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To elevate the iodine level in edible plants has been shown to be an excellent approach to correct iodine deficiency. We have
proposed an innovative approach to produce iodine supplementation by growing vegetables on soils with algal-based iodized or-
ganic fertilizer. Ten species of vegetables were tested. The biological absorption and migration of the iodine within the vegetable
plants were revealed using microscopy with silver iodide precipitation technique. The results show that the absorption of iodine
by the vegetable increases with increasing amount of the algal-based iodized organic fertilizer in general. And the uptake of iodine
by leaf vegetable is significantly greater than that by fruit vegetable. Distribution of iodine in various plant organs shows a trend
of decreasing iodine concentration from root, leaf, stalk, to fruit. A similar of decreasing concentration can also be found in vari-
ous cells (cytoplasm>cytoderm>organelles). The exploration of the iodine uptake and biogeochemistry migration mechanisms
provides an important scientific foundation for establishing a new method of producing a natural iodine supplementation by io-

dine biofortification of vegetables.
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Iodine is an essential microelement, which plays an irre-
placeable role in metabolism process [1]. Iodine deficiency
will cause inadequate synthesis of thyroid hormone that has
multiple functions such as enhancing protein synthesis, reg-
ulating energy transfer, accelerating growth and develop-
ment, and maintaining the structure of central nervous sys-
tem. The resulted physiological disorders and biological
function abnormalities are called iodine deficiency disease
(IDD) [2-5]. The epidemiology investigations and the sta-
tistics from World Health Organization (WHO) reveal that
iodine deficiency, due to low iodine background value in
certain regions, is a threat to health of up to 1.6 billion peo-
ple throughout the world [6,7]. China alone, there are 425
million people live in iodine deficiency environment. It is
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estimated that iodine deficiency account for 80% of the
mental handicapped cases in China. Given the risk factor of
IDD to the health of people, iodine supplementation is defi-
nitely a very important public health issue faced by the world.

Two main sources of iodine supplementation are seafood
and iodized salt. Taking seafood is an excellent iodine sup-
plementation method but is hardly to meet the needs in most
iodine deficient area (usually inland) because of economic
obstacles and food preference. As a result, iodized salt is a
widely used prophylaxis for IDD [8]. Since the beginning of
1990s, the Chinese government started a universal iodized
salt program, which effectively made almost all salt sold in
China, were iodized at a higher level than the international
standard suggested by WHO in afraid of that much of the
iodine will be lost during higher temperature cooking prac-
ticed in Chinese culture. This seemly overdose policy even-
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tually results in a higher intake per capital compared with
the standard of 150-200 pg/g for adult recommended by
WHO [6,9]. It is well known, however, that iodine is char-
acterized with bilateral threshold. Either overdose of iodine
or deficiency of iodine can cause adverse effects [10]. There
are reports that the number of hypothyroid patients in hos-
pital increased by 0.3-3.0-fold after the initiation of the
universal iodize salt program [11]. On the other hand, how-
ever, once the iodized salt was unavailable, the morbidity of
IDD would rebound in those iodine deficiency areas. Clear-
ly, the approach of using iodine salt has a significant flaw
due to uncertainty in bioavailability of iodine.

The 80% of the iodine in human body and animal original
come from edible vegetable food under nature condition
[12,13], and the bioavailability of iodine in food can achieve
as much as 99%. Due to the fact that iodine in edible plant
food originates from soil, the background concentration of
iodine in soil as well as its bioavailability determines whether
the consumed iodine can meet the need. The iodine concen-
tration in soil is estimated to be between 1.55-12.93 mg/kg
in China [14]. The iodine concentrations in both the soils
and the vegetables in inland are usually too low to meet the
need of the human body. Apparently, to elevate the concen-
tration of iodine in soil and thus enrich iodine in edible
plant food using iodine fertilizers is an attractive approach
for producing iodine supplementation and eliminating IDD
because of its natural prevention of overdose and readily
fitting in local food chain. Hydroponic experiments and pot
study [15-17] has shown that crop root can assimilate ex-
ogenous iodine effectively in some concentration range.
Field research, however, was seldom conducted and the
process of absorption and accumulation of exogenous io-
dine is almost unknown. In this study, we have cultivated
iodine-containing vegetables directly by adding algal or-
ganic iodized fertilizer into soil and thus realized iodine
biofortification of edible vegetable. Using microscopy [18]
and localization techniques, we have identified and ana-
lyzed the distribution of intracellular iodine which revealed
the absorption mechanism of iodine by edible vegetable.
The findings show that iodine biofortification is a promising
approach for eliminating IDD.

