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Abstract: Iodine uptake and translocation was studied in cabbage and tomato cultivated on different
soil types (sand, sandy silt, silt) by applying irrigation water containing iodine at concentrations of
0.1 and 0.5 mg/L. Iodine treatment at the concentrations applied did not significantly influence the
photosynthetic efficiency and chlorophyll concentration of cabbage and tomato leaves. The growth of
cabbage leaves cultivated on sand and sandy silt soil with iodine treatment was slightly stimulated,
while, on silt soil, it remained unchanged; for tomato plant parts, independent of the soil-type, the
dry mass values remained constant. It can be concluded that iodine treatment had no negative effect
on the physiological characteristic of cabbage and tomato plants. Applying 0.5 mg/L in the irrigation
water, the highest biofortification with iodine was achieved in plants cultivated in sandy soil and the
iodine concentration calculated in the dry matter amounted to 10 and 3.6 mg/kg in the leaves and
fruits of cabbage and tomato, respectively. Considering the iodine and moisture content of cabbage
leaves and tomato fruits, the consumption of 100 g of fresh vegetable would cover about 80% and
15% of the recommended iodine intake, respectively. The presence of iodine resulted in a reduction in
Fe and P concentrations in tomato fruits independent of the soil-type; however, the concentration of
Mg, Cu, Mn, Zn, and B remained practically unchanged. However, for cabbage, no similar trend for
Fe and P was observed.

Keywords: iodine; biofortification; irrigation; cabbage; tomato

1. Introduction

Iodine (I) is an essential element for human health. It is involved in the synthesis of thyroid
hormones, which play a dominant role in growth and metabolism [1]. The recommended dietary
allowance ranges between 90–250 µg/day, and for a normal adult, it is 150 µg/day. Inadequate iodine
intake leads to several issues, termed together as iodine deficiency disorders (IDDs). The typical
symptoms of IDDs are goiter and hypothyroidism, but recently iodine deficiency has been found to
cause an even broader spectrum of disorders, such as mental retardation, psychomotor defects, and
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hearing/speech impairment. As IDDs affect a large population, approximately a billion people are
estimated to be at risk and thus worldwide prevention of iodine deficiency is of great importance [2,3].

Iodine supplementation by iodized salt is a widely used strategy to eliminate IDDs. On the
other hand, many countries have adapted regulations to reduce salt consumption in order to control
cardiovascular diseases and hypertension; therefore, it is important to find other options.

Iodine enrichment of fruits and vegetables has been proven to effectively increase the iodine
intake (biofortification) of humans. Several agricultural practices (hydroponics, pot, field experiments)
have been developed to increase iodine concentration in the edible parts of different cultivated plants
(e.g., lettuce [4–8], spinach [9–12], pakchoi [13], cabbage [14], chinese cabbage [6], tomato [6,15,16],
strawberry [17], cucumber [18], carrot [6], celery [19], radish [7], potato [15], rice [20] and bean [21]).
Based on the literature, the following observations can be summarized: 1) in the aerial part of plants,
the translocation and accumulation of iodide is greater than that of iodate; 2) iodine transport is mainly
xylematic; and 3) iodine concentration within the plants decreases from the root to the fruit [13,22–25].
However, it should be emphasized that, over a certain concentration, iodine has toxic effect on plants,
resulting in reduced biomass production [13,14,26].

It is well known that iodine uptake and accumulation in plants is highly dependent on the soil
properties [27]. The natural concentration of iodine in different soil varies widely (0.1–150 mg/kg) [27,28],
and its chemical form and bioavailability are influenced by several soil parameters, such as pH, microbial
activity, and organic matter (OM) or oxide mineral content [27]. The latter plays a dominant role in
iodine retention; therefore, a relatively high proportion of iodine in the soil is not accessible to plants
due to it being bound to humic and fulvic acids or adsorbed by positively charged iron and aluminum
oxides. Iodine exists in the soil in different chemical forms as organic compounds, iodate (IO3

−) or
iodide (I−). Generally, the latter is the predominant form in acidic conditions, while iodate is dominant
in alkaline soils [27]. Microbial activity can also affect the valence state of iodine, e.g., sulphate (SO4

2−)-
and ferric (Fe3+)-reducing bacteria can convert IO3

− to I−. Some studies have shown that inorganic
iodide compounds are transformed into organoiodine, and this conversion is considerably faster than
that of iodate [29,30].

Our selected species, cabbage (Brassica oleracea L. var. capitata L.) and tomato (Solanum lycopersicum
L.) belong to the most widely cultivated vegetables. In 2018, their worldwide production was nearly
55 and 100 million tons, and their cultivation area covered more than 2.5 and 3.5 million hectares,
respectively [31]. Both species have some nutraceutical properties, for example, cabbage leaves are
rich sources of vitamin C and K (consumption of 100 g fresh leaf would cover 44% and 72% of the
daily nutritional requirement) [32], and tomato fruits contain a high amount of antioxidants [33]. Due
to their widespread production and consumption, as well as the variety of cultivation technologies
available, these plants are promising targets for biofortification with iodine.

