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a  b  s  t  r  a  c  t

Biofortification  of vegetables  with  iodine  can  become  an alternative  (in  reference  to  salt  iodization)
method  of  introducing  this  element  to human  diet.  Side-effects  of  iodine  application  on  mineral  nutrition
of  plants  have  not  yet  been  thoroughly  documented.  The  aim  of  the  study  was  to  evaluate  the effect  of
iodine  form  and  the  method  of I fertilization  on iodine  biofortification,  nitrogen  metabolism  and  the  level
on mineral  nutrients  and  selected  heavy  metals  in  spinach  plants.  In the  present  research,  pot  cultivation
of  spinach  ‘Olbrzym  zimowy’  cv. was  carried  out  on heavy  soil  including  the following  treatments:  1  –
control  (without  iodine  application),  2  – pre-sowing  KI  fertilization,  3  – pre-sowing  KIO3 fertilization,  4
– fertigation  with  KI,  5 – fertigation  with  KIO3.  In treatments  no.  2  and  3 iodine  was  applied  in a  dose  of
1  mg  I  per  1 dm3 of soil.  In treatments  no.  4 and  5, water  solution  of  iodine  in the  concentration  of  0.0004%
was  used  – approximately  1.1  mg I  dm−3 of soil  was  introduced  during  the  cultivation.  Introduction  of
iodine  by  fertigation  proved  to  be  much  more  effective  for iodine  biofortification  of  spinach  than  pre-
sowing  fertilization  with  this  element  – by 339%  and  498%  respectively  for  KI and  KIO3. Pre-sowing
soil  fertilization  with  KI and  KIO3 improved  accumulation  of  nitrates(V)  and  chlorides  in  spinach.  Soil
application  of iodine  (in  the form  of KI and  KIO3 – combination  no.  2 and  3) increased  N-total  content

in  spinach  plants.  Fertigation  of plants  with  KI and  KIO3 significantly  reduced  the  level  of ammonium
ions  in  spinach.  Lowered  content  of  Ca as well  as higher  accumulation  of Fe  were  found  in plants  from
treatments  no.  2, 4 and  5. Application  of  iodine  (irrespective  of  its  chemical  form  and  method)  in  spinach
cultivation  (treatments  2–5) decreased  Na  and  Zn  content  in  plants.  Pre-sowing  fertilization  with  KI and
KIO3 reduced  Pb  accumulation  in spinach.  No  influence  of iodine  fertilization  and fertigation  was  found
in  reference  to yield  as well  as  the  content  of  P, K,  Mg,  S,  B, Cu,  Mn,  Mo  and  Cd  in  spinach  plants.
. Introduction

Iodine is an essential micronutrient for human. It is responsible,
mong others, for the activity of thyroid hormones. Consequences
f endemic iodine deficiency include numerous diseases such as
retinism and Kaschin–Beck disease, the latter one being related to
imultaneous deficiency of iodine and selenium (Lin et al., 2004).
early 35.2% of the global population has inadequate iodine nutri-

ion (Winger et al., 2008) and 260 million people suffer from iodine
eficiencies (Branca and Ferrari, 2002). A direct cause of limited

upply of iodine in human diet is a low level of this element in soil
nvironment, partly resulting from particular physico-chemical
roperties of soils (Fuge and Long, 1989).
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In order to counteract iodine deficiency in human population,
its supplementation through iodizing table salt has been applied
in numerous countries. It is an efficient way of introducing this
microelement into human diet. However, excessive consumption of
salt has recently contributed to increased occurrence of cardiovas-
cular diseases. For that reason, WHO  has developed Global Strategy
on Diet, Physical Activity and Health on years 2008–2013, which
includes, among others, reduction in salt intake accompanied with
searching for alternative methods of introducing iodine into human
diet.

One of these ways can be iodine biofortification of plants (White
and Broadley, 2005, 2009; Yang et al., 2007; Zhao and McGrath,
2009). This approach encounters, however, several difficulties,
including a relatively low effectiveness of soil fertilization with this

element.

Plant uptake of iodine generally depends on its availability,
which is essentially governed by the adsorption–desorption char-
acteristics of soils (Dai et al., 2009). Three days after its introduction
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nto soil, 95% of iodine undergoes strong sorption with Fe and Al
esquioxides (Muramatsu et al., 1990; Yoshida et al., 1992). The
rocess of iodine desorption to soil solution is slow, and there-
ore inhibits its uptake from soil by plant roots (Fuge and Johnson,
986; Muramatsu et al., 1996; Yamaguchi et al., 2005). Studies con-
ucted by Ujowundu et al. (2010) indicate that fertigation with KIO3
olution can improve iodine uptake by plants.

