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Abstract

Bismuth (Bi) is one of the minor metals and is used in semiconductors and water pipes as a
substitute for lead. However, the Bi concentration in the soil has not been investigated.
Furthermore, Bi has no environmental quality standard in Japan. We previously reported on
Bi phytotoxicity in Arabidopsis thaliana. However, the effects of Bi on vegetative plants have

not been studied.

In this study, we investigated the effects of Bi on the growth of Solanum lycopersicum, in
particular Fe accumulation and phytotoxicity in the roots. Seeds were soaked in various
concentrations of Bi including agar medium. After 2 weeks of incubation, root elongation and
shoot growth were significantly inhibited by >3 uM Bi. It suggested that Bi has high toxicity

in tomato. Bi accumulation in the shoot was related to its concentration in the medium,
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whereas the concentration in the root was saturated at >3 pM Bi treatment. Bi exposure
increased Fe accumulation in the root. Furthermore, Fe concentration showed an inverse
relationship in the shoot and root. In the split-root experiment, the Bi-treated roots were not
observed viability in the liquid medium. The non-Bi-treated roots showed an increased

viability as compared to the Bi-treated root. It suggested that Bi has local toxicity in the root.
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1. Introduction

Bismuth (Bi) is considered as one of the minor metals. In Japan, Bi is used as an ingredient in
some pharmaceuticals and is included in the Japanese Pharmacopoeia 17" edition (JP17) [21].
Bi subnitrate is an antiulcer drug with gastrointestinal mucosa convergence due to the
protection of the alimentary canal mucosa. In Sri Lanka, Bi subsalicylate is used as
gastrointestinal medicine [20]. Aside from its pharmaceutical uses, Bi is also used in

semiconductors and water pipes as a substitute for lead (Pb) in Japan.

The toxicity of excess Bi in animals has been previously studied. Bi has lower toxicity
compared to other metals such as Pb [18, 19]. Thus, there is no environmental quality
standard for Bi in Japan. Until now, there are some reports about Bi concentration in the soil.
In Japan, Bi was detected from the soil and the river around the Bi smelting areas [9].
Furthermore, Bi drained from metalliferous mining and smelting areas was also detected from
the rice paddy [8]. In England, Bi drained from metalliferous mining and smelting areas was
detected from not only the soil but also the pasture herbage [10]. In Brazil, Bi was detected in

fertilizer [12]. However, little is known about its phytotoxicity in plants.

We previously investigated Bi accumulation in Arabidopsis thaliana (A. thaliana) [17]. The
root elongation and shoot growth were significantly inhibited by more than 2 uM Bi. In 2 uM
Bi-treated plants, the Bi concentration in the root was approximately 70 nmolg”' FW, which
was 7 fold higher compared to the shoot. Furthermore, Bi increased the Fe content.
Microarray analysis revealed candidate genes such as iron-regulated transporter 1 coding gene
(IRTI) and ferritin 1 coding gene (FERI). IRT1 is essential for ferrous iron uptake, and Fe
uptake in the root mainly depends on IRT1 in 4. thaliana [23]. FER is known as responsible
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for the storage and distribution of Fe within cells [22]. These results suggest that Bi might

disturb Fe homeostasis in the root.

Solanum lycopersicum (tomato) is an important crop vegetable and it is a model plant used for
studying the molecular mechanism of Fe uptake in vegetative plants [4]. It is also one of the
most sensitive vegetative plants with regard to soil conditions. The effects of Bi accumulation
on the growth of tomato plants have not been studied. Furthermore, the effects of Bi on roots

have not been addressed.

2.Materials and Methods

Plant material and growth conditions

The seeds of S. lycopersicum cv. Micro-tom (tomato) were obtained from Inplanta
Innovations, Inc. (Kanagawa, Japan). Seeds were surface-sterilized with 70% ethanol for 2
min and in 10% commercial bleach with detergent (Kitchen Haiter, Kao, Tokyo, Japan),
which includes sodium hypochlorite (NaOCI), alkyl ether sulphate sodium salt and NaOH for
20 min and, then, were rinsed with sterilized water three times for 5 min each. Seeds were
planted in Murashige and Skoog (MS) medium containing BS vitamins with 0.8% agar and
3% sucrose [14]. The MS agar plates were supplemented with the final concentration of 0.15,
1.5, 3.0, 4.5, 6.0, 7.5, 9.0, 10.5, 12.0, 13.5 or 15.0 uM Bi(NO3)3. The plate without Bi was
used as a control. All cultures were maintained at 25°C under a 16 h light and 8 h dark cycle.