Recently, a number of biofortification studies have focused on cabbage and tomato plants
cultivated under different conditions (i.e., hydroponic, pot, and field experiments). Regarding the
biofortification of cabbage, iodized fertilizer in a surface concentration range of 12–150 mg I/m2

resulted in 10–32 mg/kg iodine concentration in the leaves calculated for fresh weight (FW) [34].
In a long-term (10 years) experiment, iodine-containing irrigation water with a concentration of
40–80 µg I/L was sprayed on the cabbage plants, and the edible parts were found to contain iodine in
concentration of 50–220 mg/kg FW [35]. These data confirm that cabbage leaves are excellent candidates
for biofortification experiments.

Tomato plants cultivated in a hydroponic solution with iodine concentration of 1–5 mM resulted
in 4–24 mg/kg FW iodine concentration in the fruits [36]. In another hydroponic experiment, 5–20 mM
iodine concentration was applied during the plant cultivation, and the iodine concentration in the
tomato fruit amounted to 10–30 mg/kg FW [16]. Tomato plants were cultivated in pots and irrigated
with water containing iodate (295–2950 mg/L) or iodide (380–760 mg/L), and the fruits had iodine
concentrations of 5–49 and 39–53 mg/kg FW, respectively [15]. In a greenhouse experiment, KI or
KIO3 was added to the irrigation water in the concentration range of 127–635 and 63–252 mg I/L, and
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the iodide treatment resulted in fruits higher iodine concentration (2–10 mg/kg FW) than the iodate
treatment [26]. In field experiments, where tomato plants were cultivated on Bathicalcic Cambisols
(pH = 7.80, OM = 0.7%, total iodine was not detailed) and paddy soils (pH = 5.91, OM: 4.09%, total
iodine: 2.02 mg/kg) by the application of solid fertilizer to the surface at concentrations of 250–500 g I/ha
or 12–150 mg I/m2 the tomato fruits contained iodine in a concentration of 0.006–0.015 mg/kg FW [36]
and 0.5–1.5 mg/kg FW [34], respectively. KI-containing fertilizer was applied in the concentration range
of 10–150 mg/kg for the cultivation of tomato plants in inceptisol soil (pH = 5.91, OM: 4.09%, total
iodine: 2.02 mg/kg), and 1–10 mg/kg FW iodine concentration was measured in the fruits [6]. It can
thus be established that, depending on the technology applied, for the biofortification of tomato with
iodine, the concentration of this target element in the fruit changes in the range of 0.006–53 mg/kg FW.
Although, some positive results in terms of iodine accumulation within the edible parts of these plants
have been achieved previously, the accumulation and translocation within the plants, and dependence
on the soil features, is still poorly understood.

In our study, iodine accumulation, translocation, and biofortification were investigated in cabbage
and tomato plants cultivated in three different soils (sand, sandy silt, and silt) by applying irrigation
water containing iodine at concentrations of 0.1 and 0.5 mg/L (as potassium iodide). The iodine
concentration of different plant organs, and the distribution of iodine within the plant, was measured.
The effects of iodine on the plant growth, uptake, and translocation of essential elements (P, Mg, Mn,
Fe, Cu, Zn, B), as well as photosynthetic efficiency, were also investigated. Based on our results, the
influence of soil type on the biofortification with iodine will be evaluated, and a recommendation
is given to the farmers to select the most appropriate plant–soil system for the production of iodine
rich vegetables.

2. Materials and Methods

2.1. Chemicals

All chemicals used during the experiments were of analytical grade. Ultra-pure water (resistivity:
18 MΩ cm−1) was produced by an ELGA Ultra Purelab unit (ELGA LabWater/VWS Ltd., High Wycombe,
UK). Iodine stock solution for calibration was prepared using solid KIO3 (Sigma Aldrich Ltd., Missouri,
USA), and, for the determination of P, Mg, Mn, Fe, Cu, Zn, and B, a multi-element standard solution
(Sigma Aldrich Ltd., Missouri, USA) was applied. The accuracy of the analytical methods was verified
using the NIST 1573a tomato leaf (National Institute of Standards and Technology, Gaithersburg, USA)
certified reference material.

2.2. Characterization of Soil

The pH was measured in 1:2.5 soil:water after mixing for 12 h [37]. CaCO3 content was measured
by applying the Scheibler gas-volumetric method [37]. Organic matter (OM) content was determined
using the modified Walkley–Black method [38]. Plant-available P and K concentrations were measured
after extraction with ammonium-acetate lactate (AL-P2O5 and AL-K2O) [39]. Total nitrogen (Total-N)
content was determined by the Kjeldahl method [40]. The ammonium (NH4-N) and nitrate (NO3-N)
concentrations were measured from KCl (Sigma Aldrich Ltd., Missouri, USA) extracts [41]. The cation
exchange capacity (CEC) values were measured by applying the modified method of Mehlich [42]. The
iodine concentrations were determined by inductively coupled plasma mass spectrometer (ICP-MS)
(Plasma Quant MS Elite, Analytik Jena, Germany) following microwave-assisted aqua regia digestion
in closed Teflon vessels.