Little information is available on the influence of iodine
both endo- and exogenous) on plant mineral nutrition, includ-
ng pathways of nitrogen metabolism in higher plants – nitrate(V)
eduction, amino acids biosynthesis as well as N nutrition. Recog-
ition of this issue is particularly important due to crucial effect
f nitrogen supply on crop yield. Tsunogai and Sase (1969),  basing
n their work on iodate reduction by Escherichia coli extract, pro-
osed a hypothesis of nitrate reductase (NR) participating in IO3

−

eduction. Additionally, a positive correlation was  found between
iminishing concentration of iodates and increasing activity of NR

n the studies of iodate ions reduction with the use of extracts from
arine phytoplankton (Wong and Hung, 2001). The mentioned

ffect was accompanied by growing concentration of reduced form
f iodine (I−) Results of the work conducted by Hung et al. (2005)
onfirmed that NR enzyme from marine phytoplankton takes part
n IO3

− reduction to I−. These interactions result from the fact that
O3

− and NO3
− ions are characterized by similar chemical prop-

rties and the energetics of reduction to I− and NO2
−, respectively

Hung et al., 2005). Studies carried out by Barber and Notton (1990)
n protein isolates revealed that iodate form of iodine can be an
lternative – to nitrates(V) – electron acceptor for NR enzyme. It
as been also found that higher plants have the ability to reduce

O3
− to I− but the mechanism of the reaction is still vaguely known

Sekimoto, 2009). Limited data are also available when iodine effect
n mineral nutrition of plants is considered. Results of the study
onducted by Hageman et al. (1942) indicate a significant influ-
nce of iodine application on Ca, Cu, Fe, Mg  and Mn  accumulation
n tomato plants.

Iodine is not an essential element for plants. Numerous stud-
es conducted on iodine biofortification were generally focused on
eveloping the optimal method of plant enrichment in this element
Altinok et al., 2003; Bai et al., 2007; Blasco et al., 2008; Gonda et al.,
007; Hong et al., 2009; Weng et al., 2008; Zhu et al., 2003). To sum
p, in the studies on iodine biofortification of plants, side-effects
f iodine fertilization (either in the form of I− or IO3

−) on mineral
utrition and nutritional value of crop yield are poorly documented.
dditionally, there is lack of objective information comparing the
fficiency of this process in dependence on pre-sowing fertiliza-
ion or plant fertigation with various chemical forms of iodine, e.g.
− and IO3

−. Development of agronomic rules of iodine introduc-
ion into plants requires thorough studies documenting the range
f its influence on plants. In this aspects, it is particularly important
o evaluate the effect of this element not only on crop yield but also
n physiological and biochemical processes occurring in plants –
ith a special attention given to nitrogen metabolism.

The aim of the study was to evaluate the effect of diverse iodine
orm (iodide and iodate) and application method (pre-sowing fer-
ilization and fertigation) on the effectiveness of biofortification,
itrogen metabolism and the uptake of mineral nutrients and heavy
etals by spinach (Spinacia oleracea L.) plants.

. Materials and methods

.1. Plant material and treatments
Spinach (Spinacia oleracea L.) ‘Olbrzym zimowy’ c.v. was
ultivated in the 2009–2010 in open-work containers sized
0 cm × 40 cm × 20 cm,  placed in the plastic tunnel. The containers
ulturae 143 (2012) 176–183 177

were filled with silt loam (35% sand, 28% silt and 37% clay) with
mean content of organic matter 2.76% and the following concentra-
tions of the available nutrient forms soluble in 0.03 M acetic acid:
N (N-NO3+N-NH4) 58.7 mg,  P 39.3 mg,  K 73.3 mg,  Mg  151.5 mg,  Ca
1245.2 mg,  S 17.2 mg,  Na 6.8 mg  and Cl 0.0 mg  in 1 dm−3 soil. Soil
pH(H2O) was 6.97, the oxidation – reduction (redox) potential of
the soil (Eh): +326.7 mV,  while soil salinity (electrical conductivity
– EC) 0.31 mS  cm−1. The content of assimilable forms of nitrogen,
phosphorus and potassium was  supplemented before the cultiva-
tion to the following levels: 100 mg  N, 60 mg P and 160 mg K dm−3

of soil with the use of Ca(NO3)2, KH2PO4 and K2SO4.
The treatments were as follows: 1 – control (without iodine

application), 2 – pre-sowing KI fertilization, 3 – pre-sowing KIO3
fertilization, 4 – fertigation with KI, 5 – fertigation with KIO3.
Iodine was  introduced as pure reagents – KI (P.O.Ch., Poland) and
KIO3 (Sigma–Aldrich, Germany). In treatments no.2 and 3 iodine
was applied in a dose of 1 mg  I per 1 dm3 of soil. During cultivation
plants in containers (in all treatments) were irrigated with the same
amount of tap water (Table 1). In treatments no. 4 and 5, 0.0004%
iodine solution was  used. Total amount of iodine 1.10 mg I dm−3

of soil (Table 1) was  introduced into soil with fertigation during
spinach cultivation – from seed sowing to the harvest. The assessed
chloride content in tap water was  equal to 14.6 mg  Cl dm−3. Total
amount of chlorides 4.29 mg  Cl dm−3 of soil was  introduced into
soil with water.

The experiment was  carried out according to a random method
in three replications. Each replicate (one container) consisted of
4 rows with 10 plants per row – 40 plants per each replication.
Seed sowing was performed with 20 seeds in a row on 20th and
23rd March in the subsequent years. After germination, plants were
singled out leaving 10 seedlings in one row (40 plants per one con-
tainer). Spinach was  harvested on 28th April 2009 and 4th May
2010.

2.2. Plant analysis

Nitrate(V) (NO3
−), ammonium ions (NH4

+) and chloride content
(Cl−) in fresh leaves of spinach was assessed after extraction of plant
samples with 2% CH3COOH (Nowosielski, 1988). The level of free
amino acids was  determined in fresh material in the reaction with
ninhydrin (Korenman, 1973) after sample preservation in ethanol
under a coil condenser.