1 Materials and methods

We have selected 10 common vegetables as testing plants,
among which there are two groups: leaf vegetable and fruit
vegetable. The leaf vegetable consists of spinach, cabbage,
coriander, potherb mustard, and Chinese cabbage whereas

Table 1 Characterizations of the experimental soils
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the fruit vegetable includes tomato, cucumber, long cowpea,
eggplant, and hot pepper.

The paddy soil, a typical soil for vegetable produce in
Hang-Jia-Hu plain of Yangtze River Delta region were used
in our experiment. Basic physical and chemical properties
of the soil are given in Table 1.

The algal organic iodized fertilizer used in the experi-
ment was made from iodine-rich algae and diatomite [19].
The iodine concentration of algae is about 1%—2% of its dry
weight. Diatomite has excellent adsorption capability which
enhances absorption of iodine contributes to a preferred
slow releasing of iodine [20]. The iodine concentration of
algal organic iodized fertilizer is about 1087 mg/g, mostly
in soluble state which is highly bio-available.

1.1 Field experiments

Seeds of cabbage and Chinese cabbage were treated with
1% potassium permanganate solution for 14—16 min fol-
lowed by a thoroughly rinsing and then sowed on seedbed.
The seeds will be kept in seedbed until the germinated seeds
grew 4-6 leaves. The seeds of spinach and coriander were
soaked in cold water for 22-24 h (replacing water once in
the process). Two to three days after the seeds germinates at
temperature of 4-5°C, they were sowed in seedbed. Potherb
mustard seeds were distributed evenly in plough and cov-
ered by straws to maintain soil moisture and promote ger-
mination and emergency of the seeds. The thinning was
done when 1-2 true leaves sprouted. The final singling was
established as 5-6 true leaves sprouted and the plant grew
up to 10-13 cm. The seeds of coriander was immersed into
water for 24-30 h and then germinated at the temperature of
20-25°C. We sowed the seeds and covered them with 1.5—
2-cm-thick fine soil in plough. The plant ash, straw and
wheat straw were used to cover the plough. The thinning
and final singling were established same as above.

(2) Seeds of tomato, long cowpea, eggplant and hot pep-
per were treated with 1% potassium permanganate solution
for 20 min and the cucumber seeds were disinfected with
0.1% carbendazim solution for 10 min. The long cowpea
seeds were sowed directly after disinfection treatment. We
selected 1-2 robust seedlings for every single hole after
thinning and final singling. All other seeds were germinated
first and then sowed in greenhouse seedbeds which were
covered by fine soil. After 4-5 leaves sprouted, the plants
were collected and transplanted to plough.

(3) The field soil was initially amended with base manure
before sowing. The algal organic iodized fertilizer was ap-
plied into soil surface before sowing. Two sets of fertilizer

Soil type Total N (g/kg) Total P (g/kg) Total K (g/kg)

CEC (mol/kg)

Organic matter (g/kg) pH Iodine background (mg/kg)

Paddy soil 2.56 0.704 16.8

19.28 40.9 591 2.02
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with different amount of iodine were used. For leaf vegeta-
bles, there were five application levels of iodine (12, 25, 50,
100, 150 mg/m?) whereas four application levels of iodine
(12, 35, 70, 150 mg/m®) for fruit vegetables. Compound
fertilizer (NPK) was applied twice during growth season. In
the plot, a zero treatment (i.e. without any iodine application)
was included also as a reference.

1.2 Chemical and statistic analysis

The vegetables were harvested when they reached the stage
qualified to be traded on market. The test samples were
rinsed in deionized water and blotted dried. Fresh weights
of root, stalk, leaves and fruit were determined afterward.
The iodine levels of vegetable tissues were measured after
being dried at a constant temperature of 50°C and shivered
through 120 meshes.

(1) Iodine determination and cell separation. Following
the differential centrifugation procedure initially introduced
by Weigel et al. [21] we applied differential centrifugation
on homogenized tissue and separated the cells of vegetables
strengthened by exogenous iodine (150 mg/m?) into indis-
soluble cytoplasm, cytoderm and organelle. The details of
the procedure are shown in Figure 1.

The homogenate consists of sucrose (250 mmol/L), di-
thioerythritol (1 mmol/L) and Tris buffer (50 mmol/L, pH
7.0). The iodine concentration of all tissues was determined
by ICP-MS. Three duplicates were used for each sample.
The results presented are mean value of the duplicates.

(i1) Microscopy analysis. On the fact that halogen and
silver generate precipitation, we can investigate the distri-
bution of iodine in vegetables thoroughly by microscopy.

