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Abstract Iodine is an essential micronutrient for
human health; phytofortification is a means of
improving humans’ nutritional iodine status. How-
ever, knowledge of iodine uptake and translocation in
plants remains limited. In this paper, plant uptake
mechanisms were assessed in short-term experiments
(24 h) using labelled radioisotopes; the speciation of
iodine present in apoplastic and symplastic root
solutions was determined by (HPLC)-ICP-QQQ-MS.
Iodine storage was investigated in spinach (Spinacia
oleracea L.) treated with I” and IO5;~. Finally,
translocation through the phloem to younger leaves
was also investigated using a radioiodine ('*°I7) label.
During uptake, spinach roots demonstrated the ability
to reduce 103~ to I". Once absorbed, iodine was
present as org-I or I™ with significantly greater
concentrations in the apoplast than the symplast.
Plants were shown to absorb similar concentrations of
iodine applied as I or IO3 ™, via the roots, grown in an
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inert growth substrate. We found that whilst leaves
were capable of absorbing radioactively labelled
iodine applied to a single leaf, less than 2% was
transferred through the phloem to younger leaves. In
this paper, we show that iodine uptake is predomi-
nantly passive (approximately two-thirds of total
uptake); however, I" can be absorbed actively through
the symplast. Spinach leaves can absorb iodine via
foliar fertilisation, but translocation is severely lim-
ited. As such, foliar application is unlikely to signif-
icantly increase the iodine content, via phloem
translocation, of fruits, grains or tubers.

Keywords Foliar fertilisation - Inhibitor - Todine -
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Introduction

Approximately one-third of the world’s population has
inadequate iodine consumption, despite the concerted
effort of international organisations including World
Todine Association, Iodine Global Network, World
Health Organization and United Nations Children’s
Fund to improve global iodine nutritional status
(Andersson et al. 2012; Zimmermann 2008). Iodine
is an essential micronutrient for mammalian life
involved in production of the thyroid hormones:
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thyroxine and triiodothyronine. Insufficient intake
results in a spectrum of clinical and social issues,
including goitre, stillbirth, mental impairment and
congenital hypothyroidism; collectively known as
iodine deficiency disorders (IDD) (Yang et al. 2007;
Fuge and Johnson 2015; Gonzali et al. 2017; Zim-
mermann et al. 2015). The recommended daily dietary
intake of iodine varies between 90 and 250 pg for
children, adults and pregnant/lactating women (WHO
et al. 2007; Zimmermann and Andersson 2012).
Dietary supplementation, by means of iodised salt, is
the most widely used prophylaxis for reducing the
prevalence of IDD; however, it has significant draw-
backs (Andersson et al. 2012; Mackowiak and Grossl
1999; Zhang et al. 2000). Despite the success of
iodised salt programmes in reducing the incidence of
severe IDD, inadequate access to fortified salt, the
instability of iodine during processing and storage, and
the limited monitoring of iodine input to salt all
impede the effectiveness of this strategy (Andersson
et al. 2012; Gonzali et al. 2017; Cakmak et al. 2017).
Consequently, IDD still exists at an epidemic level and
resolving this problem demands additional iodine
delivery programmes (Medrano-Macias et al. 2016;
Lyons 2018).

Phytofortification is an alternative strategy that
could complement and strengthen traditional iodine
enrichment schemes, particularly as iodine is
stable and easily assimilated when bound in food
(Lawson et al. 2015; Landini et al. 2011; Weng et al.
2009; White and Broadley 2009; Hong et al. 2009).
Previous studies have demonstrated that root vegeta-
bles, leafy plants and fruit-bearing crops have the
ability to accumulate iodine, proportionate to the
amount supplied in the growth substrate
(0-20 mg kg™ "), with favourably influences on yield
(Zhu et al. 2003; Mackowiak and Grossl 1999; Blasco
et al. 2008; Dai et al. 2006; Cakmak et al. 2017).
However, high  concentrations of  iodine
(> 50 mg kg~") are phytotoxic (Medrano-Macias
et al. 2016; Weng et al. 2008). Whilst soil fertilisation
can increase iodine concentrations in plants, soil
properties, including pH, organic matter content, clay
minerals and Al/Fe/Mn oxides, significantly influence
the speciation and availability of iodine to plants,
thereby affecting fertilisation efficacy (Shetaya et al.
2012; Humphrey et al. 2018).