2.3. Plants Cultivation

The effect of irrigation water containing iodine on the target plants was investigated in a pot
experiment. The plant cultivation was conducted in a greenhouse at the Experiment Station of the
Centre of Agricultural Research in Őrbottyán, Hungary, using 10 L pots with four holes (Ø 0.5 cm) at the
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bottom. The bottom of the pot was filled with gravel (4–8 mm) in a layer of 1–1.5 cm. The gravel layer
was covered with a fine synthetic fiber fabric on which the applied soil was layered in 10 kg of volume.
The three investigated soils from different parts of Hungary were: sand (Mollic Umbrisol (Arenic) from
Őrbottyán), sandy silt (Luvic Calcic Phaeozem from Gödöllő) and silt (Calcic Chernozem from Hatvan).
The soil properties are shown in Table 1. The tomato and cabbage seedlings were planted on 24 May
2018 and 17 July 2018, having a growing period of 88 and 71 days, respectively. The number of pots
were 54 (2 plant species x 3 soils x 3 treatments (control + 2 iodine dosages) x 3 replicates) and a single
pre-grown seedling was planted in each pot. After planting, the reared seedlings were irrigated with
standing drinking water for three weeks. During the growing period, the plants (including control)
were watered weekly with Hoagland solution. The irrigation with potassium-iodide-containing
solutions started three weeks after planting. The applied iodide concentrations in these solutions
were 0.1 and 0.5 mg/L. For the preparation of KI solutions, standing drinking water was also used to
eliminate any oxidation effect of free chlorine.

Table 1. Physical-chemical properties of soils.

Parameters Sand Sandy Silt Silt

pH–H2O 7.96 6.83 7.34

OM (w/w%) 0.91 1.24 2.12

CaCO3 (w/w%) 1.45 0.08 0.20

Total-N (w/w%) 0.064 0.092 0.135

NH4-N (mg/kg) 1.4 2.3 3.9

NO3-N (mg/kg) 4.7 2.3 14.2

AL-K2O (mg/kg) 74 174 176

AL-P2O5 (mg/kg) 131 238 81

CEC (Na meq/100g) 9 17 37

Total iodine (mg/kg) 1.2 1.9 1.2

2.4. In Situ Measurements of Photosynthetic Efficiency and Chlorophyll Concentration

The photosynthetic efficiency of photosystem (PS) II of leaves was characterized by in
situ measurements of Chlorophyll-a applying an Os30p handheld, pulse modulated fluorometer
(Opti-Sciences, Hudson, USA). To indicate the potential plant stress of iodine, the Fv/Fm ratios were
calculated, where Fv = variable fluorescence level from dark-adapted leaves, and Fm = maximal
fluorescence level from dark-adapted leaves [43]. Before the measurements, plants were dark-adapted
for 30 min. The Chlorophyll Content Index (CCI) of leaves was monitored by using a CCM-200 plus
Chlorophyll Content Meter (Opti-Sciences, Hudson, USA). The Fv/Fm and CCI data were measured
on all plants at the harvesting stage.

2.5. Sample Preparation and Elemental Analysis of Plants

The plants were harvested (tomato: 21 Aug 2018; cabbage: 25 Sept 2018), cleaned with deionized
water, and then the roots, aerial parts (stem + leaves), and fruits were separated. The aerial part
and root samples were dried at 40 ◦C for two days in a laboratory dryer, while tomato fruit samples
were freeze-dried at −70 ◦C in an Alpha 1 (Christ) equipment (at 200 Pa for 72 h), after which the dry
mass of plant organs were determined. All samples were homogenized with a household blending
machine, equipped with plastic housing and a stainless-steel blend. The dried and homogenized
samples were mineralized in a microwave-assisted acid digestion system (TopWave, Analytik Jena,
Germany). Twelve Teflon bombs were used, one for the blank and eleven for the samples. Blanks were
measured every time. In total, 400–500 mg of dried plant samples was digested in a mixture of 7 cm3

67% nitric acid (VWR International, Pennsylvania, USA) and 3 cm3 30% hydrogen-peroxide (VWR
International, Pennsylvania, USA). After digestion, the internal standards were added to the solutions
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and filled up to 15 cm3 with deionized water. The concentration of iodine, macro-, and micro-elements
was measured by ICP-MS.

2.6. Statistical Analysis

Data visualization and statistical analysis were made with R statistical software [44]. The line plots
visualizing the mean and standard deviations of the data were made with the ggpubr package [45].
Linear regression models were used to compare the impact of treatment dosages, soil types and their
interactions on the plants’ iodine, selected macro- and microelement concentration, dry mass and
photosynthetic efficiency. Post hoc pair-wise comparisons were made by Tukey multiple comparisons
of means, using the multcomp package [46].

3. Results

3.1. Photosynthetic Efficiency and Chlorophyll Content Index

The photosynthetic efficiency of photosystem II, as measured by the ratio of Fv/Fm of dark-adapted
cabbage and tomato leaves, as well as the CCI values, are listed in Table 2. The presence of iodine in
irrigation water affected significantly neither the photosynthetic efficiency of chlorophyll-a, nor the CCI
values, and its effect was independent of soil type. The Fv/Fm values of the tomato plants cultivated
on the sand or sandy silt soils were higher than on the silt soil, and the lowest photosynthetic efficiency
of PS II was measured in both plant species at the 0.5 mg/L iodine treatments (except tomato grown on
silt). Values of Fv/Fm were similar (around 0.8) in all treatments; however, they were significantly
higher for cabbage (0.817–0.843) than tomato plants (0.745–0.810). Iodine treatment (especially using
0.1 mg/L) had a slight, but not significant positive effect on the CCI (except on silt soil), and CCI also
showed significantly higher values in tomato plants than in cabbage.