Spinach leaves after preliminary cutting up were dried at 70 ◦C
and ground. Next, plant samples were mineralized in 65% super
pure HNO3 (Merck no. 100443.2500) in a CEM MARS-5 Xpress
microwave oven (Pasławski and Migaszewski, 2006) in order to
analyze the content of P, K, Mg,  Ca, S, Na, B, Cu, Fe, Mn, Mo,  Zn, Cd
and Pb using the ICP–OES technique. The total nitrogen was  deter-
mined by the Kjeldahl method (Persson and Wennerholm, 1999).
In spinach samples iodine accumulation was assayed after incuba-
tion of dry plant samples with 25% TMAH according to the standard
method (prEN 15111: R2-P5-F01, 2006 (E)).

2.3. Soil analysis

Prior to cultivation, one representative soil sample was taken
for analysis. During spinach harvest, soil samples were collected
separately for each combination from each open-work container.

Before the start of the experiment the following characteris-
tics of soil were determined: soil texture using the Casagrande
method, modified by Pruszyński (Komornicki et al., 1991), organic
matter content by the method of Tiurin, modified by Oleksynowa

(Komornicki et al., 1991), pH and Eh with potentiometer [1:2 v/v
soil in H2O], EC with the use of conductometer [1:2 v/v soil in H2O];
and macro-elements (N-NH4, N-NO3, P, K, Mg,  Ca, S, Na and Cl) after
soil extraction with 0.03 mol  CH3COOH (Nowosielski, 1988).
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Table  1
Amount of water used for plant irrigation as well as iodine and chloride introduced to soil with fertigation during spinach cultivation.

Year 2009 Year 2010 Mean
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than in the control) level of iodine assessed in 0.03 mol  CH3COOH
was determined (Fig. 2B). In soil samples from all treatments no
differences were found with respect to chloride content (Fig. 2D).
Amount of water used for plant irrigation per one pot (from seed sowing to harve
Total amount of iodine introduced per 1 dm3 of soil in combination no 4 and 5. 

Total amount of chloride introduced per 1 dm3 of soil in each treatments. 

In soil samples after spinach harvest, N-NH4, N-NO3, P, K, Mg,
a, S, Na, Cl and I were determined after extraction with 0.03 mol
H3COOH (Nowosielski, 1988) as well as the content of: B, Cu, Fe,
n,  Mo,  Zn, Cd and Pb using 1 mol  HCl as an extraction solution

Gorlach et al., 1999).

.4. Methods of instrumental analysis of plant and soil samples

The content of I, P, K, Mg,  Ca, S, Na, B, Cu, Fe, Mn,  Mo,  Zn, Cd and
b in spinach and soil samples were determined with the use of a
rodigy Teledyne Leeman Labs USA spectrometer ICP-OES. The con-
entration of nitrogen forms (NH4

+, NO3
−) in plant and soil samples

as determined by FIA technique (PN-EN ISO 13395, 2001; PN-EN
SO 11732, 2005 (U)) with the use of a FIA Modula MLE, Germany.
hloride content in spinach and soil samples was assessed by neph-
lometric method.

.5. Climatic conditions in the plastic tunnel during the
xperimental period

Mean daily temperature and air humidity for the period of
pinach cultivation were respectively: 13.7 ◦C and 67.4% RH in 2009
hile 15.5 ◦C and 68.8% RH in 2010.

.6. Statistical analysis

Obtained results were statistically verified using ANOVA module
f Statistica 9.0 PL programme for significance level p < 0.05. Signif-
cance of changes was assessed with the use of variance analysis
Test F). In case of significant changes, homogenous groups were
istinguished on the basis of Duncan test.

. Results

Iodine form and method of application did not significantly
ffect spinach yield (Fig. 1). A significant influence of tested treat-
ents was found in reference to I and Cl content in spinach plants

Fig. 2A,C) and iodine concentration in soil after spinach cultivation

Fig. 2B).

Both in the case of pre-sowing fertilization as well as introduc-
ion through fertigation, a higher accumulation of iodine was  found
fter KIO3 application rather than KI (Fig. 2A). Introduction of iodine

ig. 1. Yield of spinach leaves depending on form and method of iodine application.
reatments: 1 – Control, 2 – KI fertilization, 3 – KIO3 fertilization, 4 – KI fertigation, 5
KIO3 fertigation. Means followed by the same letters are not significantly different
or  p < 0.05. Data are means from 2009–2010.
 each treatments. 14 dm 12.5 dm 13.25 dm
1.16 mg I dm−3 1.04 mg I dm−3 1.10 mg  I dm−3

4.54 mg Cl dm−3 4.05 mg Cl dm−3 4.29 mg Cl dm−3

through fertigation proved to be much more effective in respect
to iodine biofortification of spinach than pre-sowing fertilization
with this element – by 339% and 498% for KI and KIO3 respectively.
Pre-sowing fertilization with KI and KIO3, when compared to the
control and fertigation with iodine (treatments 4 and 5), increased
the content of chlorides in spinach (Fig. 2C). In soil after cultiva-
tion of plants treated with pre-sowing fertilization and fertigation
with iodine (in both forms: KI and KIO3) a comparable (and higher
Fig. 2. Content of iodine and chlorides in spinach leaves and soil after spinach cul-
tivation depending on form and method of iodine application – Fig. 2A, B, C and D.
Treatments: 1 – Control, 2 – KI fertilization, 3 – KIO3 fertilization, 4 – KI fertigation, 5
–KIO3 fertigation. Means followed by the same letters are not significantly different
for p < 0.05. Data are means from 2009–2010.
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Fig. 3. Content of nitrate(V), ammonium ions and free amino acid in spinach leaves
depending on form and method of iodine application – Fig. 3A, B and C. Treatments:
1
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 – Control, 2 – KI fertilization, 3 – KIO3 fertilization, 4 – KI fertigation, 5 –KIO3

ertigation. Means followed by the same letters are not significantly different for
 < 0.05. Data are means from 2009–2010.