Phytofortification, via foliar fertilisation, is a sus-
tainable and productive crop management technique
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which is beneficial when (i) soil conditions limit
nutrient availability, (ii) soils exhibit high loss rates
and (iii) plant physiological factors impair the delivery
of nutrients (Fernandez and Brown 2013). Therefore,
foliar fertilisation could be a suitable method for
iodine fortification, as iodine added to soils undergoes
rapid fixation into less available forms, thus limiting
uptake (Xu et al. 2011; Keppler et al. 2003). Whilst
previous investigations into foliar fertilisation and
iodine phloem mobility suggested that little or no
iodine translocation occurs in Oryza sativa L. and
Phaseolus vulgaris var. Tendergreen (Mackowiak and
Grossl 1999; Muramatsu and Yoshida 1995; Tsukada
et al. 2008; Herrett et al. 1962), recent foliar fertili-
sation experiments with Medicago sativa L., Solanum
lycopersicum L., Lactuca sativa cv. ‘Melodion’,
Brassica oleracea L. var. gongylodes L. ‘Lech’,
Raphanus sativus L. var. sativus cv. ‘Raxe’, and grain
crops including Oryza sativa, Triticum aestivum and
Zea mays, suggest greater phloem mobility than
previously reported; as such, further investigation is
required (Altinok et al. 2003; Lawson et al. 2015;
Smolen et al. 2014; Landini et al. 2011; Cakmak et al.
2017).

Specific iodine uptake mechanisms have received
very little attention at a physiological and molecular
level (Gonzali et al. 2017). It has previously been
hypothesised that iodine uptake could occur through
the apoplastic (extracellular/passive) and symplastic
(cytoplasmic/active) pathways within the root.
Despite the uncertainty of uptake mechanisms, it is
well known that transport is largely xylematic (Herrett
et al. 1962; Mackowiak and Grossl 1999; Blasco et al.
2008). Aspecific carriers/channels and specific trans-
porters may exist, but their presence in root cells
remains unconfirmed (Medrano-Macias et al. 2016;
White and Broadley 2009). Kato et al. (2013) demon-
strated that iodate (I0;™) was converted to iodide (I7)
in the presence of roots in a hydroponic solution. This
conversion suggests that plant roots biologically
reduce 105 to I ; however, it may have been a result
of 03 being an alternate receptor for NOj3 reductases
(Medrano-Macias et al. 2016). Further clarification of
iodine metabolism in plants and soil-to-plant transfer
would greatly improve understanding of iodine
biogeochemistry.

The aim of this study was to identify and clarify
plant-iodine interactions. The objectives were: (i) to
assess iodine uptake pathways, using '*°I as a label,
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through analysis of apoplastic and symplastic root
extracts; (ii) to investigate iodine storage when a
treatment solution was applied to an inert growth
substrate as iodide (I") or iodate (I037); (iii) to
investigate translocation mechanisms through the
phloem using foliar application of '*I-labelled
solutions.

Materials and methods
Plant material

Spinach (Spinacia oleracea L.) was selected as a test
species in this study as it has previously been identified
as a viable choice for iodine phytofortification (Dai
et al. 2006). Plants were grown in the experimental
glasshouses at the University of Nottingham, Sutton
Bonington Campus, UK. Throughout the experiments,
plants were watered daily with a nutrient-spiked
(HortiMix Standard: 15-7-30 4+ 1.6 MgO + Trace
Elements (2:1:4)) water solution.

