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Abstract – Astragalus sp. are used in folk medicine because of their biological activities and are known for 
the ability to accumulate high levels of selenium (Se). The purpose of this study was to explore gene expres-
sion of selenocysteine methyltransferase (SMT), responsible for forming MeSeCys, and activities of ascor-
bate peroxidase (APX), peroxidase (POX), catalase (CAT) and glutathione reductase (GR) enzymes in callus 
tissues of Astragalus chrysochlorus growing in different Se-containing media. Quantitative real-time poly-
merase chain reaction assay was done for quantifi cation of SMT gene transcript and it was normalized to ac-
tin gene. It was found that transcript level of callus tissues grown at 5.2 μM and 26.4 μM Se-enriched media 
was lower than that of the control callus. In contrast, a high level of Se (132.3 μM) in the medium caused an 
approximately 4.26 times higher level of SMT transcript in callus than the control. APX, POX, CAT and GR 
enzymes were all effected by different Se concentrations. While POX and APX activities were higher then 
control, CAT and GR activities decreased. These results show that an increase of SMT gene expression led to 
a rise in APX and POX, but a suppression of CAT and GR enzymes activities in Astragalus chrysochlorus. 
This suggests that Se could be involved in the antioxidant metabolism in Astragalus chrysochlorus.
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Introduction
Antioxidant selenoproteins contain selenium (Se) which 

is a very important element for animals, microorganisms 
and some other eukaryotes (Birringer et al. 2002, Berken et 
al. 2002). These organisms contain the selenocysteine (Se-
Cys) that may be incorporated in selenoproteins. In addition 
to nutritional needs for Se, the element also has health effi -
cacy. It is also effective in reducing the incidence of some 
debilitating disorders (McKenzie et al. 2001, Foresta et al. 
2002, Beck et al. 2003, Soriano-Garcia 2004) and there is 
some evidence that Se plays a role as a cancer preventive 
agent when given in certain amounts (Ip 1998, Combs and 
Gray 1998, Fleming et al. 2001, Whanger 2004).

Selenium is metabolized through the sulfur (S) assimi-
lation pathway. Selenocysteine methyltransferase (SMT) is 
the key enzyme in Se metabolism and it was isolated from 
the Se hyperaccumulator Astragalus bisulcatus for the fi rst 
time (Neuhierl et al. 1999). The SMT enzyme couples the 
methyl group with selenocysteine (SeCys) to produce Se-

methylselenocysteine. A. bisulcatus SMT gene was overex-
pressed in Arabidopsis thaliana and Brassica juncea and it 
was shown that selenium accumulation and tolerance were 
enhanced in SMT transgenics (Ellis et al. 2004, LeDuc et 
al. 2004). In our previous work, SMT cDNA sequences 
were isolated from Astragalus chrysochlorus (Çakir and 
Ari 2013). SMT was expressed continuously in the tissues 
of the Se hyperaccumulator Astragalus bisulcatus (Picker-
ing et al. 2003). While most plants cannot survive with high 
concentrations of Se, some of them can tolerate high con-
centrations and accumulate Se, like A. bisulcatus. Thus, the 
amount of Se is of vital importance for plants because it 
could be toxic at high concentrations. Se can change a 
plant’s antioxidant capacity. This can be achieved on two 
ways; fi rst, by changing the antioxidant activity of seleno-
compounds, and second, by Se inducing a plant’s antioxi-
dants (Hartikainen 2005). Enzymes of antioxidant metabo-
lism such as ascorbate peroxidase (APX), peroxidase 
(POX), glutathione reductase (GR) and catalase (CAT) play 
an important role against reactive oxygen species (Apel and 
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Hirt 2004, Habibi and Hajiboland 2012). Because of the bi-
ological activities like hepatoprotective, antioxidative, im-
munostimulative and antiviral properties, Astragalus spe-
cies have been used in traditional medicine (Ionkova et al. 
1997). The chemical contents of them have been broadly 
investigated because of their economic and medicinal im-
portance (Calis et al. 1997, Bedir et al. 1998, Yahara et al. 
2000). One of the Turkish endemics, A. chrysochlorus, has 
been determined as a secondary Se accumulator and a cDNA 
sequence of the SMT gene (accession number: GQ844862) 
named AchSMT was isolated (Ari et al. 2010). The AchSMT 
cDNA has an open reading frame (ORF) of 1020 bp and 
this ORF encodes 339 amino acid residues with a 36.94 kD 
molecular mass (Çakir and Ari 2013).

