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Selenium is an essential trace element for humans and animals. Fish and shellfish are known to be rich 
in selenium and suppose to be an effective selenium source. In this study, we characterized the selenium spe-
cies in the Shijimi clam (Corbicula japonica), which is a typical clam eaten in Japan. The Shijimi clam con-
tains a relatively high concentration of selenium (3.5 µg-selenium/g-dry Shijimi). Approximately 30% of the 
total selenium in the Shijimi clam meat was extractable with water, while selenium in the Shijimi clam was 
hardly extracted with ethanol, chloroform and hexane. Based on an ultrafiltration study, the molecular mass 
of the major selenium species in the Shijimi water-extract was estimated to be less than 5000. Because am-
photeric selenium species were contained in the Shijimi water-extract, which was indicated by ion-exchange 
chromatographic separation, an ion-pair reagent was utilized to extract the ionic selenium species into an 
organic solvent. A matrix assisted laser desorption ionization (MALDI) time of flight (TOF)-mass spectro-
metric analysis revealed the selenium isotopic pattern involving one selenium atom in a molecule with the 
80Se molecular ion peak at m/z 534. This selenium species was mainly found in the visceral part of the Shijimi 
clam by imaging mass spectrometry.
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Selenium is an essential trace element for humans and ani-
mals.1) This element plays important roles as the active center 
of the selenocysteine (SeCys)-containing proteins (selenopro-
teins) in biological systems.2) Glutathione peroxidases (GPxs), 
the most abundant selenoproteins, catalyze the reduction of 
hydrogen peroxide and organic hydroperoxides into water and 
the corresponding alcohols using glutathione. The plasma GPx 
activity is commonly used to evaluate the individual selenium 
status.3) The WHO recommends taking 40 µg of selenium per 
day for adult men, which is the amount to achieve two-thirds 
of the maximum GPx activity of the plasma.4) The recom-
mended dietary allowance for adults in Japan is 20–25 µg/d, 
and the actual amount of the mean selenium intake is reported 
to be approximately 100 µg/d in Japan.5) Cereals, meats, fishes 
and eggs are known to be rich in selenium.6,7) Miyazaki 
et al.  reported  that  fish  is  the  major  selenium  source  for  the 
Japanese population (more than 50% of daily intake).5) The 
bioavailability of selenium in foodstuffs is dependent not only 
on the selenium content, but also on the chemical form of this 
element. There have been many reports about the selenium 
role in cancer prevention.8) On the contrary, a recent large-
scale trial to investigate the effect on prostate cancer risk by 
selenium and vitamin E revealed that 200 µg/d of seleno-L-
methionine (SeMet) did not reduce the cancer risk but raised 
the risk of type 2 diabetes.9,10) This may be partially attributed 
to the chemical form of the selenium being used. Therefore, 
a speciation analysis of selenium in foodstuffs and supple-
ments has been performed in the past few decades. SeMet was 
identified  as  the major  selenium  species  in  selenium-enriched 
supplements or foodstuffs such as selenized yeast and mush-
rooms, and SeCys derivatives were detected in selenized 
garlic and onion.11–13)  The  major  chemical  form  of  selenium 
species in animal foodstuffs is suppose to be SeCys, though 
other unknown selenium species have been detected.14–17) Be-

cause  of  the  difficulty  in  purification  and  subsequent  enrich-
ment of selenium species in selenium-unreinforced natural 
foodstuffs,  the  chemical  property  of  selenium  species  in  fish 
and  shellfish  still  remains  largely  unknown.  Comparison  of 
chromatographic retention times with standard materials after 
chromatographic separations is an effective method for identi-
fying selenium species. However, this methodology is hardly 
applicable for unknown selenium species because of the lim-
ited number of standard materials.