Pre-sowing fertilization with KI and KIO3 (treatments no. 2 and
), in comparison to the control and fertigation with these iodine
ompounds, contributed to a comparable increase in nitrate(V)
ccumulation in spinach (Fig. 3A). Plants fertigated with IO3

− form
f iodine contained significantly more NO3

− than those treated
ith I− applied in the same way. Fertigation with both forms of

odine (I− and IO3
− – treatments no. 4 and 5) significantly decreased

he content of ammonium ions in spinach (Fig. 3B). Iodine form as
ell as and method of its application did not affect the level of free

mino acids in spinach plants (Fig. 3C).
In our study, tested factors (method of I introduction and its form

I− and IO3
−) significantly influenced the content of N, Ca, Na, Fe,

n and Pb in spinach plants as well as soil level of N, K, B, Mn  and
o after spinach cultivation (Tables 2 and 3). No statistical effect of

re-sowing fertilization and fertigation with iodine was  observed
ith respect to P, K, Mg,  S, B, Cu, Mn,  Mo  and Cd accumulation in
lants as well as the content of P, Mg,  Ca, S, Na, Cu, Fe, Zn, Cd and
b in soil after cultivation (Tables 2 and 3).

In comparison to the control and fertigation with I (treatments
o. 1, 4 and 5), soil application of both iodine forms comparably

ncreased total nitrogen in spinach (Table 2). The content of mineral
 (N-NH4 and N-NO3) was similar in soil fertilized with KI and KIO3

ut significantly exceeded the level determined in fertigated soil
treatments no. 4 and 5).

Pre-sowing fertilization with KI as well as fertigation with KI
nd KIO3 (treatments no. 2, 4 and 5) reduced Ca and increased
ulturae 143 (2012) 176–183 179

Fe content in spinach (Tables 2 and 3). In comparison to the con-
trol, soil application of iodine (irrespective of iodine form and
applied method-treatments 2–5) decreased Na and Zn accumula-
tion in spinach plants. In the case of sodium, stronger antagonism
between I introduction and Na uptake was revealed for introduc-
ing iodine through fertigation, particularly in KI form. Adversely,
IO3

− more efficiently inhibited Zn uptake by plants than I−. Pre-
sowing fertilization with KI and KIO3 contributed to a decrease in
Pb accumulation in spinach.

Obtained changes of soil level of K (soluble in 0.03 mol
CH3COOH) as well as B, Mn  and Mo  (soluble in 1 mol  HCl) due to
diverse iodine fertilization did not significantly affect plant concen-
tration of these elements in spinach (Tables 2 and 3).

4. Discussion

4.1. Spinach biomass

In our study, no significant effect of pre-sowing fertilization or
fertigation with iodine on spinach yield was  found (Fig. 1), despite
a significant increase of nitrogen content in plants fertilized with
KI and KIO3 (treatments no. 2 and 3 – Table 2). This observation
could be related to an optimal (for spinach) soil level of min-
eral nitrogen and, consequently, proper plant nutrition with this
macronutrient. Therefore, noted increase in nitrogen content in
spinach plants resulting from pre-sowing application of KI and KIO3
did not improve yield of spinach. In a similar study by Dai et al.
(2006) iodine fertilization (in a dose of: 0, 0.5, 1 and 2 mg  I kg−1 of
soil) in the form of I− or IO3

− did not significantly affect leaf and root
biomass of spinach plants. Results of the work presented by Borst-
Pauwels (1961) indicate that soil content of iodine (value of iodine
dose), its chemical form as well as interspecies differences in iodine
response are of considerable importance in iodine interaction on
plant growth (both positive and negative).

Iodine applied in excessive doses can be deleterious for plants
causing reduction of biomass, leaf chlorosis and - after exceeding
toxic levels – leaf necrosis and plant death (Smith and Middleton,
1982; Mackowiak and Grossl, 1999; Mackowiak et al., 2005; Hong
et al., 2009). Iodate (IO3

−) form of I is considered less harmful for
plants than I− (Mackowiak and Grossl, 1999; Zhu et al., 2003; Gonda
et al., 2007). In the present study, despite significant increase in
iodine content found in plants fertigated with iodine (particularly
in the form of IO3

−; Fig. 2A) no visible symptoms typical for detri-
mental influence of iodine on plants were observed.

4.2. Effectiveness of iodine biofortification in spinach

Studies have shown that plants fertilized with I− form of iodine
take up greater amounts of iodine than plants treated with IO3

−.
This relation has been already confirmed in studies with cultivation
of: buckwheat, flax, barley, oats, perennial ryegrass, white clover,
mustard, tomatoes, spinach, turnip (leaves), fodder beet (Borst-
Pauwels, 1961), herbage (Smith et al., 1999), rice (Mackowiak and
Grossl, 1999), tomato and spinach (Gonda et al., 2007) and spinach
(Zhu et al., 2003). Lower uptake rate observed for IO3

− form of
iodine (when compared to I−) is most commonly explained by IO3

−

to I− reduction prior to its uptake by plant roots (Böszörményi and
Cseh, 1960).