Iodine uptake mechanisms in spinach

Spinach seeds were germinated in cell seedling starter
trays filled with moist sand and routinely watered. At
28 days after planting (DAP), individual seedlings
were removed from the growth substrate, rinsed with
DI water and then washed in Milli-Q water (18.2 MQ
cm; Millipore) three times. The seedlings were then
exposed to a treatment solution, containing '*’I" and
127105~ at either 100 or 200 pg 17!, for 24 h, in the
presence and absence of a metabolic inhibitor to help
determine uptake pathways: each treatment had three
replicates (40 root tips constituted as one sample). The
metabolic inhibitor, carbonyl cyanide m-chlorophenyl
hydrazine (CCCP), causes an uncoupling of the proton
gradient that is established during the normal activity
of electron carriers in the electron transport chain and
reduces the ability of ATP synthase to function
optimally (Ito et al. 1983). The inhibitor effectively
reduces the efficiency of uptake in the symplast, as
uptake via the symplast requires cellular energy.
CCCP was diluted to 1 x 107> M in water from a
stock solution of 1 x 1072 M in ethanol (Wright and
Oparka 1997). After exposure to the treatment solu-
tion, apoplastic and symplastic root solutions were
extracted by centrifugation, using a modified method

outlined in Yu et al. (1999) and Mitani and Ma (2005).
Briefly, root tips (0-2 cm) were excised from the
seedlings, washed three times in Milli-Q water, blotted
dry and placed cut surface down into a Spin-X
centrifuge tube with a 0.22-um cellulose acetate filter.
To extract the apoplastic solution, roots were cen-
trifuged at 2000g for 15 min. The apoplastic solution
was then removed, and the root tips were frozen at
— 20 °C for 24 h; once thawed at room temperature,
the symplastic solution was extracted by centrifuging
at 2000g for 15 min. The extracted solutions were then
frozen prior to analysis of total and inorganic speci-
ation of '*'I and '*°I by triple quadrupole inductively
coupled plasma mass spectrometry (ICP-QQQ-MS)
and high-performance liquid chromatography
(HPLCO)-ICP-QQQ-MS. The osmolality of each
extraction was determined using a 15 pl aliquot on a
freezing point osmometer (Osmomat 030, Gonotec
GmbH, Berlin, Germany). The plants were grown,
harvested and treated between May and August 2017.

Iodine storage in plants

Spinach seeds were germinated in starter trays filled
with moist perlite. At 28 DAP, individual seedlings
were transplanted into an inert growth medium,
perlite, in 21 pots. At 38 and 48 DAP, treatment
solutions were applied as either '>’I~ or '*’I05~ at 0
(control), 200 (low) and 2000 (high) pg 17! each
treatment had five replicates. At 58 DAP plants were
removed from their pots, rinsed with DI water to
remove excess perlite, dissected into (i) roots, (ii)
stems and (iii) leaves, washed three times in Milli-Q
water and blotted dry. The plant components were
then frozen, freeze-dried and ground to a fine powder
prior to extraction for analysis of total '*’I by
inductively coupled plasma mass spectrometry (ICP-
MS). The plants were grown, treated and harvested
between May and July 2016.

Iodine translocation from older to younger leaves
in spinach

Spinach seeds were germinated and grown in cell
seedling starter trays filled with sand. At 32 DAP, one
of the first true leaves was tagged and wetted with a
treatment solution containing '*°I" at 200 pg 17! and
0.02% of a non-ionic surfactant (Silwet L-77), and this
treatment was repeated four times over two
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consecutive days: each treatment had three replicates
(five plants constituted one replicate). Once treated,
the plants were watered daily, carefully avoiding any
contact with the leaves. Plants were harvested at 1, 3, 6
and 9 days after the final treatment and dissected into
(1) treated first true leaf and (ii) new leaves, then triple-
washed in Milli-Q water and blotted dry. The plant
components were then frozen, freeze-dried and ground
to a fine powder for analysis of total '*°I by ICP-QQQ-
MS. The plants were grown, treated and harvested
between February and March 2018.