SeCys is referred as the ‘21st amino acid’ and incorporated 
in  selenoproteins  by  genetic  code  UGA  with  a  specific  sele-
nocysteine  insertion  sequence  (SECIS)  in  the  3′ untranslated 
region of the selenoprotein mRNA.18) The size of the sele-
noproteome, a set of selenoproteins in organisms, is variable 
and some organisms (fungi and higher plants) have no seleno-
proteins or SECIS. In 2003, Kryukov et al. revealed that the 
human selenoproteome was composed of 25 selenoproteins.19) 
Fish selenoproteomes contain nearly 40 selenoproteins and is 
among the largest known.20) Large selenoproteomes also occur 
in other aquatic organisms, such as green algae, fish and crus-
taceans, compared to terrestrial animals.21)

Various seafood stuffs are reported to contain high con-
centrations of selenium, for example, 3.9 µg/g in tuna, and 
2.2 µg/g in oyster.17,22)  Fish  and  shellfish  are  the  major  sele-
nium sources for the Japanese population because of their 
higher selenium contents compared to plant foodstuffs and the 
higher consuming amount of seafood in the Japanese cuisine.5) 
We previously reported that selenium in a processed Japanese 
anchovy of 5–7 cm length (Niboshi) was effective to restore 
the selenium content in the liver and the hepatic GPx activ-
ity  of  dietary  selenium  deficient  mice.23) Niboshi containing 
low-molecular-mass organoselenium compounds possessed 
a hydrophilic and/or amphoteric character.24)  Small  fish  and 
clams are thought to be effective selenium sources because 
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the whole body, not excluding the abdominal parts with a 
large portion of selenium, is utilized for the cuisine. In this 
study, we addressed the physic-chemical characterization of 
the water-extractable  selenium  species  from  the  Shijimi  clam 
(Corbicula japonica Prime, Corbiculidae) that is a typically 
eaten bivalve in Japan.

Experimental
Preparation of the Shijimi Sample and Its Water-Extract  

Fresh  Shijimi  clams  were  purchased  at  local  grocery  stores 
in Nagasaki and used immediately for the sample prepara-
tion. The edible meat of  the  fresh Shijimi clam was separated 
from the shell and washed with water (Fig. 1A). The meats 
were lyophilized by a VD-800F freeze dryer (Taitec Corp., 
Saitama, Japan), then ground using a food processor (Tescom 
Co., Ltd., Tokyo, Japan) (Fig. 1B). About 2 g of the processed 
meat sample was placed in a non-woven fabric bag and boiled 
in 20 mL of water for 2 h. After centrifugation (7500×g, 4°C), 
the  obtained  supernatant  was  filtered  using  a  disk  filter  with 
the membrane pore size of 0.45 µm, and  the Shijimi water-ex-
tract was prepared by making  the final volume of 20 mL with 
solvents used for the extraction (Fig. 1C). A Milli-Q Biocel 
system (Millipore Corp., Billerica, MA, U.S.A.) was utilized 
to generate the water (>18 MΩ·cm), which is used throughout 
this study.

Determination of Selenium and Protein Concentrations  
The  selenium  concentration  in  the  specimens  was  fluoro-
metrically determined using 2,3-diaminonaphthalene (DAN, 
Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) after acid 
digestion using a mixture of nitric acid and perchloric acid.25) 
A FP-6600 fluorometer (Jasco Corporation, Tokyo, Japan) was 
used  to  measure  the  fluorescence  intensity  [Ex:  375 nm,  Em: 
520 nm, working concentration range: 1–1000 ngSe/sample 
(RSD <10%)]. A selenium standard solution (1000 mg/L, 
Kanto Chemical Co., Inc., Tokyo, Japan) was used to make 
the calibration curve (Fig. S1). The protein concentration in 
the water-extract was determined by the Lowry method using 
bovine serum albumin as the reference material to prepare 
the calibration curve.26) The UV absorbance at 650 nm was 
measured by a V-660 UV-Visible spectrophotometer (Jasco 
Corporation).