The aim of this work was to investigate the expression 
pattern of the SMT gene and determine the alteration of ac-
tivities of enzymes related to the antioxidant metabolism of 
A. chrysochlorus treated with Se. Here we report the activi-
ties of APX, POX, CAT and GR enzymes in callus tissues 
of A. chrysochlorus grown in different concentrations of Se 
and the expression of a crucial gene related to Se metabo-
lism by real-time quantitative PCR.

Materials and methods
Plant material

Plants and seeds were collected from Sertavul, Kara-
man, Turkey and were identifi ed by Prof. Dr. Tuna Ekim 
(Istanbul University, Faculty of Science, Department of 
Botany, ISTF no: 40006, Istanbul University, Faculty of 
Science Herbarium).

Germination of seeds and callus induction

Seeds were surface-sterilized in 70% alcohol for 1 min, 
then in 5% commercial bleach for 15 min, followed by 
three rinses for 15 min with sterile distilled water. Seeds 
were germinated aseptically in Petri dishes containing 25 
ml of growth-regulator-free MS (Murashige and Skoog 
1962) medium supplemented with 3% (w/v) sucrose and 
solidifi ed with 0.8% agar (w/v). The pH of the MS medium 
was adjusted to 5.8 before sterilization by autoclaving at 
121 °C at 105 kPa for 20 min. The pH of the MS medium 
was confi rmed after sterilization. For callus induction, 
30-day-old hypocotyl parts of seedlings were used. Callus 
proliferation was achieved with 0.5 mg L–1 2,4-dichloro-
phenoxyacetic acid (2,4-D) and was subcultured every 
three weeks. The calli used in this study were grown in MS 
medium supplemented with 5.2 μM, 26.4 μM and 132.3 
μM sodium selenate (Sigma, S8295). Seed germination, 
callus induction and subculture were carried out in a growth 
chamber illuminated with fl uorescent light (ca. 1400 μmol 
m–2 s–1) over a 16/8 day and night at 25 ± 2 ºC.

Calli were treated with Se for three weeks, and after treat-
ment, the calli were harvested, and their fresh weights were 
determined and samples were taken for various analyses.

Enzyme extractions and assays

Catalase (CAT, EC 1.11.1.6) activity was done accord-
ing to Aebi (1984). Callus samples (0.5 g) were homoge-

nized in 50 mM sodium phosphate buffer (pH 7.0) with pre-
chilled mortar and pestle. The extract was centrifuged at 
15000 g for 15 min at 4 °C, and the supernatant was used as 
enzyme extract. The reaction mixture contained 3% H2O2 
and 0.1 mM EDTA in 50 mM sodium phosphate buffer. To 
measure the activity, absorbance was read at 240 nm, and it 
was calculated as μmol per minute.

Peroxidase (POX, EC 1.11.1.7) activity was determined 
according to Putter (1974), using the guaiacol oxidation 
method in a 3 mL reaction mixture containing 50 mM sodi-
um phosphate buffer (pH 7.0), 20 mM guaiacol and 20 mM 
H2O2. The increase in absorbance was recorded at 470 nm 
within 20 s through 2 min after H2O2 was added. A unit of 
peroxidase activity was expressed as μmol H2O2 decom-
posed per minute.

Ascorbate peroxidase (APX, EC 1.11.1.11) activity was 
determined according to the method of Nakano and Asada 
(1981). 50 mM sodium phosphate buffer (pH 7.0), 0.5 mM 
ascorbate, 0.1 mM H2O2, and 0.1 mL enzyme extract in a 
fi nal assay volume of 1 mL were the components of the re-
action. Ascorbate oxidation was measured by reading ab-
sorbance at 290 nm. To calculate the oxidized ascorbate 
concentration, the extinction coeffi cient (ε = 2.8 mM−1 
cm−1) was used. 1 μmol ascorbate oxidized per minute was 
described as one unit APX.

Glutathione reductase (GR, E.C. 1.6.4.2) activity was 
determined according to the method of Foyer and Halliwell 
(1976). GR activity was determined spectrophotometrically 
at 340 nm in a reaction mixture containing 50 mM Tris-HCl 
buffer (pH 7.6), 1 mM GSSG, and 10 mM NADPH. 1 μmol 
NADPH oxidized per minute was used as one unit GR.

