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Abstract Arsenic (As) is toxic to plants and animals. We
tested the effects of arsenite and arsenate (0—16 mg/L) on
seed germination, and on relative root and shoot length,
a-amylase activity, reducing sugars and soluble total pro-
tein contents, and malondialdehyde content in barley
seedlings. We also measured As accumulation in barley
stems and roots. The o-amylase activity, relative root and
shoot length, and seed germination decreased with
increasing concentrations of arsenate and arsenite. The
reducing sugars content in barley seedlings increased after
4 days of growth on media containing As. In general, the
protein content in roots and seedlings decreased with
increasing doses of As. Arsenic in the tissues was quanti-
fied by hydride generation—atomic absorption spectropho-
tometry. To confirm the accuracy of the method, we
analyzed the certified reference material WEPAL-IPE-168.
The limit of detection was 1.2 pg/L and the relative stan-
dard deviation was <2.0 %.

Keywords Arsenite - Arsenate - Malondialdehyde -
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Arsenic (As) contamination of soil and groundwater is a
worldwide problem. Common sources of As include
semiconductor manufacturing, leaks, landfill, fertilizers,
insecticides and herbicides, wood preservatives, fragrance-
free paint production, mining, smelting, sewage, and coal
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combustion (Castillo et al. 2007; Li et al. 2007; Yadav
2010). The inorganic forms of As, arsenate [As(V)] and
arsenite [As(III)], are usually dominant in As-contaminated
soil, and in aerobic soils, the oxic conditions result in the
prevalence of arsenate over arsenite. The arsenite in her-
bicides and insecticides is oxidized to arsenate (Smith et al.
2010). Both arsenite and arsenate have long been used in
pesticides. Crop growth and development is inhibited by
As (Duquesnoy et al. 2010). Crops grown in As-contami-
nated soil or irrigated with As-contaminated water accu-
mulate As in the seeds or grain, and this is an increasingly
important problem in many parts of the world. Because
grains and seeds are used as foods and feed materials, As
accumulated in plant roots and stems can reach humans via
the food chain. In plants, As accumulates mainly in the root
system, and to a lesser degree in the aboveground organs. It
causes physiological changes in plants and reduces crop
productivity (Stoeva et al. 2005). Studies have shown that
As-sensitive plants show stress symptoms upon exposure to
As, including reduced photosynthetic rates (Stoeva et al.
2003/2004), inhibited root growth, and death (Macnair and
Cumbes 1987; Paliouris and Hutchinson 1991). Exposure
to inorganic As results in the generation of reactive oxygen
species (ROS; superoxide radicals, hydroxyl radicals, and
hydrogen peroxide), which can directly damage proteins,
amino acids, and nucleic acids, and can cause peroxidation
of membrane lipids (Panda et al. 2010). Starch and sugar
metabolism in plants are negatively affected under stress
conditions.

The sensitivity of plants to various metals and the
symptoms of metal toxicity depend on the types and con-
centrations of the toxicants and on the life-stage of the
plant. Metals and other contaminants affect different bio-
logical processes (germination, seedling survival, vegeta-
tive growth) in different ways. For example, plants are
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more sensitive to metal pollution during the seed germi-
nation and early seedling growth stages, because some of
the defense mechanisms have not yet developed fully.
Therefore, the growth stage of the plant is an important
consideration in toxicity assessment. Starch is the main
form of stored polysaccharides in seeds (Liu et al. 2005);
therefore, the effects of As on a-amylase, the key enzyme
in starch degradation, should be considered. At present,
little is known about the As-sensitivity of amylases.

In this study, we investigated the effects of various
concentrations of arsenate and arsenite (0-16 mg/L) on
some biochemical and physiological characteristics of
barley during germination and the early stage of seedling
growth. To evaluate the toxicity of these As compounds,
we determined their effects on seed germination, seedling
growth (relative root and shoot lengths), a-amylase activ-
ity, reducing sugar and soluble total protein contents in root
and stem tissues, and malondialdehyde (MDA) contents in
barley tissues. We also quantified the As that accumulated
in barley root and shoot tissues.

Materials and Methods

Seeds of Hordeum vulgare (cv. Sladoran) were supplied by
the Edirne Agricultural Research Institute. The As com-
pounds used in these experiments were sodium arsenate
(Na,HAsO,7H,0, Merck) and sodium arsenite (NaAsO,,
Merck).