In the present study, a higher iodine content was  found in
spinach plants after introduction of KIO3 rather than KI (in both
methods: pre-sowing fertilization and fertigation – Fig. 2A). With

respect to iodine uptake by spinach plants (depending on chemical
form of iodine), we  obtained different results than those reported
by the above-mentioned authors (Borst-Pauwels, 1961; Smith et al.,
1999; Mackowiak and Grossl, 1999; Zhu et al., 2003; Gonda et al.,
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Table  2
N P, K, Mg,  Ca, S and Na content in leaves and soil after spinach cultivation.

Treatments N1 P K Mg Ca S Na

% d.w. of spinach leaves
1. Control 5.58 a 0.73 8.73 1.04 1.59 b 0.43 0.21 d
2.  KI fertilization 5.88 b 0.73 8.83 1.01 1.47 a 0.41 0.18 c
3.  KIO3 fertilization 5.93 b 0.69 8.95 1.08 1.57 b 0.40 0.18 c
4.  KI fertigation 5.61 a 0.69 9.04 1.02 1.43 a 0.44 0.14 a
5.  KIO3 fertigation 5.64 a 0.67 9.22 1.07 1.46 a 0.41 0.16 b

Test  F for concentration of elements in spinach samples * n.s. n.s. n.s. * n.s. *
mg  dm−3 of soil

1.  Control 125.3 b 68.7 110.5 b 120.4 1117.6 90.3 13.3
2.  KI fertilization 123.1 b 59.3 88.2 a 132.9 1218.8 88.9 14.6
3.  KIO3 fertilization 87.8 ab 67.3 83.0 a 125.1 1133.7 94.0 11.8
4.  KI fertigation 66.1 a 61.5 94.0 ab 121.3 1132.3 88.4 13.6
5.  KIO3 fertigation 73.3 a 67.4 101.0 ab 121.6 1142.4 92.8 13.5

Test  F for concentration of elements in soil samples * n.s. * n.s. n.s. n.s. n.s.
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est F: * – means are significantly different, n.s. – not significant.
eans followed by the same letters are not significantly different for p < 0.05. Data

um  of: N-NH4+N-NO3.

007). Comparing our results with those obtained by other authors
t can be stated that differences in iodine uptake rate observed for
− and IO3

− application can result from diverse physico-chemical
roperties of soil (substratum, nutrient solution), iodine dose and
reference of plant species towards a particular form of this ele-
ent. Dai et al. (2006) noted that leaves and roots of spinach

ertilized with IO3
− contained more of this element than those

reated with I−. The IO3
− treatments had on average more iodine

artitioning to the leaves (77%) than did the I− treatments (39%).
lso in the studies conducted by Borst-Pauwels (1961) roots of fod-
er beet and turnip fertilized with KIO3 more easily accumulated I
han after KI application. Iodine uptake into the perennial ryegrass
as much greater from IO3

− than from the other two forms – I−

nd elemental iodine (I2) (Whitehead, 1975).
In the experiment conducted by Ujowundu et al. (2010) appli-

ation of water solutions of KIO3 (in the concentration of: 10,
0, 80 �g dm−3) introduced at two-day intervals for four weeks

ncreased iodine content in fluted pumpkin, water leaf and veg-
table marrow. These authors did not, however, compare the
ffectiveness of I biofortification between fertigation and pre-
owing I fertilization. They only inform that iodination of irrigation
ater is an advantageous and cost-effective method of supply-

ng iodine, since it requires a relatively simple technology. In the
resent study, better results in iodine biofortification of spinach

as obtained after regular fertigation with low-concentrated solu-

ions of iodine (rather than one-time pre-sowing fertilization).
odine introduction into soil with water solutions enhances the
ptake of this element by plant roots. Iodine application through

able 3
, Cu, Fe, Mn,  Mo,  Zn, Cd and Pb content in leaves and soil after spinach cultivation.

Treatments B Cu 

mg  kg−1 d.w. of spinach leaves
1.  Control 22.9 9.2 

2.  KI fertilization 22.8 9.1 

3.  KIO3 fertilization 22.9 9.0 

4.  KI fertigation 23.3 9.1 

5.  KIO3 fertigation 23.2 8.9 

Test  F for concentration of elements in spinach samples n.s. n.s. 

mg  kg−1 of soil
1. Control 1.27 a 4.9 

2.  KI fertilization 1.34 c 5.0 

3.  KIO3 fertilization 1.29 ab 4.9 

4.  KI fertigation 1.34 c 5.0 

5.  KIO3 fertigation 1.32 bc 5.0 

Test  F for concentration of elements in soil samples * n.s. 

est F: * – means are significantly different, n.s. – not significant.
eans followed by the same letters are not significantly different for p < 0.05. Data are m
eans from 2009–2010. 1 – concentration of N-mineral in soil dose presented as a

fertigation can possibly reduce soil sorption of this element with
Fe and Al compounds what is observed with a conventional one-
time soil fertilization with iodine (Muramatsu et al., 1990; Yoshida
et al., 1992). Additionally, iodine introduction through soil fertiga-
tion may  improve its movement in soil with capillary water. Iodine
applied with a conventional fertilization migrates very slowly in
soil (Weng et al., 2009) what is a major cause of low availability
of iodine in the root zone. It should be mentioned that microor-
ganisms and/or their products (e.g. enzymes) can also affect iodine
accumulation in soil (Muramatsu et al., 2004).