Todine extraction from solid material

Total '*’I and '*°I was extracted from vegetation
samples using the method described by Watts and
Mitchell (2009). Finely powdered freeze-dried sam-
ples were weighed (0.25 g) directly into a 15-ml
poly(tetrafluoroethene) Nalgene bottle, and 5 ml of
5% tetramethylammonium hydroxide (TMAH) solu-
tion was added. The sample bottles, with lids loosened,
were placed in a drying oven at 70 °C for 3 h and
shaken after 1.5 h. Once cooled, 5 ml of Milli-Q water
was added and the bottles were centrifuged at
3500 rpm for 20 min; then, the supernatant was
removed for analysis. In addition, a certified reference
material (SRM1570a: trace elements in spinach
leaves) was extracted and used to validate the results
with comparable values to those reported in Watts
et al. (2015).

Total '*T and '*°I analysis (ICP-QQQ-MS)

Iodine isotopes were assayed by ICP-QQQ-MS (Agi-
lent 8900, Agilent Technologies) featuring a reaction
cell situated between two quadrupole mass filters.
Total '?’T concentrations were determined in ‘single-
MS, no-gas’ mode. Total '*°I analysis utilised both
quadrupoles and the reaction cell of the ICP-QQQ-
MS. The first quadrupole (Q1) mass filter was set to
allow only ions of m/z = 129 (target analyte) and m/
z = 125 (internal standard) to pass through to an O,
reaction cell where the most significant isobaric
interference, '*’Xe™ in the argon plasma gas, was
removed via a charge transfer reaction:
129%e™ + 0, » PXe + O,". It is possible to
remove the '2Xe™ interference with O, and not
influence the "I detection as this charge transfer
reacts at least 10* times faster than 0O, with 1291+
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(Izmer et al. 2003). Polyatomic interferences, such as
127TH, ", that could be created within the reaction cell
were eliminated as '*’I" was not allowed to enter the
reaction cell when Q1 was set at m/z = 129 and 125
(Balcaen et al. 2015). The second quadrupole (Q2)
mass filter was set to reject all ions except the target
analyte mass (m/z = 129 and 125) so that the MS
measured only '*’I'" and the internal standard after the
interferences had been removed. All samples were
diluted with 0.5% TMAH, and a calibration curve for
iodine was prepared with concentrations of 0.5, 1, 10,
50 and 100 pg 17" for "*'Tand 0.5, 1, 5, 10, 50 pug 1™
for '*°I. The LOD (3SD blanks) was 0.13 pg 17" for
2T and 0.09 pg 17" for '*I analysis in solution. An
internal standard of tellurium (m/z = 125) in 0.5%
TMAH was mixed with the sample solution via a
T-piece to monitor instrument stability.

Inorganic speciation: '’I and '*°I analysis
((HPLC)-ICP-QQQ-MS)

The inorganic iodine species, *'I", '*’I05 ™, '*’I" and
12°105™, were analysed using (HPLC)-ICP-QQQ-MS
incorporating an Agilent 1290 Infinity LC System
coupled to the Agilent 8900 QQQ-ICP-MS. Samples
(50 pl) were injected onto an anion exchange column
(Hamilton PRP X-100, 250 mm x 4.6 mm, 5 pum);
the chromatography mobile phase was 100 mM
NH4NO;, adjusted to pH 9.5 with TMAH (25%) and
delivered to the ICP-MS nebuliser at a flow rate of
1.5 ml min~". Analysis was as described for total '*°I;
LOD values were 0.13, 0.22, 0.01 and 0.07 ng 17! for
1271, 1271037, 1291~ and 129IO37, respectively.

Total 2 analysis (ICP-MS)

Total '?"I concentrations were determined by ICP-MS
(Agilent, model 7500cx), with the collision cell in ‘no-
gas’ mode. Calibration standards for iodine were 0.5,
1,10, 50 and 100 pg 17'. The LOD was 0.05 mg kg™
in solid material. The internal standard was Te (m/
z = 125) in 0.5% TMAH.

Statistical analysis

Statistical analysis was performed in R version 3.3.3.
Significant differences were assessed with either
Student’s ¢ test or one-way analysis of variance
(ANOVA) followed by Tukey HSD post hoc test.
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Differences were considered statistically significant
when P < 0.05. All treatments had a minimum of
three replicates, with all results presented as the
mean = standard deviation (SD).

