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ABSTRACT — To understand selenium (Se) circulation in the biosphere, the metabolism of organic Se, 
in particular, Se metabolites, in animals and plants should be elucidated. In this study, garlic, Allium sati-
vum, a well-known Se accumulator with high Se metabolic ability, was hydroponically cultivated and 
then exposed to trimethylselenonium ion (TMSe), a urinary metabolite. Thereafter, the Se concentration 
in several parts of garlic, such as roots, bulbs, and leaves, was determined. To reveal the metabolic path-
way of TMSe, the Se species in A. sativum were investigated by speciation using HPLC hyphenated with 
an inductively coupled plasma mass spectrometer (LC-ICP-MS). Se was mostly accumulated in the roots. 
TMSe was detected in the extract of each plant part. However, the amount of Se incorporated from the 
medium was not completely recovered in the garlic, suggesting that a part of TMSe was metabolized into 
volatile Se. Consequently, we conclude that the majority of TMSe incorporated into garlic is accumulated 
as is, the rest is partially desmethylated to form a volatile Se compound, such as a dimethylated Se com-
pound.
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INTRODUCTION

Selenium (Se) belongs to group 16 in the periodic 
table, which includes oxygen, sulfur, and tellurium, and 
Se, sulfur, and tellurium are called chalcogens. Se pos-
sesses unique physicochemical properties and is widely 
used in several industries, such as glass production and 
electrowinning. From the viewpoint of biology, Se has 
ambivalent characteristics: It is an essential element in 
animals, but can be highly toxic when the amount ingest-
ed exceeds the nutritional level. As an essential element 
in animals, Se is required as the active center of seleno-
proteins that function as an antioxidant and participate in 
thyroid hormone production, DNA synthesis, and fertili-
zation (Suzuki and Ogra, 2002; Whanger, 2002; Bock et 
al., 2007; Burk and Hill, 2005). Se is mostly excreted into 
urine. The first urinary Se metabolite to be identified was 
trimethylselenonium ion (TMSe) (Byard, 1969). TMSe is 
simply the methylated compound of Se. Basically, TMSe 
appears in urine when Se exceeding the nutritional level 
is ingested (Byard, 1969; Kraus et al., 1985; Francesconi 

and Pannier, 2004; Janghorbani et al., 1999). On the other 
hand, Se-methylseleno-N-acetyl-galactosamine (seleno-
sugar, MeSeGalNAc) was the major metabolite identified 
in the urine of animals that ingested Se within the nutri-
tional level to the low-toxicity level (Kobayashi et al., 
2002). Hence, TMSe and selenosugar are released by ani-
mals to the environment. In contrast, Se is not an essen-
tial element in plants and exists as a “bystander” miner-
al. However, its beneficial effects on plant growth have 
been reported (Freeman et al., 2007; Djanaguiraman et 
al., 2005). Some plants, such as garlic (Allium sativum) 
and Indian mustard (Brassica juncea), are known as Se 
accumulators because of their large Se metabolic capac-
ity and high Se metabolic ability (Montes-Bayón et al., 
2002). It has been shown that these plants can metabolize 
inorganic Se, such as selenite and selenate, into a specific 
selenoamino acid. However, considering Se circulation in 
the biosphere, an investigation of the metabolism of ani-
mal Se metabolites in plants seems to be important. In our 
previous work, we found that Indian mustard metabolized 
MeSeGalNAc but not TMSe (Ogra et al., 2013).
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In this study, garlic, A. sativum, which is expected to 
have higher Se metabolic ability than Indian mustard, was 
cultivated in TMSe-containing medium and examined for 
its ability to accumulate Se. Then, Se species found in 
the plant and the cultivation medium were speciated by 
LC-ICP-MS. Finally, we evaluated whether or not garlic 
can metabolize TMSe, and discussed the significance of 
TMSe in environmental toxicology.