In the present study, a higher iodine content was found in
spinach plants treated with fertigation (KIO3 rather than KI) than
pre-sowing fertilization (Fig. 2A). This observation suggests a
higher efficiency of iodine uptake from soil when applied through
fertigation. Striking is the fact that in soil after cultivation of spinach
fertilized and fertigated with iodine (treatments no. 2–5) a com-
parable, but higher than in the control, concentration of iodine
was noted (Fig. 2B). In both methods of iodine application sim-
ilar iodine doses were introduced into the soil – approximately
1 mg  I per 1 dm3 of soil. No observed decrease in iodine concentra-
tion in soil after cultivation of spinach plants fertigated with KI and
KIO3 (with reference to pre-sowing fertilization) may  have resulted
from the nature of chemical reactions that iodine undergoes in soil
environment – widely described in Section 4.3.  It should be empha-

sized that the quantitative analysis of soil iodine level concerned
the concentration of iodine forms soluble in 0.03 mol  CH3COOH
and not a total content of this element in soil. In Poland, soil extrac-
tion with 0.03 mol  CH3COOH is commonly applied method of soil

Fe Mn Mo Zn Cd Pb

227.3 a 39.7 0.21 136.3 c 1.9 0.50 b
275.3 b 38.4 0.17 134.0 bc 1.7 0.40 ab
223.5 a 38.5 0.14 121.8 a 1.7 0.24 a
328.1 c 41.8 0.17 127.6 ab 1.8 0.54 b
310.3 c 41.0 0.15 123.0 a 1.8 0.60 b
* n.s. n.s. * n.s. *

1579.8 237.8 c 0.18 c 46.3 0.94 24.2
1555.5 219.5 a 0.16 abc 46.3 0.94 24.4
1550.2 219.9 a 0.17 bc 47.3 0.94 24.6
1528.5 226.4 b 0.15 ab 46.7 0.94 24.4
1545.4 216.2 a 0.14 a 45.9 0.93 24.2
n.s. * * n.s. n.s. n.s.

eans from 2009–2010.
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reparation for the determination of available forms of macro-
lements as well as Cl and B in soil (Nowosielski, 1988).

.3. Nitrogen content

The observation of higher level of nitrates(V) in spinach ferti-
ated with IO3

− (than I−; Fig. 3A) can most likely result from the
inkage between IO3

− metabolism and NO3
− reduction in plant

ells. Complex analysis of published data concerning iodine inter-
ction on nitrogen metabolism in higher plants gives ambiguous
esults. In the studies conducted by Gonda et al. (2007) with tomato
nd spinach grown in hydroponics, nitrate(V) and calcium content
n plants fertigated with IO3

− form of iodine was higher than in
lants treated with I−. Blasco et al. (2010) revealed that I− applica-
ion (in a dose of: 20, 40, 80 �mol  as KI) reduced NO3

− accumulation
nd NR activity in leaves of lettuce cultivated in perlite in growth
hamber under controlled environmental conditions. Adversely,
ntroduction of 20, 40 and 80 �mol  of KIO3 increased nitrate reduc-
ase activity but had no influence on NO3

− content in lettuce leaves
probably due to NR involvement in the reduction of IO3

− to I−). In
he above-mentioned studies, iodine (irrespective of its form) did
ot affect the level of NH4

+ and nitrite reductase (NiR) activity in
ettuce leaves. Ledwożyw et al. (2009) found that four-time foliar
pplication of KIO3 (in a total dose of 0.2 and 2 kg I ha−1) decreased
itrate(V) accumulation in lettuce grown in the field when com-
ared to the control plants. Foliar nutrition with 0.02 kg I ha−1 dose
f IO3

− had, however, no significant effect on NO3
− level in lettuce.

n the further studies, 48 h after 3rd and 4th foliar application of
O3

− significant changes occurred in NR and NiR activities in let-
uce cultivated in field. Plants sprayed with IO3

− solutions (in 0.02,
.2 and 2 kg I ha−1 doses) generally accumulated less nitrates(V)
han control plants (Ledwożyw et al., 2010). In the work conducted
y Smoleń  et al. (2009a) with pot cultivation of carrot, interesting
elations were noted between iodine application (in the form of KI
nd KIO3) and nitrogen fertilization with Ca(NO3)2 and (NH4)2SO4
ntroduction of KIO3, in comparison to KI, increased NO3

− level in
torage roots of the control carrots as well as plants fertilized with
a(NO3)2. These interactions were not observed when applying
NH4)2SO4 as nitrogen source. At the same time, results obtained
y these authors indicated that IO3

− fertilization performed in the
onditions of low N level in soil can increase nitrate(V) accumula-
ion in carrot roots.

Regarding the above-mentioned information, striking are the
elations found in our studies. In particular, pre-sowing fertil-
zation with iodine in the form of I− and IO3

− contributed to a
omparable increase in nitrate(V) and total nitrogen content in
pinach when compared to the control (Fig. 3A and Table 2). Pre-
owing fertilization with I− and IO3

− did not, however, significantly
ffect the level of ammonium ions (NH4

+) and free amino acids
n spinach (Fig. 3B,C). Rather puzzling is the observation indicat-
ng an improved nitrogen nutrition in these plants (treatments no.