Ultrafiltration   The Shijimi water-extract was  centrifuged 
at 7500×g and 4°C in a centrifugal tube (Amicon Ultra-4, 
Merck Millipore, Darmstadt, Germany) with the membrane 
molecular mass cutoff (MMCO) of 5 or 30 kDa. After cen-
trifugation,  the selenium and protein concentrations in filtered 

extract were measured.
Chromatography   Sephadex G-50  (fine, particle diameter: 

20–80 µm, exclusion limit: 1.5–30 kDa, Amersham Bioscienc-
es, Uppsala, Sweden) was used for the gel permeation chro-
matography. The Sephadex G-50 was immersed in water for 
more than 12 h at 4°C before use. Ion-exchange chromatogra-
phy was performed using the Q Sepharose and SP Sepharose 
(particle diameter: 45–165 µm,  capacity:  0.18–0.25 mEq/mL, 
Sigma Co., St. Louis, MO, U.S.A.). Columns packed with 
these resins were connected to a PUMP 560 and a UV-detec-
tor  prep·UV254  (Yamazen  Corporation,  Osaka,  Japan).  The 
eluents from the Sephadex G-50, Q Sepharose and SP Sepha-
rose columns were collected every 5 min, then subjected to the 
selenium determination.

Ion-Pair Extraction  The cationic ion-pair reagent, hexa-
decyltrimethylammonium chloride (HTAC, Tokyo Chemical 
Industry Co., Ltd.) was dissolved in water and combined with 
the Shijimi water-extract to make its final concentration 1 mM. 
After 5 extractions with chloroform, the obtained organic 
layer was concentrated in vacuo and stored in a desiccator.

Mass Spectrometry   An  Ultraflex  TOF/TOF  (Bruker 
Daltonics, Bremen, Germany) was employed for the matrix 
assisted laser desorption ionization (MALDI)-mass spectrom-
etry using 2,5-dihydroxybenzoic acid (DHB) as the matrix to 
detect  the  selenium  species  from  the  Shijimi  water-extract. 
Because selenium has 6 stable isotopes, the selenium spe-
cies showed the characteristic isotopic pattern in their mass 
spectra. Mass  spectra were acquired  in  the  linear positive  ion 
mode.  The  frozen  Shijimi  clam  meat  was  cut  into  a  20-µm 
thick slice by a CM1950 cryostat (Leica Biosystems, Nuss-
loch, Germany), then placed on an indium-tin oxide coated 
slide glass. Imaging mass spectrometry was carried out by an 
ultrafleXtreme  (Bruker  Daltonics)  in  the  linear  positive  ion 
mode using DHB as the matrix.

Results and Discussion
Selenium Content in the Shijimi Clam and Its Extract  

The  selenium  concentrations  in  the  lyophilized  Shijimi  clam 
meat and its water-extract were, respectively, 3.510±0.121 and 
1.006±0.040 µg/g (Table 1). Moisture content of the fresh Shi-
jimi  clam meat was 79.5±0.66%, and selenium content of the 
Shijimi  clam  meat  in  wet  state  was  calculated  at  0.720 µg/g. 
This value is relatively higher than that of other foodstuffs.6,7) 
The extraction rates into water were approximately 30% of the 
total  selenium  in  the  Shijimi  clam,  which  is  similar  to  those 
reported  for  other  fish  and  shellfish  such  as  oyster,  mussel, 

Fig.  1.  Pictures of Shijimi Clam (A), Lyophilized and Ground Shijimi Clam Meat (B), and the Shijimi Water-Extract (C)
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cod, herring, mackerel, tuna and krill.14,15,17,22,27) No inorganic 
selenious acid was detected as the water-extract was directly 
determined with DAN  that  allows  to  generate  the  fluorescent 
piaselenol.  The  selenium  in  the  Shijimi  clam was  unlikely  to 
be present as an inorganic species. When the lyophilized clam 
meat was immersed in 20 mL of each organic solvent (ethanol, 
acetonitrile, chloroform, ethyl acetate and hexane) at 25°C 
for 5 h, the selenium extraction rates were less than 2%. This 
highly water-extractable selenium species is probably suitable 
to utilize for organisms and even smaller amount of selenium 
in the extract compared to enriched foodstuffs might be effec-
tive as selenium source because  it  is  frequently eaten  in Japa-

nese  cuisine.  The  protein  concentration  in  the  Shijimi  water-
extract was determined to be 51.72±4.028 mg/g-lyophilized 
Shijimi clam by the Lowry method.