Root, leaf and stalk (all 5 g) + Homogenate (10 g)

v

Grinding thoroughly and filtering

Filtrate 1 + Precipitate 1

1

Washing twice

v

Filtrate 2 + Filtrate 1

v

Centrifuge for 3 times (300 g), each for 1 min

Supernatant 1+ Precipitate2 (constituent A: cytoderm)

Centrifuge for 2 times (2000 g), each for 45 min

v

Precipitate 3 (constituent B: organelle)+

Supernatant 2 (constituent C: cytoplasm)

Figure 1 Schematic diagram of the procedure for separating cytoplasm,
cytoderm and organelle of cells.
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The samples were cleaned, dried, and then cut into 1 mm?>
cube-like pieces. The procedures thereafter are shown below.

(1) The samples of root, stalk and leaves are fixed in
cacodylate buffer solution at different concentrations (0.1,
0.3, 0.5 mol/L respectively) for 2 h at temperature of 4°C
and the pH is maintained at 7.2.

(2) Dumping the fixative, washing each tissues in caco-
dyl buffer solution for three times, each 15 min. Dewatering
samples for 15 min with 50% tertiary butanol solution and
then with ethanol solution of different concentration (50%,
70%, 80%, 90%, 95%) successively (75 min altogether).
The tissues are treated with 100% ethanol solution for 20
min and then embedded after treating with pure acetone
solution for 20 min.

(3) The samples are then treated with mixtures of em-
bedding medium and acetone solution (v/v=1/1, 3/1) for 1
and 3 h respectively. Chemical pure embedding medium is
used to treat the sample overnight which was then embed-
ded at 70°C overnight to obtain excellent embedded sample.
The samples are cut into sections with a thickness between
70-90 nm using ultramicrotome. The sections are dyed with
lead citrate solution, uranium acetate solution and 50% eth-
anol solution for 15 min, respectively. Once all procedures
are completed, the sample sections are ready for observation
under TEM. The root sections which can not be dyed are
analyzed by X transmission electron microscopy.

2 Results and discussion

2.1 Iodine uptake

The iodine concentrations in both leaf vegetable and fruit
vegetable increased significantly compared to those treated
with zero iodine application. Such increase is proportional
to the amount of algal organic fertilizer applied. The exog-
enous iodine can be uptake effectively by vegetables (Fig-
ures 2 and 3).

However, iodine uptake by leaf vegetable was more sig-
nificant than that by fruit vegetables for given application
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Figure 2 Iodine concentration of edible part of leaf vegetables against
fertilizer application.
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Figure 3 Iodine concentration of edible part of fruit vegetables against
fertilizer application.

intensity. At the same level of application of 150 mg/m’
iodine, the total uptake of iodine by leaf vegetable was 50—
70-fold higher than that by fruit vegetables. Furthermore, the
responses of the leaf vegetables to the iodine fertilizer were
also different, depending on the application intensity. At a
low case (<50 mg/m?), the iodine level in cabbage and Chi-
nese cabbage was greater than that in spinach. At a high
case (>100 mg/m?), however, the uptake of iodine by spin-
ach was more than the other leaf vegetables. It was ob-
served that the uptake of exogenous iodine was controlled
by both the intensity of the iodine fertilizer application and
the individual characteristics of the plant. Unlike the leaf
vegetable, the variations of the fruit vegetables were less
visible than that of the leaf vegetables.

Iodine concentration in root was significantly correlated
with that in leaf (R’=0.96-0.99, leaf vegetables), which
indicated that exogenous iodine absorbed by root was pro-
portionally transferred to leaf (Figure 4).

Similar correlation could also be found in the fruit vege-
tables (Figure 5; root-fruit, R2=0.94—0.99) although it was
less significant than that shown in Figure 4, indicating that
exogenous iodine absorbed from soil could be transferred to
fruit via stalk but iodine concentration in edible tissues
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Root (mg/kg)

Figure 4 Iodine in root against in leaf (leaf vegetables).
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Figure 5 Iodine in root against in leaf (fruit vegetables).

could be limited by the gateway of metastasis.