Table 2. Effect of iodine concentrations in irrigation water on the photosynthetic efficiency (Fv/Fm)
of photosystem (PS) II and chlorophyll content index of leaves (CCI). The values indicate the means
of three replicates (RSD%), while different letters indicate statistically significant differences between
treatments (p < 0.05; linear regression and Tukey’s test).

Photosynthetic Efficiency and Chlorophyll Content Index of Leaves (n = 3; RSD%)

CABBAGE TOMATO

Iodine Concentration in
Irrigation Water Fv/Fm CCI Fv/Fm CCI

Sand
Control 0.831a (0.3) 20.933a (20) 0.786a (1) 12.467a (24)
0.1 mg/L 0.819a (0.9) 23.633a (10) 0.792a (1) 14.000a (6)
0.5 mg/L 0.818a (1) 26.533a (40) 0.783a (2) 16.867a (9)

Sandy
Silt

Control 0.826a (1.4) 24.367a (29) 0.792a (0.8) 10.933a (8)
0.1 mg/L 0.835a (0.8) 27.200a (13) 0.810a (2) 20.967a (37)
0.5 mg/L 0.817a (1) 23.833a (21) 0.791a (1) 19.300a (22)

Silt
Control 0.821a (3) 33.000a (49) 0.771a (3) 15.967a (53)
0.1 mg/L 0.837a (0.3) 29.233a (16) 0.777a (2) 19.333a (48)
0.5 mg/L 0.843a (5) 32.800a (56) 0.745a (3) 15.533a (12)

3.2. Biomass Yield of Plants

Comparison of the biomass data of control samples leads to the following observations on the
effect of soil types (Table 3):

• The root mass of cabbage increased in the order of sandy silt < silt < sand (showing significant
difference between sandy silt and sand), maybe due to increasing pH of the soil (Table 1).
However, the tomato showed different pattern. Here, the root mass increased in the order of
sandy silt < sand < silt, showing significant differences between silt and the other two soil types.
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• The dry mass of aerial parts did not show significant difference between the soils for tomato, but
for cabbage, significantly lower mass was measured on sandy silt than on the other two soils. The
highest dry mass values of aerial parts were measured on silt for both species.

• The effect of soil type on the fruit production in tomato was negligible (no statistical difference),
and the fruit mass increased in the order of sandy silt < silt < sand.

In general, the iodine treatments did not have a significant effect on the mass of any plant organs,
except the leaf production of cabbage. The response of cabbage leaves depended on the soil; on sandy
(sand and sandy silt) soils, a significant increase of dry mass was measured by increasing the iodine
concentration of the irrigation water, while the dry mass of cabbage plants grown in silt soil did not
change significantly as compared to the control samples. The observed increase on sandy soils was
significantly higher on the sandy silt soil than on sand.

Table 3. Effect of iodine concentrations in the irrigation water on dry mass of the investigated plants.
Values indicate means of three replicates (RSD%), while different letters indicate statistically significant
differences between the treatments (p < 0.05, linear regression, Tukey’s test).

Dry Mass/g (n = 3; RSD%)

CABBAGE TOMATO

Iodine Concentration
in Irrigation Water Root Leaf Root Aerial Part Fruit

Sand
Control 2.44a (9) 53.2a (9) 2.96a (5) 23.7a (15) 24.8a (12)
0.1 mg/L 2.34a (19) 56.7ab (2) 2.97a (10) 29.2a (24) 26.2a (18)
0.5 mg/L 2.29a (18) 61.5b (3) 3.62a (11) 29.9a (9) 25.5a (14)

Sandy
Silt

Control 1.60a (17) 38.9a (15) 2.52a (8) 24.9a (6) 19.1a (23)
0.1 mg/L 2.31a (20) 63.2b (18) 2.58a (6) 34.2a (35) 21.6a (24)
0.5 mg/L 2.98a (17) 58.7ab (12) 2.78a (16) 30.0a (8) 20.7a (30)

Silt
Control 2.18a (13) 56.0a (4) 4.16a (16) 31.7a (19) 20.6a (29)
0.1 mg/L 2.54a (21) 43.7a (14) 3.75a (10) 31.5a (16) 17.6a (31)
0.5 mg/L 2.93a (21) 54.1a (18) 3.21a (13) 23.8a (28) 17.9a (10)

3.3. Uptake and Translocation of Iodine

In general, the edible parts of plants showed less iodine concentration than the other plant
organs (Figure 1), varying between 0.27–0.30 mg/kg dry weight (DW) for control cabbage leaves and
0.07–0.08 mg/kg DW for control tomato fruits. Without iodine treatment, the soil type had no significant
effect on iodine concentration (p > 0.09, linear regression). The addition of iodine to the irrigation
water resulted in higher iodine concentration in all investigated plant tissues, especially when the
dosage was 0.5 mg/L. In cabbage, the iodine accumulation was significantly higher in the roots than
in the leaves, while, in tomato, it was similar in the two plant organs. However, the edible parts of
both plants showed the least response to the treatment. Investigating the iodine translocation from the
root to the edible parts, it can be established that cabbage plants have higher transfer factor (0.09–0.17)
than tomato (0.01–0.08). Silty soils significantly reduced the treatment effects on all plant organs. The
highest iodine concentrations in cabbage leaves and tomato fruits were measured in plants cultivated
on sand soil and the concentration values amounted to 10 mg/kg and 3.6 mg/kg dry weight (DW),
respectively. These values were about twice as high as for sandy silt soil, while, in silt soil, a reduction
in iodine concentration was observed, compared to those on sand soil.