 and 3) when combined with the results of soil nitrogen analy-
is. The level of mineral N in soil after spinach cultivation in these
wo treatments as well as in the control (Table 2) was  higher than
he amount of this element introduced by pre-sowing fertilization
applied to reach 100 mg  N dm−3 of soil). Obtained increase was,

ost likely, caused by mineralization of soil organic matter (SOM)
 i.e. release of mineral N from soil organic matter. It should be
nderlined that the content of total nitrogen in spinach treated
ith iodine fertigation (treatments no.4 and 5) remained at a com-
arable level to the control, while concentration of mineral N in
oil from these treatments was significantly lower (Table 2). Low

oses of iodine applied during the cultivation with fertigation could
ave suppressed the growth and development of microorganism
esponsible for SOM mineralization. Such interactions were not
ound when iodine was introduced with pre-sowing fertilization
ulturae 143 (2012) 176–183 181

– most probably due to strong iodine sorption in soil (Muramatsu
et al., 1990; Yoshida et al., 1992). Absorbed iodine may  have not
affected these microorganisms at a level that I applied with fer-
tigation. In our studies, no determination of the balance of SOM
content before and after spinach cultivation was carried out. As
it turned out, this would have been helpful for discussing the
proposed hypothesis of iodine form and application method influ-
encing the conversion from organic to mineral forms of nitrogen
(N-NH4, N-NO3) in soil environment. The other possible expla-
nation for obtained results could be that iodine applied into soil
through fertigation could have reacted with NO2

− ions (which
are the products of the first step of nitrification) according to the
equation: 2NO2

− + 2I− + 4H+ → I2 + 2NO + 2H2O; still, in the labo-
ratory this process requires acidic conditions (Vtorushina et al.,
2008). As a result, iodine and nitrogen losses might have occurred
through its volatilization. It was  noted that plant fertigated with
KIO3 contained significantly more iodine than those fertigated with
KI (Fig. 2A) what can indirectly support this hypothesis. In soil, IO3

−

form of iodine can undergo reduction – first to I− and then to I2,
the process being mediated by soil humic acids (Yamaguchi et al.,
2005). It is possible that a certain amount of IO3

− ions introduced
into soil through fertigation (combination no 5) may  have reacted
with NO2

− (after being reduced to I−) – what could have resulted
in decreased content of mineral nitrogen in soil to a comparable
level that found in combination no. 4 (Table 2). What is more, IO3

−

is rather immobile in soil because it can be easily adsorbed onto
soil minerals (Yamaguchi et al., 2005). In the available literature,
no information can be found on iodine interaction on SOM miner-
alization or mineral nitrogen conversion in soil. In such a case, it is
particularly difficult to determine which hypothesis more satisfy-
ingly explains obtained results of iodine influence on N uptake by
plants as well as its changes in soil environment.

4.4. Iodine influence on plant nutrition with other mineral
elements

A particular attention should be given on the fact that a sig-
nificant amount of chloride ions was  detected in spinach plants
even though no mineral fertilizer containing Cl− was used in the
cultivation. As it turned out, tap water used for irrigation was a
major source of chlorides for plants as well as soil after spinach
cultivation. A total amount of chlorides introduced into soil with
plant watering was approximately 4.29 mg Cl dm−3 (treatments
1–5; Table 1). In the case of plants fertilized and fertigated with
iodine (treatments 2–5), the ratio of introduced iodine and chlo-
ride into soil was equal to: 1–1.1:3.9–2.29. An antagonism exists
between chloride and iodide, due to which Cl counteracts toxic
effect of I on plants (Lewis and Powers, 1941). On the other
hand, antagonistic influence of iodine towards chloride is sev-
eral dozen times stronger than of chloride to iodine (Nazarova,
1972). Cl–channels in plants are readily permeable to I− (Barbier-
Brygoo et al., 2000; White and Broadley, 2001; Roberts, 2006). In
such a case, particularly interesting is the observation made in our
studies that pre-sowing soil fertilization with KI and KIO3 stim-
ulated chloride uptake by spinach plants. This interaction could
have contributed to decreased effectiveness of this method of
iodine biofortification in spinach in comparison to fertigation. In
treatments with I fertigation no significant influence of iodine on
chloride uptake by spinach was  noted which could have resulted
from too low a dose of iodine in solution in relation to chloride
content in water used for fertigation. It is worth to underline
that obtained value of iodine:chloride ratio in spinach (particu-

larly noted for plants fertilized with iodine – treatments 2–3) does
not confirm information provided by Nazarova (1972) on strong
interaction of iodine on chloride. It may  have resulted from iodine
sorption in soil, which was  previously discussed. Additionally, no
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orrelation found between chloride content in plants and soil
Fig. 3C,D) may  have resulted from the fact that Cl− concentration
n soil was assessed after extraction using a relatively weak solu-
ion of 0.03 mol  CH3COOH. In soil environment, chloride anions

ay  react with other elements forming speciations of different
olubility (Kabata-Pendias and Mukherjee, 2007). In the available
iterature no information can be found on to what degree iodine fer-
ilization influences these processes potentially affecting chloride
vailability to plants. Results obtained in this study indirectly indi-
ate the existence of various mechanisms in this aspect depending
n pre-sowing fertilization or soil fertigation with iodine.

In the studies conducted by Hageman et al. (1942) with increas-
ng iodine dose (0, 4, 16, 36, 64 and 100 ppm I) applied into soil
s KI, significantly more Mg,  Ca, Cu and Mn  as well as less Fe
ere accumulated in tomato plants. It should be underlined that

odine concentrations higher that 16 ppm I were toxic for plants.
n the present work considerably lower I doses were applied than
n the mentioned pot experiment with tomato (Hageman et al.,
942). Interspecies differences as well as introduction of lower I
oncentration could have been a possible explanation for observed
ariation in iodine effect on the uptake of Mg,  Ca, Cu, Mn  and Fe
y spinach plants (Tables 2 and 3). Decreased Ca content as well

mproved Fe uptake observed in spinach from treatments no. 2,
 and 5 may  have resulted from physiological response of plants
owards iodine application i.e. antagonistic for Ca and synergistic
or Fe. Despite noted effect of iodine on the availability of K (soluble
n 0.03 mol  CH3COOH), B, Mn  and Mo  (soluble in 1 M HCl) in soil,
o significant changes in spinach content of these elements were
etected.