Results

Todine uptake mechanisms: validation
of apoplastic and symplastic extraction

To determine whether the apoplastic solution was
contaminated with cytoplasmic fluid during the
extraction, the osmolality of the isolated apoplastic
solutions was compared to that of the bulk solution
recovered from freeze—thaw extracted symplast.
Osmolality measurements of the apoplastic and sym-
plastic extractions are shown in Fig. 1. The average
osmolality in the apoplastic solution was 169 mOsmol
kg~', approximately one-third of the freeze—thaw
extracted symplastic solution, which coincides with
the existing literature (Yu et al. 1999; Almeida and
Huber 1999; Zhang et al. 1996; Husted and

700 — I

600 —

500 —

400 —

300 —

Osmolality mOsmol kg™

200 —

100 — . —
I I
Apoplastic Symplastic
Root solution origin

Fig. 1 Osmolality (mOsmol kg™") of apoplastic and symplastic
extracts from root solutions. The bold lines in the boxes
represent the median position, whilst the upper and lower limits
of the box are the 25th and 75th quartile. The vertical lines show
the data range

Schjoerring 1995). In addition, a paired t-test con-
firmed that the solutions were significantly different
(P < 0.001). Subsequently, it can be assumed that
there is limited cytoplasmic contamination in the
apoplastic extraction and that these solutions accu-
rately represent the apoplastic and symplastic
pathways.

Todine uptake mechanisms: Effect of incubation
on speciation within the treatment solution

To investigate whether changes in speciation of the
treatment solution occurred during the experiment,
possibly as a result of an interaction with root
exudates, total iodine concentrations and the inorganic
species of both '*’I and '*’I were measured in the
treatment solution before and after incubation. Iodine
concentrations before and after the 24-h incubation
period, in the absence and presence of the metabolic
inhibitor CCCP, are shown in Fig. 2. It is clear that the
total concentration of iodine present in solution
decreased throughout the 24-h treatment period as it
was absorbed by the plant, with greater uptake
occurring in the plants without the metabolic inhibitor.
There is also strong evidence to suggest that '>’105~
was being converted to 271~ in the treatment solution,
at both the low and high treatments, in the absence and
presence of the metabolic inhibitor (Fig. 2a, b).
Conversely, there was no evidence of any conversion
from '*’I” to '*’I0;~ in any of the treatment solutions
(Fig. 2c, d).

Iodine uptake mechanisms

To investigate iodine uptake mechanisms by spinach,
the total and inorganic (IO;~ and 1) iodine concen-
trations were directly measured in apoplastic and
symplastic solutions extracted from spinach roots; the
organic iodine fraction (org-I) was then calculated by
difference (total—inorganic). The total, inorganic and
organic iodine concentrations found in the apoplast
and symplast extracted in the absence and presence of
the metabolic inhibitor CCCP are shown in Fig. 3,
respectively. Iodine was present in both the apoplast
and symplast, confirming the coexistence of both
active and passive uptake pathways. In general, the
uptake of I” was marginally greater than that of IO3,
in the absence of the inhibitor. On average, the
metabolic inhibitor CCCP inhibited the uptake of
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Fig. 2 Total iodine concentration and inorganic speciation in
treatment solutions, containing 1291~ and 127103’ at either 100
or 200 pg 17!, before and after the 24-h treatment period, in the
absence and presence of the metabolic inhibitor CCCP. Values

iodine through the root by 30%, with the inhibitor
having a greater impact on the uptake of 103~
compared to I". Within the apoplastic solution, over
90% of the iodine present was found as org-I, and the
remaining iodine was identified as I". This suggests
that a rapid conversion from inorganic iodine to org-I
takes place following absorption by roots. In the
presence of the inhibitor, significantly (P < 0.05)
higher concentrations of I™ were found in the apoplast
compared to root solutions extracted without the
inhibitor. This suggests that the inhibitor impeded the
plants ability to convert I™ to org-I in the apoplast.
Within the symplastic root solution, the concentration
of I” was significantly higher (P < 0.01) than that of
org-1 both with and without the metabolic inhibitor;
this suggests the plants actively assimilated I~ via
specific or aspecific pathways. Org-I was also present
in the symplastic solution: the total concentration of
iodine present in the symplastic solution increased
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concentration treatment, d iodide high concentration treatment

with the higher treatment concentration and signifi-
cantly decreased (P < 0.01) as a result of exposure to
the inhibitor.