Protein concentration was determined according to 
Bradford (1976), using bovine serum albumin as a stan-
dard. The specifi c enzyme activity for all enzymes was ex-
pressed as units (U) per mg of proteins.

RNA isolation and cDNA synthesis

For RNA isolation 5.2 μM, 26.4 μM and 132.3 μM so-
dium selenate-treated calli and control without sodium sele-
nate were used. At the end of third week of treatment, total 
RNA was extracted (TRIzol Reagent, Invitrogen, Carlsbad, 
CA) and reverse-transcribed (SuperScript First-Strand Syn-
thesis System, Invitrogen, 11904-018) from A. chrysochlo-
rus. RNA isolation and fi rst strand cDNA synthesis were 
done according to the manufacturers instructions.

Real-time PCR conditions and analysis

Quantitative real time PCR (qPCR) was performed with 
the DyNAmo™ HS SYBR® Green qPCR Kit (Thermo 
Scientifi c) following the manufacturer’s instructions. Prim-
ers are given in Table 1. The qPCR conditions were set as 
follows: 2 min at 50 °C (uracil-DNA glycosylase incubati-
on), 5 min at 94 °C (pre-incubation), followed by 40 cycles 
of 30 s at 94 °C, 30 s at 64 °C and 30 s at 72 °C. To obtain 
melting curve data collection, a gradual temperature increa-
se from 55 °C to 95 °C at the rate of 1 °C/10 s was added as 
a fi nal step. A non-template control was run alongside this, 
and serial dilutions (1, 1:5, 1:25 and 1:125) of the reference 
(actin) and SMT gene were included with every assay. 
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Amplifi cation specifi city of each reaction was verifi ed by 
melting curve analysis. Actin was used to normalize expres-
sion levels. MX3000 Stratagene software (Agilent Techno-
logies, Inc., Santa Clara, USA) was used to determine rela-
tive gene expression. All qPCR experiments were done in 
triplicate experiments for each sample.

Statistical analysis

All tests were done in triplicates. Analysis of variance 
was performed using Graphpad prism ver. 5.0 trial version. 
The data were presented as the means for each treatment. 
Data were compared using the one-way ANOVA test with 
post Tukey test at the 5% probability level.

Results
Establishment of callus cultures

The hypocotyl parts of 30 day old seedlings produced 
friable and green callus on MS medium supplemented with 
0.5 mg L–1 2,4-D after a 15-day culture period (Fig. 1A). 
After induction of callus, 2,4-D was used for proliferation 
purpose and A. chrysochlorus callus was maintained for 
over ten years by subculture at three week intervals on MS 
medium supplemented with 0.5 mg L–1 2,4-D. The calli 
were then taken and grown in media containing 5.2 μM, 
26.4 μM and 132.3 μM sodium selenate for 21 days (Fig. 
1B, C, D). The color red was observed when the concentra-
tion of selenium was 132.3 μM (Fig. 1D).

Effect of selenium treatments on antioxidant enzyme 
activities

The activity of CAT decreased by 13%, 22% and 27% 
in the 5.2 μM, 26.4 μM and 132.3 μM Se-treated calli of A. 
chrysochlorus, respectively (Fig. 2A). In all calli, the activ-
ity of this enzyme was not modifi ed and the decrease was 
not signifi cant statistically according to treatment with Se. 
The POX activity increased 4, 3 and 2 fold when compared 
to the control calli, respectively, after treatment with Se 
(Fig. 2B). Lower doses of Se (5.2 μM and 26.4 μM) have 
increased the POX activity more than 132.3 μM Se. The 
increase in the POX activity was statistically signifi cant in 
5.2 μM and 26.4 μM Se-treated calli. The APX activity was 
signifi cantly increased in 5.2 μM and 26.4 μM Se-treated 
calli (Fig. 2C). The activity of this enzyme was higher in 
132.3 μM Se treated callus tissue than in control tissues but 
the increase was not signifi cant. Treatment with Se resulted 
in an increase of GR activity in 5.2 μM-treated callus tis-
sues and a decrease in 26.4 μM and 132.3 μM-treated calli 
tissues, respectively (Fig. 2D). However, in the 5.2 μM Se-
treated callus tissues, this enzyme activity did not signifi -
cantly change.