To evaluate a-amylase activity, barley seeds were ster-
ilized in 15 % sodium hypochlorite for 1 min, then washed
several times with distilled water. The seeds were then
incubated for 7 days at 20, 25, or 30°C in the dark. At
various times during the germination period, enzyme
extracts were prepared as described by Thevenot et al.
(1991). The activity of o-amylase was determined as
described by Ekinci and Aktag (1996). Enzyme activity is
expressed as units per milliliter (U/mL), as calculated from
the rate of disappearance of the substrate (Ekinci and Aktag
1996).

To test the effects of As on a-amylase activity in seeds,
the barley seeds were soaked in freshly prepared solutions
containing various concentrations of arsenate and arsenite
(0-16 mg/L). The seeds were incubated in Petri dishes at
20°C in the dark. Seeds in the control were treated with
distilled water. The o-amylase activity was measured on
day 3 of the germination period (when the activity reached
the highest level). The number of replicates in each test is
eight.

To determine the effects of arsenate and arsenite on
soluble protein contents in roots and stems, barley seeds
were soaked in freshly prepared arsenate and arsenite
solutions. Distilled water was used for the control group.
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Proteins were extracted from seeds on day 3 of the ger-
mination period using the method of Landry et al. (2001),
with modifications. The radicals and coleoptiles were cut
from the seeds and weighed, and then homogenized in
0.5 M NaCl (1 g tissue: 5 vol NaCl) at 4°C. The homog-
enate was incubated for 30 min and then centrifuged at
10,000g at 4°C for 10 min. The supernatant was removed
(Supernatant 1) and the pellet homogenized in 0.5 M
NaCl + 0.6 % (v/v) 2ME (mercaptoethanol) at 20°C. The
mixture was incubated at room temperature for 30 min and
then centrifuged at 10,000g at 4°C for 10 min. The
supernatant was removed (Supernatant 2) and the pellet
was homogenized in sodium acetate buffer, which was
buffered in 0.5 M NaCl + 0.6 % (v/v) 2ME (pH 10) at
room temperature. The mixture was incubated at room
temperature for 30 min and then centrifuged at 10,000g at
4°C for 10 min. The supernatant was removed (Superna-
tant 3) and the pellet was homogenized in 55 % propanol +
0.6 % 2ME (v/v) at room temperature. The mixture was
incubated at room temperature for 30 min and then cen-
trifuged at 10,000g at 4°C for 10 min. The supernatant was
removed (Supernatant 4). Protein amounts were spectro-
metrically measured according to Lowry method (Lowry
et al. 1951).

Seeds were germinated in Petri dishes on moist filter
paper after surface sterilization and washing with distilled
water as described above. Each Petri dish contained 100
seeds, which had been soaked in freshly prepared solu-
tions containing various concentrations of arsenate or
arsenite (0—16 mg/L) or distilled water (control). The
seeds were incubated at 20°C in the dark. On day 3, the
number of germinated seeds was counted (seeds with a
radicle and plumula longer than 2 mm were considered to
be germinated). Seed germination percentages of As-
treated seeds were calculated relative to that of the
control.

To examine the effects of As on plant growth, the root
and stem lengths of arsenate-treated and arsenite-treated
seedlings and controls were measured on day 3 of the
germination period. The values are expressed as relative
root and stem lengths compared with those of the control.
The reducing sugars contents in roots and stems were
measured on day 3 of the germination period using the 3-5
dinitrosalicylic acid method (Sanal et al. 2005).

The thiobarbituric acid (TBA) method was used to
measure MDA content, which is indicative of lipid per-
oxidation, in root tissues (Sun et al. 2008). Root tissues
were collected on day 4 of the germination period and
immediately frozen at —80°C. Frozen root tissues (0.2 g)
were homogenized in 10 % trichloroacetic acid containing
2.25 % TBA in a Teflon homogenizer. The mixture was
incubated at 95°C for 30 min, cooled rapidly, and then
centrifuged at 10,000g for 10 min. The absorbance of the
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Table 1 HG-AAS working program for As measurement

Method variable As

Lamp Electrodeless discharge
Wavelength 193.7 nm

Flame Air/acetylene
Atomizer Preheated quartz tube atomizer
Mobile gas Argon

Mobile gas pressure 2-2.5 bar

Reaction time 20's

Postreaction purge time 40 s

Prereaction purge time 50 s

Air pressure 200 kPa

Values are means of three replicates

supernatant was measured at 532 and 600 nm. The amount
of MDA was calculated using an extinction coefficient of
1.55 mM/cm ™" and is expressed as mmol MDA per gram
fresh weight.