Molecular Mass Estimation of Selenium Species in the 
Shijimi Water-Extract  The molecular mass distribution of 
the  selenium  species  in  the  Shijimi  water-extract  was  stud-
ied  by  ultrafiltration.  Selenium  in  the  Shijimi  water-extract 
completely passed through the membrane with a molecular 
mass cutoff (MMCO) of 30 kDa, hence 82.9% of the selenium 
was  filtered  through  a  membrane  with  an  MMCO  of  5 kDa 
(Table  2).  The  Shijimi  clam  contains  a  significant  amount  of 
water-soluble selenium species with a molecular mass less 
than 5 kDa. On the other hand, 48.3 and 77.2% of protein 
in  the  Shijimi  water-extract  were  filtered  through  the  mem-
branes with the MMCO of 5 and 30 kDa, respectively. Since 
the expression of selenoproteins in invertebrates including 
clams have been reported,28,29) selenium species in the Shi-
jimi  water-extract  also  probably  come  from  selenoproteins 
in  the  Shijimi  clam.  Considering  that  the  molecular  mass  of 
the already known eukaryotic selenoproteins is higher than 
9 kDa,30) the selenium species with a molecular mass less than 
5 kDa appeared not to be intact selenoproteins, but fragmented 
selenoproteins, low-molecular-mass selenium species such as 
selenoamino acids and/or their derivatives.

Ion-Exchange Chromatographic Separation of the Shiji-
mi Water-Extract  Ion exchange chromatographic separation 
was performed to elucidate the ionic character of the selenium 
species  in  the  Shijimi  water-extract.  Because  the  molecular 
mass  of  major  selenium  species  in  the  Shijimi  water-extract 
was less than 5000, the Shijimi water-extract was subjected to 
the gel permeation chromatography to remove high-molecular 
mass compounds before the ion-exchange chromatographic 
separation. Fractions separated by gel permeation chroma-
tography  using  a  Sephadex  G-50  fine  (Fig.  S2.  fractions  # 

Table  1.  Selenium  and  Protein  Concentrations  in  Shijimi  Clam  and  Its 
Water-Extracta)

Selenium  
(µg/g-lyophilised 

Shijimi)

Selenium  
extraction rate  

(%)b)

Protein  
(mg/g-lyophilised 

Shijimi)

Shijimi clam 3.510±0.121 — —
Its water-extract 1.006±0.040c) 29.21±0.013 51.72±4.028c)

a) Values are mean±standard error, n=4–7. b) Selenium amount in lyophilized 
Shijimi  clam  meat  used  for  extraction  was  defined  as  100%.  c) =(amount of each 
substance  in  the  water-extract)/(weight  of  lyophilized  Shijimi  clam  meat  used  for 
extraction).

Table  2.  Ultrafiltration  Rate  of  Selenium  and  Protein  in  the  Shijimi 
Water-Extracta)

MMCO (kDa) Selenium filtered (%)b) Protein filtered (%)b)

5 82.94±2.379 48.31±1.262
30 103.1±4.219 77.20±1.983

a) Values are mean±standard error, n=5–6. b) Selenium and protein content in the 
Shijimi water-extract used for ultrafiltration was defined as 100%.

Fig.  2.  Ion-Exchange Chromatographic Separation of the Shijimi Water-Extract on Q-Sepharose (A) and SP-Sepharose (B) Columns
Column dimension: 1.1 i.d. ×  30 cm,  Flow  rate:  1.82  (A)  and  1.84  (B) mL/min,  Fraction  volume:  9.1  (A)  and  9.2  (B) mL,  Injection  sample  volume:  0.25 mL, Mobile 