Iodine storage in spinach plants

The total concentration of iodine present in the
individual plant components applied as either 2’1~
or 'I05™ at 0 (control), 200 (low) or 2000 (high)
pug 17" is shown in Fig. 4. Plant tissue iodine concen-
trations were measured on a dry weight (DW) basis;
however, since spinach is typically consumed fresh,
the results were converted to fresh weight (FW)
concentrations based on an average water content of
91.4%. The total concentration of iodine present in the
plants significantly increased (P < 0.001) between the
low and high treatments. There was no significant
difference between the uptake and storage of '*’I™ or
127105~ at either iodine concentration. At the highest
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Fig. 3 Total iodine concentration and speciation of iodine
present in the apoplastic and symplastic solutions with and
without the metabolic inhibitor CCCP. Values are given as the

treatment concentration, iodine concentration in the
plant components was found to be in the order:
leaves > roots > stems, whereas at the low treatment
concentration the order was: roots > leaves > stems.
In general, there was good replicate agreement with
iodine present in all of the harvested components.

Iodine translocation from older to younger leaves
in spinach

This short-term experiment was used to evaluate the
degree to which iodine is potentially phloem mobile.
The total concentration of '?°I present in individually
harvested plant components is shown in Table 1.
Evidently, iodine was absorbed by the treated leaves;
however, iodine phloem mobility appears very lim-
ited, as < 2% of the '*’I" applied to the treated leaf
was transported and identified in younger plant tissue
over the duration of the experiment.

Apoplast Apoplast + Inhibitor Symplast Symplast + Inhibitor
High Treatment

mean £+ SD (n = 3). a lodate low concentration treatment,
b iodate high concentration treatment, ¢ iodide low concentra-
tion treatment, d iodide high concentration treatment

Discussion
Iodine uptake: root tip interactions

Borst-Pauwels (1961) indicated that 103~ had a more
favourable effect on plant growth compared to 1,
especially in immature plants, because a slower uptake
rate reduced the risk of phytotoxicity. It has been
shown that 103" is reduced to I™, prior to uptake by
plant roots (Umaly and Poel 1971; Whitehead 1973;
Zhu et al. 2003; Caffagni et al. 2011; Kato et al. 2013),
and the slower uptake of 105 is likely to be associated
with the reduction to of IO;~ to I". In this investiga-
tion there was a clear conversion from 103 to I at
both treatment levels during the 24-h incubation
period (Fig. 2a, b). Kato et al. (2013) investigated
the effect of Oryza sativa L., Hordeum vulgare L. cv.
‘Mikamogolden’ and Glycine max cv. ‘Tachinagaha’
roots on the speciation of I” and 103~ in treatment
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(high) pg 1™ ! Y-axis shown on log(10) scale. Values are the
mean £ SD (n =5). Tukey HSD post hoc test was used to
assess whether the treatments significantly differed from the
controls: ***P < (0.001. Plant components with significantly
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solutions reporting that roots of Oryza sativa L. show
iodate reduction activity in response to 103, and
100% of 105~ was converted to I~ within 24 h; results
in the present study showed that the conversion
efficiency for spinach was approximately 30%
(Fig. 2). This suggests that rice and leafy

vegetables may have different reduction and iodine
uptake mechanisms. Based on the results of the present
study (Fig. 2) and the work of Kato et al. (2013), it is
evident that plant roots are capable of reducing IO;™ to
I in solution.