Previous researches had demonstrated that edible plant
was perfect for regulating the amount of necessary micro-
elements in human body. Microelements absorbed and trans-
ferred to biological active state by some biochemical reac-
tion can be assimilated efficiently by human body [22]. Io-
dine in plant food was totally safe without any side effect
and was easier to be used compared with iodized salt and
synthetic iodized tablet [13,23]. Our results revealed that the
iodine concentration in edible parts of fresh spinach, cab-
bage, coriander, potherb mustard and Chinese cabbage can
reach as high as 0.45, 2.28, 4.83, 1.45, 1.05 mg/kg (fresh
weight, FW), respectively, if the application of fertilizer
reaches 12 mg/m” (1.8, 9.1, 19.3, 5.8, 4.2 mg/g (dry weight),
respectively, taking the moisture content of fresh vegetables
as 75%). According to the standard uptake amount of iodine
recommend by WHO [6], an adult could take 31-333 g such
iodized leaf vegetables daily to meet the necessary amount
of iodine (150 pg/d for adult, 200 pg/d for pregnant and
lactating women), which is not a difficult task. For fruit
vegetables (taking the application intensity of 75 mg/m?” as
an example), the iodine concentration in the fruits of egg-
plant, hot pepper, cucumber, tomato and long cowpea
reached 1.23, 0.88, 0.91, 1.12 and 0.92 mg/kg (FW), re-
spectively. Meanwhile the corresponding values in leaf and
stalk were 15.56, 21.30, 10.48, 7.74 and 8.42 mg/kg (FW).
When human consume fruit vegetables, the stalk and leaf
can be utilized as food for poultry and livestock, which
would eventually, elevate the background value of iodine in
food chain and remediate the iodine-poor environment.

2.2 Distribution of iodine

The distribution of iodine in the testing vegetables was ana-
lyzed and are shown in Figures 6 and 7.

For leaf vegetables, the iodine concentration in root was
greater than that in leaf in general and such difference in
concentration is more significant when the exogenous iodine
application increased to a higher level except for cabbage and
spinach, which show almost identical concentrations in root
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Figure 6 Characterization of distribution of iodine in leaf and root (leaf
vegetables).
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and leaf. For fruit vegetables, the concentration of iodine in
root was usually the largest and that in fruit was smallest.

When the application of fertilizer increased threefold, as
shown in Figures 6 and 7, there was a corresponing increase
of iodine concentraton in leaf and fruit only by 1-2 times
both for leaf vegetable and fruit vegetalble. However, the
response to the increase of the iodine fertilizer was much
greater as showed by a 11-fold increase in concentration in
both leaf and root.

The relative concentration of iodine in organs is shown in
Figure 8. Todine was mostly concentrated in cytoplasm and
less in organelle.

Cytoderm, as shown in Figure 7, however, had a moder-
ate concentration of iodine. 57.82% of the absorbed iodine
was in cytoplasm (ranging from 39.78% to 76.87%) whereas
only 28.57% in cytoderm (ranging from 14.12% to 40.18%)
and 13.61% in organelle (ranging from 3.63% to 24.27%).
Furthermore, much higher iodine concentration was ob-
served in root cells than that in leaf or stalk cells. It implies
that the concentration gradient is the third force to drive the
iodine migrating from the root to stalk and leaf through dif-
fusion besides the transpiration pull and root pressure (both
advection movements).

2.3 Uptake and transfer of iodine

To identify the exact location of iodine in cells from a micro
perspective and further characterized biological absorption
and migration of iodine by vegetables, we investigated the
iodine distribution in the cabbage (algal organic iodized
fertilizer at 150 mg/m”) with TEM, as an example. Figure 9

Organelles
100

C t I 1 ' I . I 1 I C d
yoplasm o o0 40 60 8o 100 O™
Organelles Organelles
0_100 0,100
Coriander
Spinach 20 80

PO @ ¢

100
Cytoplasm

0 20 40 60 80 100

0
I Cytoderm Cytoplasm (; 1 T T T !

Chinese cabbage
Potherb mustard 40
Cabbage

Cytoderm

80 100

Figure 8 Relative concentration of iodine in cytoplasm, cytoderm and organelle (stalk, leaf, root cell, leaf vegetable).
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Figure 9 TEM micrographs of cells of cabbage (control group and ex-
periment group). (a) Root cell (control group, x8000); (b) root cell (ex-
periment group, x60000); (c) stalk cell (control group, x12000); (d) stalk
cell (experiment group, x20000); (e) leaf cell (control group, x12000); (f)
leaf cell (experiment group, x20000). Chl, Chloroplast; Ft, fibrous tissue; I,
intercellular space; Ig, Agl; M, mitochondria; N, nucleus; Nm, nuclear
membrane; V, vacuole; W, cytoderm.

is TEM micrographs of cabbage cells.

TEM showed dark precipitates in cells (fruit, root and
leaf) of the plant with iodine fertilizer. For those cells of the
plant with no iodine fertilizer (the control group), however,
the precipitate did not exist. Hence, we can hypothesis that
iodine was absorbed and transferred to cells (fruit, root and
leaf).