phase: 0–40 min; Milli-Q water, 40–120 min; 0.1 M HCl (A) and 0–40 min; Milli-Q water, 40–120 min; 0.1 M NaOH (B).
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9–12 eluted at the retention time of 40–60 min, which con-
tained 68.2% of the selenium eluted from the column) were 
collected and concentrated by lyophilization followed by 
application  to  the  Q  Sepharose  column  in  the  OH  form  [P−
CH2N+(CH3)3·OH−]. Under this separation condition, not only 
anionic compounds, but also amphoteric compounds, such 
as selenoamino acids and/or proteins, can be retained on the 
column because the high pH environment in the Q Sepharose 
column can promote the dissociation of acidic groups in the 
amphoteric compounds (Fig. S3, left half). The component 
species  in  the  Shijimi  water-extract,  including  the  selenium 
species, were mostly retained on the Q Sepharose column 
and eluted with 0.1 M HCl (Fig. 2A). The fractions between 
the retention times 90−100 min contained 75.9% of the total 
selenium eluted from the Q Sepharose column. These re-
sults suggested that the selenium species in the water-extract 
mostly have anionic and/or amphoteric characteristics. The 
fraction obtained by gel permeation chromatography was fur-
ther separated by cation-exchange chromatography using a SP 

Sepharose column  in  the H  form [P−(CH2)3SO3
−·H+]. During 

this separation, the SP Sepharose column can retain not only 
cationic compounds, but also amphoteric ones, because a low 
pH environment in the SP Sepharose column can promote the 
dissociation of basic groups of the amphoteric compounds 
(Fig. S3, right half). A peak at the retention time of 16–24 min 
suggested the involvement of anionic species and not nonionic 
species (Fig. 2B), because no peak was observed in the Q Sep-
harose chromatogram as shown in Fig. 2A. The amount of se-
lenium in this fraction was 7.8% of the eluted selenium from 
the SP Sepharose column. The amount of selenium in the later 
peak eluted with 0.1 M NaOH was 53.4% of the total selenium 
eluted  from  the  SP  Sepharose  column.  The  elution  profile  of 
the  proteinous  species  in  the  Shijimi  water-extract  was  also 
similar to that of selenium (Table 3). The results of the ion-
exchange  chromatography  indicated  that  the  major  selenium 
species  in  the  Shijimi  water-extract  was  amphoteric  such  as 
an amino acid or protein. A small amount of anionic selenium 
species was also included.

Ion-Pair Extraction and Mass Spectrometric Analysis  
Since  selenium  species  in  the  Shijimi  water-extract  possess 
hydrophilic, low-molecular-mass and ionic characteristics, it 
was  seemingly  difficult  to  separate  these  species  from  inor-
ganic salts and amino acids in the extract. Several chromato-
graphic  techniques,  such  as  reverse-phase  chromatography, 
did not provide a successful separation of the selenium species 
in  the Shijimi water-extract  (data  not  shown). To  separate  the 
amphoteric and anionic selenium species, ion-pair extrac-
tion with a cationic reagent, hexadecyltrimethylammonium 
chloride (HTAC), was performed. The selenium extraction 
rate was 14.3±1.76% (n=5) of the total selenium in the Shi-
jimi  water-extract.  The  obtained  chloroform  layer  after  the 
ion-pair extraction was concentrated in vacuo and analyzed 
by MALDI mass spectrometry using DHB as a matrix. A 
distinctive selenium isotopic pattern with 80Se at m/z 534 ap-
peared in the obtained MS (Fig. 3B). This isotopic pattern was 
almost identical to that of SeMet that has one selenium atom 

Fig.  3.  Mass Spectra of SeMet (A) and a Selenium Species in the Shijimi Water-Extract with HTAC (B)
Peaks containing naturally occurring stable isotopes of selenium were indicated with asterisks.

Table 3. Selenium and Protein Contents in Fractions Separated by Ion-
Exchange Chromatographya)

Q Sepharose Selenium eluted 
(%)

Protein eluted 
(%)

Eluted with Milli-Q water  
(Cationic/Nonionic fraction) 9.50 4.42

Eluted with 0.1 M HCl  
(Anionic/Amphoteric fraction) 74.8 90.7

SP Sepharose Selenium eluted 
(%)

Protein eluted 
(%)