The average iodine distribution among the different plant organs was calculated on the basis of
the dry biomass and iodine concentration values (Table 4.) For tomato, the highest iodine content was
measured in the aerial parts and the lowest in the fruits, while, in cabbage, the picture was different,
i.e., the highest proportion of iodine was partitioned to the edible leaf. The soil type did not influence
the distribution of iodine among the plant organs and the partitioning of iodine in edible parts of
cabbage and tomato varied in the range of 57%–83% and 1%–4%, respectively.
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Figure 1. Iodine concentration (dry weight (DW)) in different parts of cabbage (a) and tomato (b)
plants, cultivated in different soils (sand, sandy silt, silt), and irrigated with iodine containing (0.1
and 0.5 mg/L) irrigation water. Significant treatment effects are signed on the top left corner, * means
p < 0.05 based on linear regression.

Application of 0.5 mg/L iodine concentration in the irrigation water and cultivation of plants in
sandy soil seems to be the most effective way to achieve biofortification with iodine. Based on the
maximum accumulated iodine content in the edible parts, and the moisture content of the plants, it can
be calculated that consuming 100 g of fresh vegetables would be enough to cover about 80% (cabbage)
and 15% (tomato) of the recommended dietary allowance.

3.4. Transport of Selected Macro- and Micro Elements

The measured macro- and microelement concentrations in different plant organs of cabbage and
tomato are presented in Table 5. On the basis of these results focusing on the edible parts of the
investigated plants, it can be established that the presence of iodine can partly influence the uptake
and translocation of macro- and microelements. Inhibitory effects were observed for iron in cabbage
leaf and tomato fruit, and for boron in cabbage leaf, independent of the soil type. In cabbage leaves
and tomato fruits, the concentrations of Fe decreased, and the Cu concentrations remained about at
the same level as in the control plants. A positive effect was observed for Zn and Mg concentrations
in tomato fruits. The concentration of P in cabbage leaves was practically the same as in the control
plants, while, in tomato fruits, a significant decrease was observed.
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Table 4. Iodine distribution in cabbage and tomato plants cultivated in different soils.

Iodine Distribution (as % of g Total Uptake)

CABBAGE TOMATO

Iodine Concentration in
Irrigation Water Root Leaf Root Aerial Part Fruit

Sand
Control 31 69 8 88 4
0.1 mg/L 20 80 13 84 3
0.5 mg/L 26 74 10 86 4

Sandy
Silt

Control 32 68 6 91 3
0.1 mg/L 17 83 7 91 2
0.5 mg/L 35 65 7 90 3

Silt
Control 29 71 10 88 2
0.1 mg/L 26 74 16 83 1
0.5 mg/L 43 57 6 91 3
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Table 5. Effect of iodine concentrations in the irrigation water on the concentration (n = 3) of macro and micro-nutrients in the cases of cabbage and tomato plants.
Different letters indicate significant differences (p < 0.05, Tukey’s test).

CABBAGE
Sand Sandy Silt Silt

Root Leaf Root Leaf Root Leaf

Mg (mg/kg)
Control 2602 ± 166a 2766 ± 59a 2034 ± 152a 2376 ± 79a 2013 ± 128a 2233 ± 63a

0.1 mg/L 1826 ± 93b 2468 ± 123a 1852 ± 176a 2515 ± 143a 3179 ± 186b 2116 ± 164ab

0.5 mg/L 3021 ± 241a 2738 ± 173a 2936 ± 242b 3096 ± 224b 3570 ± 287b 2505 ± 165ac

P (mg/kg)
Control 3555 ± 129a 2329 ± 70a 4960 ± 152a 2767 ± 145a 2262 ± 62a 1755 ± 19a