In contrast to root cells of cabbage of control group
which no dark precipitates was seen in cytoderm (W) and
fibrous tissue (Ft), this precipitates were abundance in that
of experiment group (Figure 9(a), (b)). The observation that
dark precipitates in fibrous tissue demonstrated, that iodine
transferred upward by transpiration was somewhat retarded
by fibrous tissue in root.

Figure 9(c) shows a fine structure of stalk cell of cabbage,
but no dark precipitates could be seen. The cabbage treated
with iodine-containing fertilizer (Figure 9(d)), however, had
the dark precipitates in chloroplast, the cells where photo-
synthesis and metabolism takes place.

Similar results were found in the leaf cell. Chloroplast,
cytoderm, vacuole and starch grain could be seen clearly in
Figure 9(e), but no dark precipitates there. However, a large
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amount of dark precipitates existed in the leaf cells of
experiment group (Figure 9(f)), which revealed that iodine
was also transferred to chloroplast of the leaf cells.

We also used energy dispersive analysis of X-ray (EDAX)
to identify the existence of iodine in the cabbage cells. As
shown in Figure 10, Ag was detected in the cabbage cells of
the control group, but no iodine. In contrast, both Ag and I
were detected in the cabbage cells of the experiment group.
This result further proved that the cabbages can uptake ex-
ogenous iodine from soil and revealed the exact location of
iodine in the cabbage.

Results from EDAX and TEM revealed that the iodine in
the root cell of the cabbage was mostly accumulated in fi-
brous tissue. Meanwhile, much of iodine in the stalk and leaf
cells existed in chloroplast. According to previous studies,
absorbing mineral elements such as the uptake of iodine by
root system could be generally divided into three steps [24]:
(1) iodide in soil solution is firstly picked up at the surface
of root tissues. (2) lodide then penetrates the xylem conduit
of root tissues. (3) Iodide is transferred upwards with xylem
sap by transpiration pull and by root pressure. Iodine was
readily retained in root cells due to a large amount of fi-
brous tissue in root, and the most iodine transferred upwards
was accumulated in chloroplast probably because water is a
major agent to carry iodine move from root to leaf but evap-
orate in chloroplast resulting accumulation of iodine there.
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Figure 10 EDAX diagram of section (cabbage cell). (a) Control group;
(b) experiment group.
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In general, mean concentration of iodine in cell of leaf
vegetables shows a trend of that cytoplasm>cytoderm>or-
ganelle (Figure 8). Mean concentration of iodine in orga-
nelle of leaf, stalk and root cell is 16.74%, 15.65% and
8.43% respectively. The iodine concentration in organelle
of leaf and stalk cell was significant higher than that of root
cell. In cytoderm, however, the corresponding concentra-
tions are 29.16% (leaf), 24.91% (stalk) and 31.65% (root)
respectively.

3 Conclusion

Both leaf vegetables and fruit vegetables can absorb exog-
enous iodine from soil. The uptake amounts increases with
the application intensity of algal organic iodized fertilizer.
However, uptake capacity is different for different vegetable.
The leaf vegetables have a greater absorbing capacity than
the fruit vegetables, although there are variations in uptake
capacity, usually less significant, between different species
within the same type vegetables.

There is a significant correlation of iodine concentration
either between leaf and root (leaf vegetables, R*>0.94) or
between fruit and root (fruit vegetables, R*>0.94). In other
words, iodine uptake from soil by root system can be con-
tinuously transferred to the edible part of vegetables, and
they are proportional.

The iodine distribution in vegetable cell shows an order
that cytoplasm>cytoderm>organelle. Most iodine in root
cells is accumulated in the fibrous tissue whereas the most
iodine in stalk and leaf cells is in chloroplast.

Iodine concentration in root is higher than that in leaf.
The iodine distribution in fruit vegetables is in an order that
root>leaf>stalk>fruit.

Our experimental results show that we can regulate the
bioavailability of iodine in vegetables within a reasonable
range by changing the application amount of iodine fertiliz-
er to meet the need of human body for iodine. The edible
part of vegetables is an excellent option for iodine supple-
mentation and can be readily incorporated into human diet.
The iodine in root and soil can be reused for the next gener-
ation of vegetable. In addition, the iodine-containing inedi-
ble parts like stalk and the leaf of fruit vegetable can be uti-
lized as feed for poultry and livestock. A long term applica-
tion of algal organic iodized fertilizer will elevate the iodine
level in food chain and further improve the ecological con-
dition in iodine deficiency area, and eventually, eliminate
the IDD thoroughly.

This work was supported by the National Natural Science Foundation of
China (40873058 and 40373043).
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