Isolation and quality detection of total RNA

Electrophoresis of isolated RNA on 1% agarose gel 
stained with EtBr showed distinct 28S and 18S rRNA 
bands, indicating a good quality of total RNA (On-line Sup-
pl. Fig. 1). The A260/A230 absorbance ratio is usually calcu-
lated to check polysaccharide or polyphenolic contamina-
tion, and the A260/A280 ratio for protein contamination. We 
determined that A260/A230 ratios were greater than 2, and the 
A260/A280 ratios between 1.9 and 2.1. This result showed that 
the isolated RNAs were intact and not contaminated.

Expression analysis of SMT gene

To evaluate the expression of the transcript, the reverse-
transcribed cDNAs of samples (control, and treated tissues 
with 5.2 μM, 26.4 μM and 132.3 μM of Se) were used as 
templates. SMT was amplifi ed by the method for an SYBR 
Green qPCR assay. We can conclude that PCR amplifi ca-
tion curves show that amplifi cation has good reproducibili-
ty in each sample.

The Se metabolism pathway was studied extensively, 
and the conservation level of this pathway is high in plants. 
The expression of SMT were observed by qPCR in all sam-
ples of selenium-treated Astragalus plant (Fig. 3). From the 
results obtained, we conclude that SMT transcript levels for 
5.2 μM and 26.4 μM selenium-treated callus were lower 
than for the control callus tissues. In contrast, the SMT ex-
pression level of 132.3 μM in selenium-treated callus was 
4.26 times higher than in the control callus.

Discussion
Selenium hyperaccumulation is involved with SMT en-

zymatic activity and accumulation of S-methylcysteine 
(MeCys) and MeSeCys (Sors et al. 2005). In this study, our 

Tab. 1. Primers used in quantitative real time PCR reactions. SMT 
– selenocysteine methyltransferase.

Target Sequences (5′-3′)

SMT Forward
Revers

ACGGAGCTTGAACGTCATGGTG
ATCAAGATGCACCTGGCGAATGAG

Actin Forward
Revers

TCAAGACGAAGGATG
TTGGATTCTGGTGAT

Fig. 1. Astragalus chrysochlorus callus: untreated control (A), and 
selenium-treated tissue: 5.2 μM (B), 26.4 μM (C), and 132.3 μM (D).
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main object was to investigate the expression profi le of the 
SMT gene (AchSMT, Accession number:GQ844862) in-
volved in selenium metabolism in A. chrysochlorus callus 
under increasing concentrations of selenium. We used qPCR 
to measure SMT gene expression. As a result, SMT expres-
sions in 5.2 μM and 26.4 μM selenium-treated callus were 
slightly lower than in the control callus. In contrast, the 
SMT expression level of 132.3 μM selenium-treated callus 
was found to be higher and the fold change was 4.26. In our 
previous work (Çakir and Ari 2013), A. chrysochlorus 
plantlets were treated with 0, 5.2 μM, 26.4 μM and 132.3 
μM sodium selenate and analysed with semi-quantitative 
reverse transcription PCR. According to the results, diffe-
rentially, SMT expression sodium selenate treated plantlets 
were constitutively expressed like AbSMT from hyperaccu-
mulator A. bisulcatus in all selenate treatments.

SMT gene has been isolated from a Se hyperaccumula-
tor A. bisulcatus (Neuhierl et al. 1999, Neuhierl and Bock 
1996). It was thought that SMT is the key player in the ac-
cumulation of selenium and protection of the plants from 
the toxic effects (Neuhierl et al. 1999). Pickering et al. 
(2003) concluded that SMT gene expression was continu-
ous in tissues of A. bisulcatus. In contrast, Lyi et al. (2005) 
reported that broccoli SMT (BoSMT) expression is up-regu-
lated by selenate treatment. Its expression in leaf has been 
determined to be involved in development. Tao et al. (2012) 
reported that in young leaves of selenium-treated tea plant, 
the expression level of SMT gene was similar to mature le-
aves, and it was the highest in roots. These fi ndings sugges-
ted that selenite is immediately converted to organic Se and 
remains in the root tissues. In the present study, we determi-
ned that SMT expression level was differentially affected 
upon treatements with increasing concentrations of Se. In 
low concentrations (5.2 μM and 26.4 μM) SMT expression 
was lower than in control tissues (0.397 and 0.597 times, 
respectively). Our results revealed that the transcriptional 
levels of SMT gene fluctuated after Se treatment. The chan-
ges or variations in expression levels of SMT gene after tre-
atment with different concentrations of Se may be due to 
the delayed response of Se metabolism. Se assimilation and 
hyperaccumulation pathway are a very complicated meta-
bolic process. One of the important approaches is to investi-
gate SMT gene expression. Also further research into SMT 
at genetic translation level and the content of related amino 
acids in different parts of the A. chrysochlorus plant is nee-
ded to validate SMT status in the process of selenium meta-
bolism.