Plants were grown in an MLR-350 growth chamber (Sanyo, Osaka, Japan) for 2 weeks.
Germination and growth assays under normal and Bi conditions

The two seeds were grown in MS agar plates containing various Bi concentrations. After 2
weeks of incubation, the germination rates were calculated, and the plants were photographed.
Then, the root length was determined and plants were harvested. The plants were separated
into the shoot and root parts, and their fresh weights were measured. Experiments were

repeated at least three times.
Determination of Bi and Fe contents

Seeds were germinated on a standard MS agar medium with or without 2 uM Bi. After 2
weeks of incubation, the plants were separated into shoots and roots. The Bi and Fe content in
various tissues was determined by atomic absorption spectrophotometry (ContrAA700,

Analytik Jena, Germany) after digesting the samples with concentrated nitric acid [15].
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Split-Root system

For split-root system in liquid medium, the seeds were grown in MS agar medium under
normal conditions. After 2 weeks incubation, the primary root was cut off to obtain two news
primary roots. The plantlet was put on filter paper on the new agar medium. Then, after 7
days of incubation, plants were transferred to the liquid MS medium with or without Bi and
covered with a pouch. After 7 days of Bi exposure, roots were harvested and used for the

determination of Bi and Fe contents and for the following microscopic experiment.
Microscopic observation

The root viability was detected by fluorescein diacetate (FDA, FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan). Roots, which are treated or untreated with Bi**, were
placed in distilled water for 5 min, stained with 25 ugml! FDA solution for 10 min, and then
rinsed with distilled water according to [6] with minor modifications. The root formation was
observed by differential interference (DIC). Fluorescent images were captured with a LSM
710 laser-scanning microscope (Carl Zeiss, Tokyo, Japan). The root cap and elongation
region were visualized under epifluorescence illumination (excitation, 488 nm: emission, 530
nm) for the cell viability assay. All figures are representative of staining detected in the roots

of three independent experiments.
Statistical analysis

All experiments were conducted at least three times. Data are presented as means of three
replicates. Differences between treatments were determined by Student’s #-tests. A P-value of

<0.05 was considered significant.

3. Results

Effect of Bi on the germination and growth of Tomato

After 2 weeks of incubation, the germination was not affected by <9 uM Bi, but the seeds
were unable to germinate on a medium containing >12 pM Bi (Figure 1A). Tomato seedlings
were photographed and phenotypes were observed (Figure 1B). Phenotypes of 0.15 and 1.5
uM Bi-treated seedlings did not differ from those of untreated seedlings. The shoot and root
growth of seedlings treated with >3 uM Bi was inhibited by Bi toxicity. Furthermore,

plantlets treated with >6 uM Bi were unable to form shoot and root structures.

75



A 100

80 -

60 T

40 1
20 1 m* &

*

o i

001515 3 45 6 7.5 9 1051213515

Bi (uM)

Germination rate ( % )

75 9.0 10.5 12.0 135 15
Bi (uM)

Figure 1. Effects of Bi on germination and phenotype

After 2 weeks of incubation, effects of Bi on germination were evaluated by counting the
germinated seedlings (A). The phenotype was observed (B). Data are reported as means + SE

(n = 3-5). Asterisks indicate a significant difference between Bi-treated plants and control

plants (P < 0.05).