MATERIALS AND METHODS

Chemicals
Ammonium acetate, hydrogen peroxide, sodium 

hydroxide, nitric acid, and standard solutions of Se and 
tellurium (Te) (each 1,000 μg/mL) were purchased from 
Wako (Osaka, Japan). Trimethylselenonium iodide 
(TMSe) was obtained from Tri Chemical Laboratories, 
Inc. (Yamanashi, Japan). Otsuka salt mixture-A was pur-
chased from Otsuka AgriTechno Co., Ltd. (Tokyo, Japan). 
All reagents were of the highest or analytical grade. 
Deionized water (18.3 MΩ·cm) was used throughout.

Plant growth and sample preparation
Garlic bulbs were purchased from Sawada Farm, 

Inc. (Aomori, Japan). The bulbs were germinated and 
hydroponically grown in a solution of Otsuka salt mix-
ture-A in a growth chamber (LH-55-RDS; Nihonikakikai,  
Osaka, Japan) with a photoperiod of 14 hr light  
(8000 lux) ⁄ 10 hr dark at 25.0°C for two weeks. The cul-
tivation medium was sterilized prior to use. The plants 
were exposed to a 250 mL portion of a solution of Otsuka 
salt mixture-A containing TMSe at the concentration of 
30 μM for 7 days. The cultivation medium was collected 
daily to check the Se concentration. After the exposure, 
the plants were immediately harvested, gently washed 
with fresh medium, and then divided into roots, bulbs, and 
leaves. Those parts were lyophilized and milled to obtain 
the homogenized powder. A 100 mg portion of each of 
the lyophilized powder of garlic leaves, bulbs, and roots 
was mixed with a 1.0 mL aliquot of deionized water, and 
the mixture was incubated for 1 hr at room temperature. 
Water extracts were obtained by centrifugation of the 
mixture at 105,000 x g for 60 min and filtration through a 
0.45 μm membrane filter.

Determination and speciation analysis of Se in 
extracts of garlic leaves and roots by LC-ICP-MS

A 100 mg portion of each the lyophilized powder of 
garlic leaves, bulbs and roots was digested in a micro-
wave oven with nitric acid in a Teflon PTFE tube. The 
digest was diluted with deionized water and Te stand-

ard solution was added as the internal standard (10 ng  
Te/mL at the final concentration). The concentration of Se 
in each part of garlic plant was measured with an ICP-
MS at m/z 82 and 128 for Se and Te, respectively (Agilent 
7500ce, Agilent Technologies, Hachioji, Japan). 

A 20 μL aliquot of the water extract and the hydroponic 
medium was applied to an HPLC coupled with an ICP-MS 
(LC-ICP-MS) to analyze the distribution of the metalloids. 
The HPLC system (Prominence, Shimadzu, Kyoto, Japan) 
consisted of an on-line degasser, an HPLC pump, a Rheo-
dyne six-port injector, and a multi-mode size exclusion 
column (Shodex Asahipak GS-320HQ, 7.5 i.d. x 300 mm  
with a guard column; Showa Denko, Tokyo). The column 
(GS-320HQ) was eluted with 50 mM ammonium acetate, 
pH 6.5, at the flow rate of 0.6 mL/min. Then, the eluate 
was introduced into the nebulizer of the ICP-MS to detect 
Se at m/z 82. To evaluate the recovery of Se from the col-
umn, the eluate was collected and Se concentration in the 
eluate was determined.

 
RESULTS AND DISCUSSION

Se was detected in garlic roots, bulbs, and leaves  
7 days after the exposure (Fig. 1). This indicates that 
TMSe incorporated into garlic is retained in large amounts 
in the roots and minimally distributed to other parts of the 
plant. The TMSe standard was eluted at the retention time 