Selenium is an important micronutrient for many orga-
nisms. A. chrysochlorus has been found to be secondary Se 

Fig. 2. Antioxidant enzyme activities in callus tissue of Astragalus chrysochlorus treated with different concentrations of selenium: A) 
catalase (CAT), B) peroxidase C), ascorbate peroxidase (APX), D) glutathione reductase (GR). Asterisk (*) means statistically signifi cant 
(p < 0.05); bars indicate ± standard deviation.

Fig. 3. Relative expression levels of selenocysteine methyltransfe-
rase gene in callus tissue of Astragalus chrysochlorus treated with 
different concentrations of selenium in comparison to untreated 
control. The ratio of the relative quantity of the target gene and the 
relative quantities of reference genes (actin) of each treatment was 
normalized against the untreated control (value = 1) and plotted 
using arbitrary units. Each data point represents the mean ± SE, 
n = 3.
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accumulator in our previous study (Ari et al. 2010). Se is 
very important for antioxidant metabolism and response. In 
this study the activities of APX, POX, CAT and GR enzy-
mes were also investigated. Antioxidant responses of A. ch-
rysochlorus callus tissues varied in a concentration-depen-
dent manner. CAT levels decreased gradually in increasing 
concentrations of Se, nevertheless this decrease was not 
signifi cant when compared to control. POX and APX 
showed similar activity patterns. At 5.2 μM level, there was 
a signifi cant increase, on the other hand at 26.4 μM and 
132.3 μM levels the activities were decreased compared to 
the 5.2 μM level. GR activity was increased at 5.2 μM and 
decreased signifi cantly at higher concentrations. Under the 
concentration of 132.3 μM, Se stimulated antioxidant meta-
bolism. As shown in fi gure 2, despite the decrease in CAT 
and GR activity, POX and APX activities were increased 
signifi cantly (p < 0.05). It is thought that the activities of 
POX and APX are more convenient to reduce the oxidative 
stress caused by Se. The results indicate that the increase in 
POX and APX activities were suffi cient to protect callus 
cells. At the higher concentration of 132.3 μM, growth rate 
of callus cultures was decreased and pigmentation started. 
It is thought that this pigmentation is related to biosynthesis 
of secondary metabolites and also it is an environmental 
stress response of A. chrysochlorus. However, POX activity 

was still higher than in control callus cultures. In our previ-
ous studies, crude ethanol and ethyl acetate extracts of this 
plant exhibited cytotoxic activity and apoptosis-inducing 
properties (Karagoz et al. 2007) and also antioxidant effects 
(Hasancebi, unpublished data). Besides the biotechnologi-
cal importance of Astragalus species, in callus tissues of the 
secondary Se accumulator A. chrysochlorus it was found 
that antioxidant enzymes and SMT gene expression were 
affected by Se treatment in callus tissues. Therefore, it is 
thought that it could be related and important for accumula-
tion and tolerance to Se of these species.

In conclusion, Se triggered significant transcriptional 
responses in A. chrysochlorus. The SMT gene was repressed 
by low concentrations of Se. Results of a cross comparison 
showed that the SMT gene was up-regulated by 132.3 μM 
Se in A. chrysochlorus. The results obtained provide novel 
information for understanding the effects of different Se 
concentrations on plant gene expression and will help to re-
veal the Se metabolism of plants.

Acknowledgements
This work was supported by the Research Fund of Is-

tanbul University. Project No: 26494.

References
Aebi, H., 1984: Catalase in vitro. Methods in Enzymology 105, 

121–126.
Apel, K., Hirt, H., 2004: Reactive oxygen species: metabolism, 

oxidative stress, and signal transduction. Annual Review of 
Plant Biology 55, 373–99.

