91 a,b,c 103.91 ± 1.82 a,b 71.44 ± 1.76 a,b 32.87 ± 0.43 a 0.59 ± 0.40 a,b

2-IBeA 1.51 ± 0.28 a,b 11.37 ± 1.49 a 98.69 ± 3.95 a 71.25 ± 2.08 a,b 33.15 ± 2.09 a 0.87 ± 0.32 a,b

2-IBeA+V 1.92 ± 0.39 b,c 13.49 ± 1.18 d 110.52 ± 5.28 b,c 105.93 ± 4.69 e 46.69 ± 2.80 d <0.04 a

Stems (mg kg−1 d.w)

Control 1.67 ± 0.46 g 12.88 ± 0.91 g 101.77 ± 4.09 d 54.54 ± 6.93 e 91.1 ± 77.31 g <0.04
V 1.46 ± 0.35 d,e 10.73 ± 0.59 f 93.19 ± 1.19 c,d 41.78 ± 2.59 d 77.89 ± 1.17 f <0.04
KI 1.33 ± 0.37 a–d 8.29 ± 0.95 b,c 76.07 ± 6.52 a 32.78 ± 2.40 b,c 51.55 ± 3.06 a,b <0.04

KI+V 1.37 ± 0.31 c,d,e 8.24 ± 0.66 b,c 78.36 ± 5.21 a 33.52 ± 0.67 b,c 46.92 ± 3.24 a <0.04
KIO3 1.34 ± 0.33 b–e 9.16 ± 0.78 d 94.52 ± 0.59 c,d 34.47 ± 1.41 c 66.45 ± 5.72 e <0.04

KIO3+V 1.52 ± 0.35 e,f 10.08 ± 0.77 e 73.41 ± 5.44 a 34.94 ± 1.94 c 64.33 ± 3.86 d,e <0.04
5-ISA 1.30 ± 0.31 a–d 8.72 ± 0.56 c,d 80.17 ± 2.52 a,b 31.23 ± 0.25 b 59.43 ± 3.48 c,d <0.04

5-ISA+V 1.18 ± 0.29 a,b,c 7.71 ± 0.51 a 71.09 ± 6.99 a 28.65 ± 0.40 a 49.65 ± 2.05 a <0.04
2-IBeA 1.15 ± 0.28 a,b 7.89 ± 0.98 a,b 89.24 ± 2.13 b,c 31.46 ± 1.90 b 55.77 ± 5.56 b,c <0.04

2-IBeA+V 1.13 ± 0.28 a 9.97 ± 0.77 e 94.20 ± 4.54 c,d 41.45 ± 0.61 d 94.22 ± 1.44 g <0.04

Roots (mg kg−1 d.w)

Control 1.74 ± 0.03 b 36.74 ± 0.40 f 146.66 ± 10.51 e,f 52.62 ± 0.33 d 63.91 ± 0.32 d 1.11 ± 0.04 a,b,c

V 1.49 ± 0.03 a 20.42 ± 0.19 e 116.55 ± 1.20 b,c 32.39 ± 0.21 b 96.25 ± 0.93 e 1.36 ± 0.05 c

KI 1.66 ± 0.02 a,b 17.32 ± 0.15 c 138.62 ± 0.43 d,e,f 50.45 ± 2.12 d 61.58 ± 0.33 c,d 1.18 ± 0.15 b,c

KI+V 1.59 ± 0.04 a,b 14.50 ± 0.04 a 153.51 ± 0.78 f 35.24 ± 0.34 b 59.24 ± 0.40 c 0.76 ± 0.06 a

KIO3 1.50 ± 0.04 a 19.41 ± 0.69 d,e 129.04 ± 4.64 c,d,e 41.60 ± 1.42 c 44.18 ± 1.34 b 0.95 ± 0.05 a,b,c

KIO3+V 1.66 ± 0.07 a,b 18.33 ± 0.07 c,d 120.39 ± 0.95 b,c,d 43.28 ± 0.36 c 46.95 ± 0.27 b 0.90 ± 0.04 a,b

5-ISA 1.63 ± 0.02 a,b 14.15 ± 0.11 a 100.09 ± 0.46 a,b 31.01 ± 0.20 b 44.78 ± 0.49 b 0.88 ± 0.06 a,b

5-ISA+V 1.45 ± 0.09 a 15.55 ± 0.06 a,b 108.35 ± 1.00 a,b,c 23.06 ± 0.22 a 37.76 ± 0.31 a 1.03 ± 0.10 a,b,c

2-IBeA 1.48 ± 0.04 a 14.61 ± 0.67 a 122.83 ± 6.42 c,d 32.19 ± 1.57 b 35.42 ± 1.37 a 1.00 ± 0.14 a,b,c

2-IBeA+V 1.46 ± 0.03 a 16.71 ± 0.12 b,c 91.29 ± 3.11 a 89.66 ± 0.50 e 43.45 ± 0.19 b 0.70 ± 0.06 a