Fig. 1. Concentrations of Se in roots, bulbs, and leaves of 
A. sativum exposed to TMSe. A. sativum was hydro-
ponically cultivated and then exposed to TMSe at the 
concentration of 30 μM for 7 days. The roots, bulbs, 
and leaves were lyophilized and milled to obtain the 
homogenized powder. A 100 mg portion of the lyophi-
lized powder was digested in a microwave oven with 
nitric acid in a Teflon PTFE tube. The digest was dilut-
ed with deionized water, and Te standard solution was 
added as the internal standard (10 ng Te/mL at the final 
concentration). The concentration of Se in each part of 
garlic plant was measured with an ICP-MS at m/z 82 
and 128 for Se and Te, respectively.
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of 20.6 min from the column (Fig. 2a). Only one Se peak 
was detected in the extracts prepared from the three garlic 
parts, and the retention time of Se in the extracts matched 
that of TMSe standard (Figs. 2b-2d). These results sug-
gest that TMSe is not metabolized into any other Se spe-
cies and is accumulated in the garlic plant as is. TMSe 
was not also metabolized into any Se species in Brassi-
ca rapa var. peruviridis, another Se accumulator (Ogra et 
al., 2013). Although garlic is expected to be one of the 
plants that have the highest metabolic ability for chalco-
gens, such as sulfur, Se and tellurium, TMSe is not metab-
olized in garlic (Ogra et al., 2010; Anan et al., 2013). 

However, Se concentration in the cultivation medium was 
decreased in a time-dependent fashion (Fig. 3). No oth-
er Se species except TMSe were detected in the cultiva-
tion medium (Fig. 4). Although TMSe was actually accu-
mulated in the garlic plant, the amount of Se recovered 
from the garlic was 54.2% of the amount of Se that was 
decreased in the medium. TMSe did not spontaneously 
change into volatile forms in the absence of garlic (data 
not shown). We speculated the reason for the discrepancy 
of Se mass balance, as follows. A part of TMSe incorpo-
rated in the garlic plant would be partially desmethylated 
and transformed into a dimethylated Se compound, i.e., 

Fig. 2. Elution profiles of Se in water extracts of roots, bulbs, and leaves of A. sativum exposed to TMSe. A. sativum was hydro-
ponically cultivated and then exposed to TMSe at the concentration of 30 μM for 7 days. A 20 μL aliquot of TMSe standard 
solution (1.0 μg Se/mL) and the water extract were applied to the HPLC equipped with a multi-mode size exclusion col-
umn, GS-320HQ. The column was eluted with 50 mM ammonium acetate, pH 6.5, at the flow rate of 0.6 mL/min. The elu-
ate was directly introduced into the nebulizer of the ICP-MS to detect Se at m/z 82.
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dimethylselenide. As dimethylselenide is a volatile com-
pound, it cannot be eluted from the HPLC column under 
the conditions used in this study, and this results in the 
low column recovery. This explains why Se concentration 
in the cultivation medium is decreased. It was reported 
that biogenic Se metabolites, such as selenoamino acids 
and selenosugars other than TMSe, were metabolized into 
a major botanical Se metabolite, Se methylselenocysteine  
(MeSeCys) (Ogra et al., 2013). Other biogenic Se metab-
olites commonly have a monomethylated selenyl group in 
their molecules; hence, this indicates that trimethylated Se 
cannot be incorporated into the metabolic pathway of Se 

in plants. If TMSe were converted into monomethylated 
Se compounds, such as monomethylselenol and dimeth-
yldiselenide, MeSeCys would be detected in the garlic 
plant exposed to TMSe. Consequently, we conclude that 
the majority of TMSe incorporated into the garlic plant 
is accumulated as is, the rest is partially desmethylated to 
form a volatile dimethylated Se compound. The dimeth-
ylated Se compound should be directly detected in our 
future work by means of appropriate techniques to detect 
volatile Se compounds, such GC-ICP-MS.

In contrast to plants, it was reported that TMSe was 
utilized in animals, although the utilization was less effi-
cient than those of other Se compounds, such as inorganic 
Se salts and monomethylated and dimethylated Se com-
pounds (Vadhanavikit et al., 1993; Suzuki et al., 2005). 
Because animals require Se as an essential element, ani-
mals can assimilate all biogenic Se compounds, including 
TMSe. Indeed, no biogenic Se compounds that cannot be 
utilized for the biosynthesis of selenoproteins are known. 
TMSe is excreted into urine when animals ingest Se 
beyond the nutritional requirement (Suzuki et al., 1995). 
In other words, TMSe is produced when excess amounts 
of Se are ingested. TMSe is less efficiently metabolized 
than other Se metabolites in animals and plants, indicat-
ing that excess amounts of Se are excluded and preserved 
in the form of TMSe in the biosphere.
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