Ari, Ş., Çakir, Ö., Turgut-Kara, N., 2010: Selenium tolerance in 
Astragalus chrysochlorus: identifi cation of a cDNA fragment 
encoding a putative Selenocysteine methyltransferase. Acta 
Physiologiae Plantarum 32, 1085–1092.

Beck, M. A., Levander, O. A., Handy, J., 2003: Selenium defi cien-
cy and viral infection. Journal of Nutrition 133, 1463S–7S.

Bedir, E., Calis, I., Aquino, R., Piacente, S., Pizza, C., 1998: Cy-
cloartane triterpene glycosides from the roots of Astragalus 
brachypterus and Astragalus microcephalus. Journal of Natu-
ral Products 61, 1469–72.

Berken, A., Mulholland, M. M., Leduc, D. L., Terry, N., 2002: Ge-
netic engineering of plants to enhance selenium phytoremedi-
ation. Critical Reviews in Plant Sciences 21, 567–582.

Birringer, M., Pilawa, S., Flohe, L., 2002: Trends in selenium bio-
chemistry. Natural Product Reports 19, 693–718.

Bradford, M. M., 1976: A rapid and sensitive method for the quan-
tifi cation of microgram quantities of protein utilizing the prin-
ciple of protein-dye binding. Analytical Biochemistry 72, 
248–254.

Calis, I., Yuruker, A., Tasdemir, D., Wright, A. D., Sticher, O., 
Luo, Y. D., Pezzuto, J. M., 1997: Cycloartane triterpene glyco-
sides from the roots of Astragalus melanophrurius. Planta 
Medica 63, 183–6.

Combs, G. F., Jr., Gray, W. P., 1998: Chemopreventive agents: se-
lenium. Pharmacology & Therapeutics 79, 179–92.

Çakir, Ö., Ari, Ş., 2013: Cloning and molecular characterization of 
selenocysteine methyltransferase (AchSMT) cDNA from As-
tragalus chrysochlorus. Plant Omics Journal 6, 100–106.

Ellis, D. R., Sors, T. G., Brunk, D. G., Albrecht, C., Orser, C., La-
hner, B., Wood, K. V., Harris, H. H., Pickering, I. J., Salt, D. 
E., 2004: Production of Se-methylselenocysteine in transgenic 
plants expressing selenocysteine methyltransferase. BMC 
Plant Biology 4, 1.

Fleming, J., Ghose, A., Harrison, P. R., 2001: Molecular mecha-
nisms of cancer prevention by selenium compounds. Nutrition 
and Cancer 40, 42–9.

Foresta, C., Flohé, L., Garolla, A., Roveri, A., Ursini, F., Maiori-
no, M., 2002: Male fertility is linked to the selenoprotein 
phospholipid hydroperoxide glutathione peroxidase. Biology 
of Reproduction 67, 967–71.

Foyer, C. H., Halliwell, B., 1976: The presence of glutathione and 
glutathione reductase in chloroplasts: A proposed role in 
ascorbic acid metabolism. Planta 133, 21–5.

Habibi, G., Hajiboland, R., 2012: Comparison of water stress and 
UV radiation effects on the induction of CAM and antioxida-
tive defense in the succulent Rosularia elymaitica (Crassula-
ceae). Acta Biologica Cracoviensia Series Botanica 53, 15–24.

Hartikainen, H., 2005: Biogeochemistry of selenium and its im-
pact on food chain quality and human health. Journal of Trace 
Elements in Medicine and Biology 18, 309–18.

Ionkova, I., Kartnig, T., Alfermann, W., 1997: Cycloartane sapo-
nin production in hairy root cultures of Astragalus mongholi-
cus. Phytochemistry 45, 1597–1600.

Ip, C., 1998: Lessons from basic research in selenium and cancer 
prevention. Journal of Nutrition 128, 1845–54.

Karagoz, A., Turgut-Kara, N., Cakir, O., Demirgan, R., Ari, S., 
2007: Cytotoxic activity of crude extracts from Astragalus 
chrysochlorus (Leguminosae). Biotechnology and Biotechno-
logical Equipment 21, 220–222.