Next, fresh weights (FWs) of the shoots and roots were measured (Figure 2A). Open columns
indicate roots; black columns indicate shoots. At >6 uM Bi treatments, the FW of shoots and
roots were decreased approximately 50% compared to the control. Meanwhile, whole FWs
decrease at >3 uM Bi treatment. For root length, there was no significant difference between
the control and 0.15 and 1.5 uM Bi-treated plants (Figure 2B). However, the root lengths of 3
uM Bi-treated plantlets were about half those of the control. At >6 uM Bi treatment, the

plants were unable to extend their roots at all.
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Figure 2. Effects of Bi on growth and root elongation

The effects of Bi on seedlings were evaluated by monitoring the fresh weight of plant tissues.
Two-week-old plantlets were separated into shoots and roots. The FW was measured (A).
Open columns are roots; black columns are shoots. The root length was determined (B). Data
are reported as means = SE (n = 3-5). Asterisks indicate a significant difference between

Bi-treated plants and control plants (P < 0.05).
Bi accumulation in Tomato

After 2 weeks of incubation, the accumulation of Bi in each organ was measured. Bi was not
detected in control plants or 0.15 puM Bi-treated plants. As shown in Figure 3, Bi
concentrations in shoots were steady state at 9 uM Bi treatment. However, Bi concentrations
in roots were saturated at approximately 20 nmolg™! FW in >3 uM Bi-treated plants (Figure 3).
In 3 uM Bi-treated plants, the Bi concentration in the roots was fivefold higher compared to

the shoots.
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Figure 3. Accumulation of Bi in tomato.

The accumulation of Bi in each organ was determined by atomic adsorption of
spectrophotometry. Data are reported as means = SE (n = 3-5). Asterisks indicate a significant

difference between the shoot and root (P < 0.05).
Effect of Bi on Fe accumulation in Tomato

After 2 weeks of incubation, the accumulation of Fe in each organ was measured. In the
shoots and roots, there was no significant difference between the control and 3 uM Bi-treated
plants (Figure 4). However, Fe concentrations in the shoots tended to increase with Bi in a
dose-dependent manner, except at 12 pM Bi. Furthermore, Fe concentrations in roots at >6

uM Bi-treated plants tended to decrease with Bi in a dose-dependent manner.
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Figure 4. Effects of Bi on Fe accumulation in agar medium.

The accumulation of Fe in each organ was determined by atomic adsorption of
spectrophotometry. Data are reported as means = SE (n = 3-5). Asterisks indicate a significant

difference between Bi-treated plants and control plants (P < 0.05).
Root damage from Bi treatment

At >4.5 uM Bi treatment, plantlets were unable to form root structure and the roots were
friable to stain. In the DIC observations, differences in root formation were not observed with
or without Bi in agar medium (Figure 5). The damage caused by Bi to the root was also
evaluated by fluorescein diacetate (FDA) staining. FDA fluorescence was detected in all

tested root tips. There was no effect of Bi treatment compared to the control in agar medium.
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Figure 5. Effects of Bi on the root tip in agar medium.

The plantlets were incubated in Bi-including agar medium. The root viability was detected by

fluorescein diacetate (FDA). The root formation was observed by differential interference

(DIC). The upper-right side boxes were blank.

To investigate Bi toxicity in non-treated roots, we tried using a split-root system. In liquid
medium, Bi was detected in not only Bi-treated roots but also non-treated roots (Table 1).

And more, Fe content was 2-hold higher in Bi-treated roots compared to that of without Bi

treated roots (Table 1). Bi-treated roots showed injury in the DIC observation (Figure 6).

Table 1. Accumulation of Bi and Fe in split root

Bi treatment (pM) 0 0.1 1 2 3
Bi contents (pmol/g)

Bi non-containing medium  0.72 1.99 18.26 6.08 7.03
Bi containing medium 0.72 6.33 55.12 10.11 16.96
Fe (mmol/g)

Bi non-containing medium 51.6 60.0 86.6 43.5 76.4
Bi containing medium 51.6 73.2 60.8 20.2 100.2
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Figure 6. Evaluation of Bi phytotoxicity by the split-root system.

Two separated physical spaces, with (A) or without (B) Bi, were created in a split-root system.
The plantlets were incubated in Bi-including liquid medium. The root viability was detected
by fluorescein diacetate (FDA), and the root formation was observed by differential

interference (DIC). The upper-right side boxes were blank.