0.1 mg/L 2878 ± 246b 1913 ± 74b 3892 ± 142b 2493 ± 37ab 2355 ± 143a 1580 ± 100a

0.5 mg/L 1922 ± 37c 2232 ± 219ab 4800 ± 528a 2967 ± 131ac 2768 ± 144b 1569 ± 77a

Mn (mg/kg)
Control 55 ± 3a 44 ± 2a 23 ± 3a 22 ± 2a 29 ± 2a 29 ± 2a

0.1 mg/L 34 ± 2b 31 ± 2b 29 ± 4ab 22 ± 1a 34 ± 4a 19 ± 2b

0.5 mg/L 33 ± 3b 30 ± 3b 20 ± 2ac 25 ± 2a 35 ± 2a 24 ± 4ab

Fe (mg/kg)
Control 2574 ± 91a 73 ± 4a 1327 ± 162a 73 ± 6a 1474 ± 67a 55 ± 1a

0.1 mg/L 2079 ± 126b 92 ± 7b 1536 ± 201a 62 ± 4b 2061 ± 139b 77 ± 2b

0.5 mg/L 1466 ± 62c 57 ± 6c 1406 ± 177a 60 ± 5b 2829 ± 299c 53 ± 7a

Cu (mg/kg)
Control 11 ± 1a 1 ± 0.1a 7 ± 1a 1 ± 0.1a 9 ± 1a 1 ± 0.1a

0.1 mg/L 10 ± 1a 1 ± 0.2a 10 ± 1b 1 ± 0.1a 11 ± 2a 1 ± 0.2a

0.5 mg/L 8 ± 1a 1 ± 0.2a 6 ± 1a 1 ± 0.1a 13 ± 1a 1 ± 0.1a

Zn (mg/kg)
Control 156 ± 9a 30 ± 3a 133 ± 10a 32 ± 2a 163 ± 12a 34 ± 1a

0.1 mg/L 136 ± 11a 35 ± 2a 136 ± 11a 35 ± 4a 155 ± 13a 37 ± 3a

0.5 mg/L 152 ± 12a 41 ± 7a 148 ± 14a 35 ± 2a 168 ± 11a 33 ± 1a

B (mg/kg)
Control 22 ± 1a 23 ± 2a 22 ± 2a 23 ± 1a 17 ± 1a 27 ± 3a

0.1 mg/L 12 ± 2b 17 ± 2b 12 ± 1b 16 ± 1b 12 ± 1b 17 ± 1b

0.5 mg/L 11 ± 1b 16 ± 1b 11 ± 1b 18 ± 1b 11 ± 1b 17 ± 2b
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Table 5. Cont.

TOMATO
Sand Sandy Silt Silt

Root Aerial Part Fruit Root Aerial Part Fruit Root Aerial Part Fruit

Mg (mg/kg)
Control 3115 ± 91a 8337 ± 104a 1329 ± 37a 3148 ± 135a 7670 ± 192a 1584 ± 91a 3765 ± 90a 8176 ± 160a 1362 ± 32a

0.1 mg/L 3987 ± 320ab 8674 ± 991a 1458 ± 187a 2630 ± 91b 7220 ± 598a 1773 ± 64b 3510 ± 451a 9602 ± 601ab 1550 ± 156ab

0.5 mg/L 4915 ± 658b 8230 ± 427a 1507 ± 113a 3460 ± 222a 7886 ± 244a 1732 ± 59ab 4982 ± 333b 11050 ± 898b 1720 ± 147b

P (mg/kg)
Control 747 ± 8a 1638 ± 57a 2551 ± 85a 1344 ± 69a 4041 ± 155a 3607 ± 14a 750 ± 32a 1586 ± 44a 2749 ± 94a

0.1 mg/L 844 ± 93ab 761 ± 134b 1785 ± 253b 1099 ± 145ab 3526 ± 491ab 2986 ± 258b 1378 ± 204b 1157 ± 77b 1890 ± 122b

0.5 mg/L 1008 ± 95b 648 ± 84b 1552 ± 648b 1071 ± 73b 2970 ± 156b 2434 ± 153c 791 ± 80a 914 ± 120c 1753 ± 102b

Mn (mg/kg)
Control 17 ± 1a 28 ± 1a 8 ± 1a 12 ± 1a 29 ± 1a 9 ± 1a 13 ± 1a 43 ± 1a 9 ± 1a

0.1 mg/L 13 ± 2ab 30 ± 1a 8 ± 1a 12 ± 2a 24 ± 3a 8 ± 1b 16 ± 3ab 52 ± 7a 7 ± 1b

0.5 mg/L 22 ± 3ac 30 ± 2a 7 ± 1a 15 ± 1a 29 ± 2a 8 ± 1b 18 ± 2b 64 ± 4b 10 ± 2a

Fe (mg/kg)
Control 574 ± 26a 104 ± 4a 44 ± 3a 654 ± 34a 106 ± 2a 63 ± 2a 658 ± 41a 85 ± 3a 74 ± 2a

0.1 mg/L 684 ± 80a 112 ± 15a 33 ± 2b 667 ± 65a 116 ± 7a 32 ± 3b 1643 ± 160b 181 ± 22b 31 ± 1b

0.5 mg/L 1517 ± 114b 93 ± 11a 18 ± 2c 1247 ± 106b 104 ± 6a 17 ± 3c 1022 ± 117c 103 ± 3a 27 ± 2c

Cu (mg/kg)
Control 14 ± 1a 70 ± 2a 9 ± 1a 17 ± 1a 76 ± 2a 8 ± 1a 15 ± 1a 60 ± 3a 6 ± 1a

0.1 mg/L 13 ± 1a 87 ± 11ab 6 ± 1b 12 ± 3a 58 ± 8b 9 ± 2a 19 ±3a 78 ± 7b 6 ± 1a

0.5 mg/L 19 ± 2b 63 ± 7ac 6 ± 1b 17 ± 2a 78 ± 5a 7 ± 1a 18 ±1a 65 ± 5a 7 ± 2a

Zn (mg/kg)
Control 155 ± 5a 48 ± 2a 23 ± 1a 173 ± 11a 64 ±2a 43 ± 3a 159 ± 8a 59 ± 2a 30 ± 1a