Iodine uptake mechanisms

It has been suggested that iodine uptake by plant roots
could follow apoplastic and symplastic routes into
xylem vessels (Gonzali et al. 2017). This hypothesis is
supported by the results of the present study. To
investigate uptake mechanisms, apoplastic and sym-
plastic solutions were extracted in the absence and
presence of a metabolic inhibitor. The results (Fig. 3)
showed that uptake of I™ was greater than 103~ and
that iodine was taken up through both the apoplast and
symplast, but it is only found within the plant as I or
org-1.

The concentrations of iodine present in the apoplas-
tic and symplastic solutions suggest that iodine is
predominately taken up from solution passively
through the apoplast. The average concentration of
iodine in the symplastic solution was < 50% of the
concentration present in the apoplastic solution in
treatments without the metabolic inhibitor. Weng et al.
(2008) performed a similar experiment investigating
the uptake mechanisms of iodine in Brassica chinensis
L.; they found that the metabolic inhibitor 2.4-
dinitrophenol had a greater impact at lower concen-
trations of iodine. The results in the present study show
that the uptake of iodine in both the apoplast and
symplast was significantly more sensitive to the
metabolic inhibitor at the lower concentration, partic-
ularly for the IO;™ treatment (P < 0.01); these results
are in agreement with Weng et al. (2008). At the
higher treatment concentration of both I™ and 103,
the amount of iodine present in the apoplast was
proportionately greater than in the lower concentration

Table 1 Concentration (‘*°I ug kg~ fresh weight) of iodine present in treated and new leaves 1, 3, 6 and 9 days after treatment.

Values are the mean + SD (n = 3). Detection limit *I =

0.1 pg kg_1 fresh weight in solid material

Total "I pg kg~ FW

Day 1 Day 3 Day 6 Day 9
Treated leaf 12.02 £ 4.66 7.19 £ 1.40 10.06 £ 2.27 9.88 £ 3.36
Younger leaves 0.11 £ 0.03 0.13 £+ 0.09 0.19 £ 0.10 0.14 £ 0.10
Translocation to younger leaves (%) 0.91% 1.78% 1.85% 1.40%
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treatment in the presence of the inhibitor. Thus, as the
concentration of iodine in solution increased, the
uptake mechanism became dominated by the passive
(apoplastic) pathway, potentially due to the saturation
of active transport sites.

In apoplastic solutions without the inhibitor pre-
sent, iodine was almost entirely org-I. However, in
apoplastic solution extracted from roots incubated
with the inhibitor, there were significantly higher
concentrations of I” with a concomitant decrease in
org-I. This suggests that the conversion to org-I occurs
in the root system. The symplastic extraction confirms
that spinach roots can absorb iodine through active
pathways. Whilst the total concentration of iodine in
the symplast was lower than in the apoplast, more I~
was observed than org-1, indicating that I™ is being
taken up by either specific or aspecific pathways which
limit conversion of I to org-I.

Based on the hypothesis proposed by Gonzali et al.
(2017), and the results of the present study, it is clear
that the transport of iodine occurs passively and
actively through transporters and channels. Chloride
(CI1™) channels, Nat:K*/Cl1™ co-transporters, HY/C1™
symporters or antiporters, and Cl~ transporters ener-
gised by ATP-dependent proton pumps are likely to be
involved in iodine transport considering similarities
between chloride and iodide ions (Gonzali et al. 2017,
Smolen et al. 2014; White and Broadley 2001; Roberts
2006). The reduction in iodine uptake in the presence
of the metabolic inhibitor CCCP is likely to be
associated with the impact of CCCP on the ATP-
dependent proton pumps.

Iodine storage in spinach

Phytofortification is a means of increasing dietary
iodine consumption; however, its effectiveness would
be limited if crops were unable to store substantial
concentrations in the edible components. When iodine
was taken up by the roots (high treatment concentra-
tion), spinach was capable of storing > 60% of the
absorbed iodine in the above-ground edible biomass,
confirming that iodine is transported via the xylem
(Fig. 4). The transfer of iodine through the xylem and
accumulation in leaves has been previously demon-
strated in a range of crops (Blasco et al. 2008; Voogt
et al. 2010; Dai et al. 2006).