Identical letters in superscript indicate means are not significantly different at P < 0.05; different letters indicate
statistically significant differences at P ≤ 0.05 (n = 8). The developmental phase of maize: BBCH 15.
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Compared to the control, almost all tested treatments of vanadium and iodine compounds (applied
separately and in combination in vanadium) reduced the contents of the following elements: Ca and
Mg in stems and leaves; K and S in leaves; P, Cu, Fe, Mn, Zn in roots, stems, and leaves; B in roots
and stems; and Mo in roots (Tables 3 and 4); whereras B and Mo contents were increased in leaves. In
contrast, Ca content increased in leaves, Zn increased in shoots, and Mn increased in roots, which was
significant after fertilization with 2IBeA+V.

Application of KI alone resulted in plants with the lowest contents of all tested treatments, i.e., Ca,
Mg, B, and Mn in leaves and Ca in stems. Further, KI+V application resulted in plants with the lowest
P and Zn contents in leaves, as well as K, Mg, P, S, and Zn in stems. The exogenous use of 5-ISA+V
caused the largest reduction in the contents of K, P, S, B, and Mn in maize roots.

4. Discussion

In the present study, the application of 5-ISA+V and KI+V stimulated root system growth
and development and, in the case of KI+V, also aerial part mass of maize plants. This may be
due to the contribution of vanadium to nitrogen metabolism, whereby vanadium functions as
a growth-stimulating factor and is involved in the binding and accumulation of nitrogen in plants [55].
The impact of organic iodine compounds on sweetcorn plants is not well known. After application of
2-IBeA+V, the highest concentrations of iodine in shoots was observed. 2-IBeA can be taken up by
plants [16] and can also be precursor of 2,3,5-tri-iodobenzoic acid in plants [52], which is an inhibitor of
auxin transport. This may be why decreased plant height and weight after 2-IBeA+V application was
observed in this work.

Yang’s [56] research on soybeans using different concentrations of vanadium (V) showed that
the lowest doses used to stimulate the development of the soybean root system in early development
were 0.05 and 0.10 mM V. In our research, vanadium applied with 2-IBeA (2-IBeA+V) showed a different
effect on root development compared to the use of 5-ISA+V and KI+V. Research conducted by Halka
et al. [57] showed that tomato plant biomass decreased after 2-IBeA treatment.

Transport and uptake of iodine through plant roots can flow actively or passively [58]. Significant
differences in both iodine content and uptake were noted between the tested treatments in corn
leaves, roots, and shoots. The highest content was recorded in the roots after application of KIO3+V.
Furthermore, it was found that corn roots preferentially uptake IO3

− over I−. These observations were
different from the preferential I− uptake over IO3

− generally described in the literature [47,59]. Smoleń
et al. [53] obtained similar results. The application of KIO3 with humic and fulvic acid caused higher
concentrations of iodine in spinach leaves compared to KI complexed with humic and fulvic acid.
KIO3 may be reduced to I2 and bind aromatic rings from organic matter compounds, causing easier
and more effective uptake by plants. Oxidation of I− to I2 occurs at different redox potential levels and
lower pH levels more suitable to the IO3

− form.
Distribution of iodine described in the literature in plant parts is as follows: roots > leaves >

stem > fruit [2]. In our experiment, the highest concentration of iodine was obtained according to
this scheme. The concentration of iodine in combination with KIO3+V in roots was four times higher
compared to the concentration of iodine with this combination found in leaves.

Generally, iodine accumulation in aerial plant parts was lower than in corn roots. However,
the level of uptake of iodine was as high as in roots, with iodine uptake by stems being minimal. This
was probably because of the much greater leaf mass per plant than root mass (dilution effect of iodine
in leaf).

Information regarding the beneficial effects of vanadium on plants and animals exists widely
in the literature, with the objection that concentrations of this element are used in trace doses [60].
Vanadium uptake is dependent on pH, with increased vanadium uptake observed at low pH (less than
4) and uptake in the range of 5 to 8 reduced but stabilized. The use of peat substrate in the current
experiment with a pH range of 5.5 to 6.0 represents an acceptable level for uptake enhancement.
The application of vanadium (without any iodine compounds) caused higher concentrations in the roots,
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but transport to stems and leaves was not effective. High pH (alkaline) hindered vanadium uptake in
oat roots [60].

Vachirapatama et al. [26] conducted research on Chinese green mustard and tomato. The increasing
doses of vanadium applied (i.e., in the range of 1 mg·dm−3 to 80 mg·dm−3) caused a gradual decrease
in the development of the root system, reducing the mass and length of plants. Similar results were
observed in chickpea, with vanadium caused a significant decrease in the mass of roots and aerial
parts [61]. Corresponding results were obtained in bean, in which the use of vanadium compounds
caused improper development of the main root and development inhibition of the lateral roots [62].
However, Chongkid et al. [63] showed a stimulating effect of vanadium at a dose of 10 mg·dm−3 on
rice shoot growth, indicating the possibility of a stimulating effect of vanadium on the growth and
development of individual species in low doses.