4. Discussion

We previously studied the phytotoxicity of metal ions as nonessential nutrients in

dicotyledonous plants [15-16]. In this study, we examined the effects of Bi on growth and
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root toxicity in tomato. Bi concentration of polluted soil was detected from 0.40 to 2.36 pgg™!
in Japan [8]. Its concentration was approximately from 1.9 to 11.3 pumolkg™'. Thus, we

established that Bi concentration was from 0.15 to 15 uM in agar medium.

Germination was not observed at >12 uM Bi (Figure 1A). This result suggests that high
concentrations of Bi could suppress the germination mechanism. Further study of the
germination stage is required. Furthermore, Bi inhibited growth in the shoot and root (Figure
1B). As shown in Figure 2, at >6 uM Bi treatments suppressed the growth of tomato plants.
Root elongation was decreased by 50% in 4.5 uM Bi-treated plants. This suggested that Bi
has phytotoxicity to tomato. Reference [8] shows about 3.7 uM Bi in nature. Our results

suggested that plants might be affected in Bi polluted areas.

In the shoot, Bi content was increased with the Bi concentration of the medium in a
dose-dependent manner in plantlets treated with <9 pM Bi (Figure 3). Furthermore, the Bi
concentration of roots was saturated at approximately 20 nmolg™'. This result suggests that the
roots of tomato plantlets were unable to accumulate 20 nmolg™!. Reference [24] shows the Bi
concentration of soil in China was 1672 mgkg™!' and the Bi contents in Buddleja davidii was
2.877 mgkg! (approximately 13.8 nmolg!). Tomato may have the Bi accumulation ability

like Buddleja davidii in environmental condition.

In a recent study, we reported that Bi induces Fe accumulation and AtIRT1 expression in
Arabidopsis roots [17]. However, whether do Bi effects on elements accumulation other than
Fe. In future, we have to clear the concentration of other elements in Arabidopsis thaliana. In
this study, we determined the Fe concentration in tomato. The shoot Fe concentration was
increased with increasing Bi concentration (Figure 4). However, the root Fe concentration
was decreased in >6 pM Bi-treated plants. These results suggest that Bi induces an inverse
relationship of Fe concentration between the shoot and root. We think that the high
concentration of Bi in root might cause the cell death. As the result, Fe could not accumulate

in root. On the other hand, Fe translocate to shoot to rescue the Bi inductive stress.

However, it was not clear whether the Bi accumulation could cause cell death in the root. We
attempted to investigate the viability, but we were unable to get roots from plants treated with
>4.5 uM Bi. Thus, roots treated with <3 uM Bi were used for the experiments. In agar
medium, the viability was not affected by Bi (Figure 5). This suggests that the tomato root has
a tolerance to <3 uM Bi toxicity in agar medium. Liman investigated the genotoxic effects of

Bi (III) oxide nanoparticles (BONPs) on the root cells of Allium cepa [11]. BONPs showed
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genotoxic activity in root meristematic cells. We will have to clear the genotxic activity in

tomato root cells.

The root-split system experiment is a useful method of estimating the indirect physiological
effects of a nutrient [13]. Bi-treated roots in liquid medium did not demonstrate any viability
(Figure 6). These results suggest that the toxicity in the liquid was greater compared to agar
medium. The result of Bi contents in roots suggest that Bi was transferred from the Bi-treated
roots to the non-treated roots (Table 1). Bi might be translocated to other roots through the
vascular bundles. And Bi collapsed the Fe accumulation in the Bi-treated roots in liquid
medium (Table 1). Interestingly, the non-Bi-exposed roots showed viability (Figure 6). These

results suggest that Bi shows the local toxicity in the root.

In recent years, the relationships between programmed cell death (PCD), in which plants kill
their own cells in tissues damaged, and metals such as copper, aluminum, cadmium, silver,
tungsten and zinc have reported [1-3, 5, 7, 25, 26]. The relationship Between PCD and Bi has

not been cleared. To clear the relationship, further study is necessary.

5. Conclusion

In conclusion, Bi showed toxicity toward tomato growth. Bi collapsed the Fe contents in the
shoot and root. Bi toxicity was greater in liquid medium compared to agar medium.
Furthermore, Bi was translocated to other roots and showed local toxicity in the root. To the

best of our knowledge, this is the first investigation of Bi toxicity in vegetative plants.
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