Whilst there were no significant differences in
uptake and storage of [” and 105~ (Fig. 4) during the

course of this experiment, several authors have
demonstrated greater I uptake in solution or non-
soil substrates compared to IO;™ in other short-term
experiments (Zhu et al. 2003; Mackowiak and Grossl
1999; Caffagni et al. 2011; Whitehead 1973; Voogt
et al. 2010; Borst-Pauwels 1961). However, when
iodine is applied to soils, IO;™ treatments are utilised
by plants to a much greater extent than I™ (Dai et al.
2006; Lawson et al. 2015; Hong et al. 2012; Medrano-
Macias et al. 2016). The discrepancy between iodine
uptake from soils and solution is probably associated
with changes in availability resulting from reaction
with soil constituents. When inorganic iodine is added
to soils as I or 103, a conversion from inorganic to
less available organically bound species occurs within
minutes to days and days to weeks, respectively
(Yamaguchi et al. 2010; Shimamoto et al. 2011;
Schwehr et al. 2009; Shetaya et al. 2012; Bowley et al.
2016). Rapid conversion of I to org-I would limit the
ability of plants to absorb applied 1™, whilst applica-
tions of IO;~ would remain available for plant uptake
for longer.

Iodine translocation to younger leaves

Foliar fertilisation is a convenient method of fortifying
crops with micronutrients (Fernandez and Brown
2013). The findings of the current study support
previous work (Blasco et al. 2008; Cakmak et al. 2017,
Lawson et al. 2015) which demonstrated that iodide is
suitable for foliar fertilisation, as it was absorbed and
stored in the treated leaves (Table 1). Throughout the
experiment, individually treated leaves had an average
concentration of 9.8 pg kg™ (**°I), highlighting that
leaves are capable of absorbing and retaining iodine
applied directly to foliage. Shaw et al. (2007) previ-
ously reported that when I~ was applied to the foliar
surface of Vicia faba L., it was mostly fixed by the
leaves in the cuticular waxes, and it is likely that this
same fixation process occurred in the treated spinach
leaves in the present study. lodine is not anticipated to
be particularly mobile through the phloem due to its
non-essential role in plant development and organo-
philic nature (Voogt et al. 2010; Herrett et al. 1962;
Mackowiak and Grossl 1999; Muramatsu and Yoshida
1995; Hurtevent et al. 2013). Concentrations of 1291
measured in individual plant components at 1, 3, 6 and
9 days after treatment provide evidence that '*°I
applied was only marginally phloem mobile.
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Hurtevent et al. (2013) reported the translocation
factor for '*°I~ ranged from 0.02 to 1.1% over a 24-h
treatment period in wheat, similar to the translocation
observed in this work for spinach leaves harvested
1 day after foliage treatment (Table 1). In this study,
over 9 days, < 2% of the total '*’I applied to the plant
was transported to younger leaves, suggesting that the
majority had been fixed within the leaves. Using 1291
as a tracer to demonstrate that iodine applied to foliage
has minimal translocation potential has greater cer-
tainty compared to studies using '*’I (Cakmak et al.
2017; Smolen et al. 2014; Li et al. 2017) because it
allows unequivocal discrimination between phloem
and xylem transfer.

Conclusions

In solution, I has greater availability to spinach plants
than IO5 ™, and roots have the ability to reduce 105 to
I". Iodine uptake can occur actively (approximately
one-third of total uptake), through the symplast;
however, sorption of iodine is predominately passive
(approximately two-thirds of total uptake), with higher
concentrations observed in the apoplastic solution.
There were no significant differences between the
uptake of 103~ or I from an inert growth substrate,
with the majority of iodine being stored in the above-
ground biomass of spinach. Finally, foliar fertilisation
with '’I" was shown to be a successful means of
increasing the concentration of iodine in plant leaves.
Phloem mobility of iodine was shown to be severely
limited, and therefore, only leaves contacted directly
by foliar spraying would have enhanced iodine
concentrations. Furthermore, foliar application is
unlikely to significantly increase the iodine content,
via phloem translocation, of fruits, grains or tubers.
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