The application of vanadium resulted in higher contents in the stems, leaves, and roots of Chinese
mustard and tomato [26]. The results of our research did not show such significant differences in
vanadium content between parts of plants (roots, shoots, and leaves), demonstrating different results
compared to the works by Vachirapatama et al. [26], Imtiaz [61], and Saco [62]. This may be due to
mineral nutrition functioning of plants relative to vanadium. Nevertheless, lower doses of vanadium
showed a stimulating effect in the early developmental stage of corn plants.

Almost all of the vanadium treatments and iodine compounds (applied separately and in
combination with vanadium) in this research demonstrated a negative impact on mineral nutrition
functioning and micronutrient and macronutrient concentrations in sweetcorn compared to the control
(without iodine and vanadium). Plant fertilization with KI (in terms of Ca, Mg, B, and Mn contents in
leaves and Ca in stems) unfavorably affected the mineral nutrition of plants (and thus the contents of
macronutrients and micronutrients), followed by KI+V (in the content of P and Zn in leaves as well as
K, Mg, P, S, and Zn in stems) and, to a lower extent, 5-ISA+V (K, P, S, B, and Mn contents in corn roots).
Comparison of pairs of treatments with vanadium fertilization compared to treatments without the use
of this element (control versus V, as well as all iodine treatments versus all iodine treatments +V)
showed that vanadium, depending on the form of iodine used, exerted variable effects on the contents
of macro elements and microelements in the roots, shoots, and leaves of corn, causing significant
increases, decreases or not affecting individual macro element and microelement concentrations in
maize plants. Therefore, it is impossible to clearly determine mineral nutrition process functioning of
corn plants depending on fertilization according to vanadium and vanadium plus KI, KIO3, 5-ISA,
or 2-IBeA.

Changes in the contents of mineral elements in parts of plants after iodine application depended
highly on the dose and form of iodine used [64]. Iodine can antagonistically or synergistically impact
on the uptake of macroelements and microelements [65]. Smoleń and Sady [65] conducted research
in iodine-biofortified spinach, showing increased uptake and accumulation of Mg, Na, Ce, and Fe at
a dose of 1 mg I dm−3. A higher dose of iodine at 2 mg I·dm−3 caused increases in the contents of Na,
Fe, Zn, and Al in spinach leaves and decreased contents of P, S, Cu, and Ba.

The dose of vanadium used has a decisive impact on the mineral plant nutrition process.
Akoumianaki-Ioannidou et al. [28] noted a decrease in the contents of K, Fe, Zn, and Pb in leaves
and K, Fe, Mn, Zn, and Pb in basil roots after vanadium fertilization in the dose range of 5–40 mg
V·dm−3 substrate. Based on the literature, a positive effect of vanadium is that it allows for better
utilization of potassium [66]. The combination of vanadium with the organic form of iodine 2-IBeA
showed a positive effect on potassium content in leaves, roots, and stems. Iodine (2IBeA) combined
with vanadium increased contents of potassium in roots and stems by around 50% compared to
2-IBeA application.

In the case of soybean plants, the contents of N, P, Mg, Fe, and B in roots and leaves were shaped
by vanadium doses (0.6 and 1.2 mM V as VOSO4) and depended on plant phase and leaf location [27].
In soybean plants, vanadium was observed to stimulate increases in K and Mn contents in leaves
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while simultaneously reducing its content in the roots. In addition, Kaplan et al. [27] observed an
antagonistic effect of vanadium on the content of Ca in roots and Cu, Zn, and Mo in roots and leaves.

5. Conclusions

Ammonium metavanadate fertilization significantly improved the growth of sweetcorn.
The applied dose of vanadium and iodine compounds did not demonstrate any toxicity to sweetcorn
plants. Iodine and vanadium fertilization increased the iodine contents of plants. The theory of
poor vanadium transport from roots to above-ground plant parts was also confirmed. The greatest
accumulation of vanadium was observed in the roots. Iodine and vanadium application resulted in
higher concentrations of iodine in all applied combinations. The highest iodine content in the leaves
was obtained after applying an organic form of iodine alongside vanadium. In the roots, greater
accumulation of iodine was achieved by combining it with an inorganic form of vanadium. Based
on the concentration of iodine in the roots and higher parts of the plant, transport of the organic
form of iodine is more efficient than inorganic forms in sweetcorn. The application of iodine and
vanadium significantly changed the mineral nutrition status of maize at an early developmental
stage. Extenuation of macronutrient and micronutrient uptake in plants with iodine and vanadium
fertilization was observed.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/11/1666/s1.
Table S1 Dry matter content in sweet corn plants parts (roots, stems, leaves).
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