0.1 mg/L 195 ± 15b 47 ± 6a 33 ± 3b 195 ± 16a 68 ± 8a 37 ± 4a 187 ± 12a 73 ± 4b 39 ± 4b

0.5 mg/L 174 ± 5ab 41 ± 3a 38 ± 3b 196 ± 17a 67 ± 6a 36 ± 2a 187 ± 18a 66 ± 5ab 40 ± 3b

B (mg/kg)
Control 16 ± 1a 44 ± 2a 14 ± 1a 17 ± 1a 51 ± 3a 14 ± 1a 15 ± 1a 43 ± 2a 13 ± 1a

0.1 mg/L 14 ± 1ab 40 ± 2ab 13 ± 1a 11 ± 2b 42 ± 3b 12 ± 1a 17 ± 3a 52 ± 2b 11 ± 2a

0.5 mg/L 18 ± 1ac 35 ± 1b 13 ± 1a 13 ± 1ab 58 ± 4c 14 ± 1a 15 ± 1a 50 ± 1b 14 ± 1a
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4. Discussion

Iodine at the applied concentrations had no significant effect on the photosynthetic efficiency,
(Fv/Fm) and CCI values cabbage and tomato leaves. This is an important pre-requisite to avoid any
inhibition of plant growth. To the best of our knowledge, experiments related to cabbage and tomato
have not been reported in the literature so far. However, there are experimental data for two other
plants. Buckwheat microgreens were soaked in water containing iodine at concentration of 1000 mg/L
(as I− or IO3

−). The Fv/Fm ratios changed within a small range from 0.78 to 0.80, while the chlorophyll-a
concentration was moderately stimulated [47]. In lettuce plants cultivated in hydroponic solutions
containing I− and IO3

− at doses of 2.5–10 mg/L, the iodate treatment enhanced the chlorophyll-a
concentration of the leaves, while, in the presence of iodide, no effect was detectable as compared to
the control plants [48]. In addition, it should be noted that the iodide concentrations applied in our
experiments were considerably lower than in the cited papers.

The measured changes in biomass production in our study, caused by iodine administration do
not harmonize with literature data. However, it has to be emphasized that the treatment technologies,
and the iodine concentrations were different, and, in previous studies, the influence of soil type was not
investigated. The cultivation of cabbage plants in a pot experiment established that on using 150 mg
KI/kg soil fertilizer, the plant growth was reduced by 35% [14]. The biofortification of cabbage was
studied by applying a solid fertilizer with surface concentration of 0.59 kg I/ha, and the resultant dry
mass decreased by 46% [49]. Studies focused on tomato plants reported a 45% or 70% decrease in the
biomass production by applying solid fertilizer containing 150 mg KI/kg soil (pH = 5.91, OM = 4.09%,
total iodine = 2.02 mg/kg) [6] or irrigation water having 760 mg/L iodide concentration [15]. When the
iodine concentration applied for biofortification was considerably reduced to 6.3 mg I−/L or 1–5 mM, it
was found that the biomass production of edible parts did not change significantly as compared to the
control plants [26,50]. The differences between our experimental and literature data can be explained
by the fact that the applied iodine concentrations in our experiments were considerably lower, and the
treatment technologies were also different. It can be concluded that the iodine concentrations used in
the present study did not cause any negative effect on the physiological characteristics of cabbage and
tomato plants.

Based on the results of the present study, it can be summarized, that increasing iodine concentration
of irrigation water resulted in increasing iodine concentration in all investigated plant organs. These
observations agree with several other studies [6,16,26,34]. According to our results, the maximum
iodine concentration in the edible part of cabbage and tomato amounted to 10 and 3.6 mg/kg (DW),
respectively. These favorable concentration values were measured in plants cultivated in sandy soil,
which had the lowest organic matter content among the three soils investigated (Table 1). These results
can be explained by the fact that iodine amended to the soil by irrigation water partially bound to
organic compounds, resulting in a distribution between the solid phase and soil solution. It means
that the ratio of the “free” and bound iodine compounds strongly depends on the soil properties and
first of all on the organic matter content [27]. Unfortunately, in the literature, there are only a few
biofortification studies in which the influence of soil quality has been assessed Solid iodine-containing
fertilizer at 0.59 kg/ha was applied for biofortification of cabbage plants grown on loess soil (pH = 8.16,
OM = 1.36%, total iodine = 1.7 mg/kg), and, in the leaf samples, 1.1 mg I/kg DW iodine concentration
was detected [49]. Cabbage plants were also grown in sandy loam (pH = 5.60, OM = 3.10%, total
iodine = 5.6 mg/kg), and clay (pH = 4.50, OM = 4.70%, total iodine = 1.3 mg/kg) soils using the same
5–15 g I−/ha foliar spray technology. The effect of soil on the iodine concentration of leaves was not
investigated as the iodine concentrations obtained on the two soils were averaged (105 mg/kg DW) [51].
Fertilizer containing iodine (10–590 mg/kg) was applied for biofortification, and iodine concentrations
of 30 mg/kg FW [34] and 160 mg/kg FW [14] were achieved in the cabbage leaves. By using irrigation
water containing iodine (0.04–0.08 mg I−/L) the maximum iodine concentration in the edible part of
cabbage was 0.2 mg/kg FW [35]. Tomato plants were biofortified by applying fertilizer technologies
with iodine in a concentration range of 10–150 mg I−/kg and cultivated in paddy soil type (pH = 5.91,
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OM = 4.09%, total iodine = 2.0 mg/kg), and the edible parts contained 1.5 mg I/kg [6,34]. In another
study, a 0.25 kg/ha dosage was applied on Bathicalcic Cambisols (pH = 7.80, OM = 0.7%, total iodine
was not detailed) soil type and the iodine concentration of the fruit was found to be 15 g/kg FW [36].
When tomato plants were watered with irrigation water having 127–760 mg I−/L, the maximum iodine
concentration of the fruits amounted to 2–53 mg/kg FW [15,26].