Physiological and biochemical mechanisms of iodine interac-
ion on the uptake of mineral nutrients by plants are yet to be
iscovered. Previous results of our studies indicate that iodine can
oth synergistically or antagonistically affect mineral nutrition of
lant. Pre-sowing I application (in the form of KI) stimulated Mg,
hile inhibited Cu uptake which was confirmed in pot cultivation of

pinach as well as field experiment with lettuce and carrot (Smoleń
nd Sady, 2011; Smoleń et al., 2011a,b). KI form of iodine reduced

 content in leafy vegetables – spinach and lettuce (Smoleń and
ady, 2011; Smoleń et al., 2011a)  as well as increased its level in
arrot storage roots (Smoleń et al., 2011b,c). To sum up the results
entioned-above (Smoleń and Sady, 2011; Smoleń et al., 2009b,

011a,b,c) as well as obtained in the present study, it can be stated
hat iodine influence on plant uptake of macro- and micro elements
apart from already discussed: P, Mg  and Cu) as well as heavy metals
nd trace elements depends on numerous factors. Among them, the
ollowing ones should be underlined: iodine dose, chemical form
nd application method, type of cultivation and genotype (cultivar)
ifferences in plant preference (capability) towards mineral uptake
rom soil.

. Conclusion

Conducted studies revealed that fertigation with iodine (partic-
larly in the form of KIO3) was more effective in obtaining spinach
lants biofortified with this element than soil fertilization with I.
espite significant increase in iodine content in plants fertigated
ith KIO3 and KI, no reduction in spinach yield or any plant dam-

ges (chlorosis, necrosis) were observed. It was indirectly shown
hat using tap water (containing 14.6 mg  Cl− dm−3) did not nega-
ively affect the efficiency of fertigation with used concentration
f iodine in the solution. Taking into consideration antagonism

etween I and Cl in its uptake by plants, these results are particu-

arly relevant for agronomic practice due to large-scale utilization
f water containing high amounts of chlorides (from rivers, ponds,
ells) for irrigation.
ulturae 143 (2012) 176–183

For practical purposes of spinach biofortification with iodine,
fertigation seems to be much more effective – particularly if iodine
is applied in the form of IO3

− rather than I−. Higher effectiveness
of fertigation as a method of increasing iodine content in plants,
in comparison to pre-sowing fertilization, can contribute to reduce
costs of iodine biofortification programs. Using lower iodine con-
centrations (below 0.0004%) for fertigation might have allowed to
obtain spinach fortified with I on a similar level that after soil fer-
tilization in a dose of 1 mg  I per 1 dm3. Plant fertigation with KI and
KIO3 allowed to obtain higher nutritional and health-promoting
quality of spinach due to reduction of nitrate(V) and sodium content
as well increased level of iodine and iron in plants. This relation was
statistically supported when compared to pre-sowing fertilization
with KI and KIO3 (for nitrate(V), sodium, iodine and iron content
in plants) as well as in comparison to the control in the case of
sodium, iodine and iron accumulation in spinach leaves. Presented
results should be however verified in field experiments in diverse
soil and climatic conditions with the cultivation not only of spinach
but also other crops. It should be emphasized that the crucial issue
of plant biofortification is the assessment of iodine assimilation and
its influence on a consumer’s organism (human and animal) includ-
ing its effect on the functioning of thyroid gland. Documentation of
the problem requires complex studies on plant biofortification with
iodine combined with e.g.  animal experiments.

An elevated level of nitrates(V) noted in spinach fertigated with
IO3

− (when compared to I− introduction) indirectly suggests the
interrelation between NO3

− and IO3
− metabolism in plants. A pos-

sible linkage could be through nitrate reductase (NR) catalyzing
IO3

− to I− reduction.
Interesting are the results of iodine influence on nitrogen uptake

by spinach plants (total nitrogen content) as well as the level of min-
eral N in soil after spinach cultivation. An interpretation of obtained
results was  presented basing on the compilation of available infor-
mation on chemical properties and processing of I and N in plants,
soil environment as well as known chemical reactions between
these elements. Taking this into consideration, two  hypotheses
were proposed explaining observed relations rather than direct
interpretation of the results. Plant fertigation with iodine solutions
might have contributed to: (1) suppressive action of low I doses on
microorganisms responsible for mineralization of soil organic mat-
ter; (2) nitrogen and iodine losses from soil through volatilization
of its gaseous forms due to chemical reaction between NO2

− and I−.
Applied analytical techniques as well as current state of knowledge
do not allow to verify proposed hypotheses.

Various interactions, dependent on iodine form and application
method, were found in respect to its influence on the uptake on
mineral nutrients and heavy metals by spinach plants. Antagonistic
effect of iodine was found for Ca, Na and Zn, while synergistic – for
Fe uptake by spinach.
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orlach, E., Curyło, T., Gambuś, F., Grzywnowicz, I., Jasiewicz, C., Kopeć, M.,  Mazur,
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