Leduc, D. L., Tarun, A.S., Montes-Bayon, M., Meija, J., Malit, M. 
F., Wu, C. P., Abdelsamie, M., Chiang, C. Y., Tagmount, A., 
Desouza, M. P., Neuhierl, B., Bock, A., Caruso, J. A., Terry, 



ÇAKIR Ö., TURGUT-KARA N., ARI Ş.

16 ACTA BOT. CROAT. 75 (1), 2016

N., 2004: Overexpression of selenocysteine methyltransferase 
in Arabidopsis and indian mustard increases selenium toler-
ance and accumulation. Plant Physiology 135, 377–383.

Lyi, S. M., Heller, L. I., Rutzke, M., Welch, R. M., Kochian, L. V., 
Li, L., 2005: Molecular and biochemical characterization of 
the selenocysteine Se-methyltransferase gene and Se-meth-
ylselenocysteine synthesis in broccoli. Plant Physiology 138, 
409–20.

Mckenzie, R. C., Rafferty, T. S., Arthur, J. R., Beckett, G. J., 2001: 
Effects of selenium on immunity and ageing. In: Hatfi eld, D. 
L. (ed.), Selenium: Its molecular biology and role in human 
health, 258–272. Kluwer Academic Publishers, Boston, MA.

Murashige, T., Skoog, F., 1962: A revised medium for rapid 
growth and bio assays with tobacco tissue cultures. Physiolo-
gia Plantarum 15, 473–497.

Nakano, Y., Asada, K., 1981: Hydrogen peroxide is scavenged by 
ascorbate-specifi c peroxidase in spinach chloroplasts. Plant 
and Cell Physiology 22, 867–880.

Neuhierl, B., Bock, A., 1996: On the mechanism of selenium tol-
erance in selenium-accumulating plants. Purifi cation and 
characterization of a specifi c selenocysteine methyltransferase 
from cultured cells of Astragalus bisulcatus. European Jour-
nal of Biochemistry 239, 235–238.

Neuhierl, B., Thanbichler, M., Lottspeich, F., Bock, A., 1999: A 
family of S-methylmethionine-dependent thiol/selenol meth-

yltransferases. Role in selenium tolerance and evolutionary 
relation. The Journal of Biological Chemistry 274, 5407–14.

Pickering, I. J., Wright, C., Bubner, B., Ellis, D., Persans, M. W., 
Yu, E. Y., George, G. N., Prince, R. C., Salt, D. E., 2003: 
Chemical form and distribution of selenium and sulfur in the 
selenium hyperaccumulator Astragalus bisulcatus. Plant 
Physiology 131, 1460–7.

Putter, J., 1974: Peroxidase. In: Bergemeyer, H. U. (ed.), Methods 
of enzymatic analysis, 685–690. Academic Press, New York.

Soriano-Garcia, M., 2004 Organoselenium compounds as poten-
tial therapeutic and chemopreventive agents: a review. Current 
Medicinal Chemistry 11, 1657–69.

Sors, T. G., Ellis, D. R., Na, G. N., Lahner, B., Lee, S., Leustek, T., 
Pickering, I. J., Salt, D. E., 2005: Analysis of sulfur and sele-
nium assimilation in Astragalus plants with varying capacities 
to accumulate selenium. Plant Journal 42, 785–97.

Tao, S., Li, J., Gu, X., Wang, Y., Xia, Q., Qin, B., Zhu, L., 2012: 
Quantitative analysis of ATP sulfurylase and selenocysteine 
methyltransferase gene expression in different organs of tea plant 
(Camellia sinensis). American Journal of Plant Sciences 3 51–59.

Whanger, P. D., 2004: Selenium and its relationship to cancer: an 
update. British Journal of Nutrition 91, 11–28.

Yahara, S., Kohjyouma, M., Kohoda, H., 2000: Flavonoid glyco-
sides and saponins from Astragalus shikokianus. Phytochem-
istry 53, 469–71.



SELENIUM INDUCED ANTIOXIDATIVE METABOLISM CHANGES IN ASTRAGALUS

ACTA BOT. CROAT. 75 (1), 2016 1

On-line Suppl. Fig. 1. Representative RNA isolated from Astra-
galus chrysochlorus callus and analyzed by gel electrophoresis: 
A) untreated control, and selenium-treated tissue in the following 
concentrations: B) 5.2 μM, C) 26.4 μM, D) 132.3 μM.

   