While the uptake and translocation of iodine and its effects on the growth of different vegetables
have been widely studied both in laboratory and field experiments, only a few studies investigated the
interaction of iodine with other macro or micro elements. Tomato plants were irrigated with water
containing iodine (as KI) in a concentration of 10−6

−10−5 M, and the concentration of Mg and Cu in
leaf organs was moderately stimulated [52]. In lettuce, it was found that the soil application of KI
(0.5–2.0 kg I/ha) and foliar spraying with KIO3 (0.02–2.0 kg I/ha) in a two-year-long investigation on
silt loam soil (pH, 6.99–6.73, OM = 3.41–3.76%) had a positive correlation between the concentration of
iodine and K, Mg, Ca, Mn [53]. However, in another long-term experiment (3 years), the same group
investigated the same target plants cultivated in heavy soils (pH = 6.92–7.45, OM = 2.33%–2.56%),
using solid fertilizer containing KI or KIO3 at a dose of 5 kg I/ha, and, in both treatments, negative
correlations were found between the concentration of iodine and K, Mg, Ca, S, Na, B, Fe, Mn, Cd [54].
Due to the different plant–soil systems, the chemical form and concentration of the added iodine, as
well as the various cultivation technologies, a clear trend on the iodine effect cannot be established.
Therefore, before the application of biofortification processes in a selected plant–soil system, a thorough
analysis is necessary to characterize the chemical composition of the edible parts for the optimization of
plant production, and, in addition, the effect of iodine on the microflora of soil should also be clarified.

5. Conclusions

The responses of cabbage and tomato plants cultivated in sand, silty sand and silt soil, in the
same environmental conditions and irrigated with water containing 0.1 and 0.5 mg/L iodine, were
investigated by means of physiological and chemical analysis. These species can be adequately
biofortified with iodine without any observable physiological stress symptoms or significant changes to
their photosynthetic activity, independent of the soil types on which they were investigated. However,
the cultivation in sandy soil resulted in the best yield and the highest iodine concentration in the edible
parts of both species. In addition, the iodine effect on the concentration of essential macro and micro
elements in these plants were relatively low, therefore their nutrition value did not change considerably
due to the iodine treatment. Considering the accumulated iodine concentration of cabbage leaves and
tomato fruits, as well as the moisture content of these plant organs, it can be calculated that consuming
100 g of fresh vegetables would cover about 80% (cabbage) and 15% (tomato) of the recommended
dietary allowance (150 µg).
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buckwheat microgreens and seeds with different forms of selenium and iodine. J. Sci. Food Agric. 2019, 99,
4353–4362. [CrossRef]

http://dx.doi.org/10.3389/fpls.2016.01146
http://dx.doi.org/10.1021/es303228n
http://dx.doi.org/10.1016/j.jenvrad.2008.06.003
http://dx.doi.org/10.1038/sj.ejcn.1602510
http://dx.doi.org/10.1007/s11434-013-5709-2
http://dx.doi.org/10.1016/j.jtemb.2007.09.003
http://www.ncbi.nlm.nih.gov/pubmed/18319134
http://dx.doi.org/10.4081/ija.2012.e32
https://www.R-project.org/
https://CRAN.R-project.org/package=ggpubr
http://dx.doi.org/10.1002/bimj.200810425
http://dx.doi.org/10.1002/jsfa.9669


Agronomy 2020, 10, 720 15 of 15

48. Blasco, B.; Rios, J.J.; Leyva, R.; Melgarejo, R.; Constán-Aguilar, C.; Sanchez-Rodriguez, E.;
Rubio-Wilhelmi, M.M.; Romero, L.; Ruiz, J.M. Photosynthesis and metabolism of sugars from lettuce
plants (Lactuca sativa L. var. longifolia) subjected to biofortification with iodine. Plant Growth Regul. 2011, 65,
137–143. [CrossRef]

49. Mao, H.; Wang, J.; Wang, Z.; Zan, Y.; Lyons, G.; Zou, C. Using agronomic biofortification to boost zinc,
selenium, and iodine concentrations of food crops grown on the loess plateau in China. J. Soil Sci. Plant Nut.
2014, 14, 459–470. [CrossRef]
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