Eluted with Milli-Q water  
(Anionic/Nonionic fraction) 12.0 4.10

Eluted with 0.1 M NaOH  
(Cationic/Amphoteric fraction) 71.6 74.5

a) Total amounts of  selenium and protein applied  to each column were defined as 
100% (n=2).
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in a molecule (Fig. 3A). Because the matrix DHB itself gave 
no remarkable peaks in the range around m/z 534 (Fig. S4A), 
these peaks were thought to come from substances in the 
Shijimi  water-extract,  probably  selenium  compound  concern-
ing the characteristic isotopic pattern. The difference in the 
ratio of isotopic peak intensity between the observed MS and 
theoretical isotopic abundance was 2–27% (={[(peak  intensity 
of the respective isotopes/sum of peak intensity of the five iso-
topes)×100]/natural abundance of the respective isotope}×100, 
natural abundance (%): 9.37 for 76Se, 7.63 for 77Se, 23.77 for 
78Se, 49.61 for 80Se, 8.73 for 82Se). We separately analyzed 
SeMet at the same selenium concentration as that in the Shi-
jimi water-extract  sample as  the standard compound. The dif-
ference in the ratio of isotopic peak intensity for SeMet was 
3−13%. A somewhat larger difference between theoretical and 
actual selenium isotopic pattern for the Shijimi-extract sample 
may be due to coexistence of low-molecular-mass compounds 
other than selenium species. A similar selenium isotopic pat-
tern  from  the  Shijimi  water-extract  was  also  detected  when 
α-cyano-4-hydroxycinnamic acid was used as an alternative 
matrix for MALDI mass spectrometric analysis (Fig. S4B). 
To examine the tissue/organ distribution of the selenium spe-
cies  from  the  Shijimi  water-extract,  a  section  of  the  Shijimi 
clam meat was  subjected  to  imaging mass  spectrometry.  It  is 
a useful  technique  to visualize  the  location of  the endogenous 
metabolites and drugs injected without probing materials such 
as  a  fluorescently-labeled  antibody.31,32) The imaging mass 
spectrometry demonstrated that this species with the molecu-
lar ion peak at m/z 534 was present in the visceral sites includ-
ing the digestive tract and the mid-gut gland (Fig. 4). This 
selenium species detected from the Shijimi clam was probably 
ascribed to their feed such as organic substance suspended in 
water including phytoplankton or metabolites, e.g., an amino 
acid derivative. Selenium species in fish and shellfish is hardly 
known  because  of  the  difficulty  of  enrichment  compared  to 
plant  materials.  Fish,  shellfish  and  other  marine  animals  are 
likely to have chemically diverse low-molecular-mass non-
proteinous selenium species other than selenoamino acids and 
selenoproteins, which may be responsible for their diets and/or 
fish-specific metabolic  pathways.  In  2010,  a  selenium  species, 
selenoneine (2-selenyl-Nα,Nα,Nα-trimethyl-L-histidine), was 
newly  discovered  in  the  blood  of  bluefin  tuna.33) This com-
pound was then found in the liver of the sea turtle, various 
seafood stuffs and the blood of humans.34,35) The molecular 

mass of  the selenium species detected from the Shijimi water-
extract was apparently different from the already reported 
selenium species including selenoneine. To the best of our 
knowledge, this selenium species is seemingly a novel sele-
nium species from biological samples.
In summary, the Shijimi clam contained ≈3.5 µg-selenium/g 

and approximately 30% of that was extracted with water 
but hardly with organic solvents. The molecular mass of the 
water-extractable  selenium  species  in  the  Shijimi  clam  was 
mostly estimated to be less than 5000. The selenium species 
in the water-extract was also likely to possess an amphoteric 
character.  A  major  selenium  species  from  the  Shijimi  water-
extract was detected at m/z 534 for 80Se by mass spectrom-
etry. Finally, imaging mass spectrometry allowed visualizing 
its  distribution  in  the  Shijimi  clam  sample.  Based  on  all  the 
data, this selenium species may be one of the metabolites in 
the  Shijimi  clam. We  are  planning  to  evaluate  the  nutritional 
availability  of  this  selenium  species  from  the  Shijimi  clam  in 
cultured cells and experimental animals.
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