To evaluate As accumulation in plant tissues, sterilized
barley seeds were washed several times with distilled
water, and then soaked in freshly prepared solutions of
arsenate and arsenite in 2 mM MES-Tris buffer (pH
adjusted to 5.8). In the control, seeds were soaked in the
buffer without As. The seeds were incubated in Petri dishes
at 20°C in the dark. On day 3 of the germination period, the
germinated seeds were transferred into containers with
Hoagland solution. The seeds were grown in these con-
tainers for 7 days at 20°C (mean light intensity, 50 lux).
The test solution was changed every day to maintain the
concentration of As compounds and the solution properties.
The lengths of the longest roots and stems were measured
on day 10. Data shown in figures and tables are the mean
values of three replicates.

All samples were washed with cold distilled water to
remove metal ions from the root surface. The root and stem
tissues were dried at 80°C before As analyses. Arsenic
accumulation in the tissues was measured by hydride
generation—atomic absorption (HG-AAS) spectrophotom-
etry after microwave-assisted acid digestion of samples.
A CEM MARSXpress five closed-vessel microwave
digestion system with pressure and temperature monitoring
was used for microwave-assisted extraction of As. The
HGAAS measurements were performed with a Perkin
Elmer Analyst 800 atomic absorption spectrometer equip-
ped with an MHS-15 (mercury hydride system) hydride
generator. The HGAAS working program is shown in
Table 1. All measurements were repeated three times. To
evaluate the accuracy and the precision of the As analytical
method, we analyzed a certified reference material, WE-
PAL-IPE-168.

Table 2 Effect of temperature on o-amylase activity in germinating
barley seeds

Time 20°C (U/mL) 25°C (U/mL) 30°C (U/mL)
(days) o-amylase o-amylase a-amylase

1 1.65 1.80 2.08

2 1.73 2.43 2.41

3 3.58 2.53 2.75

4 3.53 2.36 2.75

5 3.51 1.80 2.58

6 3.45 1.50 241

7 3.23 1.26 2.16

Results and Discussion

Barley seeds were incubated at three different temperatures
for 7 days to determine which temperature was optimal for
these experiments. The activity of a-amylase was measured
during the germination period to determine the period of
peak activity. As shown in Table 2, in all of the tempera-
ture treatments, the highest o- amylase activities in barley
seeds were observed on day 3 of the germination period.
Among the three temperatures, 20°C was optimal, since the
highest a-amylase activity was observed under these con-
ditions (Table 2). Therefore, the temperature used in sub-
sequent experiments was 20°C.

Next, we tested the effects of arsenate and arsenite on o-
amylase activity in seeds on day 3 of the germination
period. As shown in Table 3, arsenate and arsenite signif-
icantly inhibited o-amylase activity, compared with that in
the control. The negative effect of arsenite on a-amylase
activity was stronger than that of arsenate.

Arsenate and arsenite treatments significantly inhibited
germination of barley seeds. Compared with that in the
control (set to 100 %), the germination rate of seeds treated
with 16 mg/L. arsenate was inhibited by approximately
25 % and that of seeds treated with 16 mg/L arsenite was
inhibited by approximately 40 % (Table 4).

The results shown in Tables 3 and 4 indicated that in
terms of germination and o-amylase activity, higher con-
centrations of arsenate and arsenite generally resulted in
greater inhibition, and arsenite had a stronger negative
effect than arsenate. In another study, Liu et al. (2005)
evaluated the effects of arsenate and arsenite toxicity on
several wheat varieties, and found that high doses of
arsenite and arsenate had similar effects on germination
and total amylase activity (Liu et al. 2005). A similar result
was reported in another study on wheat (Li et al. 2007).

As shown in Table 5, arsenate and arsenite negatively
affected the lengths of barley roots and stems. The 2 mg/L
arsenate treatment showed the strongest negative effect,
and higher concentrations of arsenate had a weaker
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Table 3 Effects of sodium

Arsenate o-Amylase p value Arsenite o-Amylase p value
arsenate and S?‘ﬁ‘“? arsenite on concentration activity n=23, concentration activity n=2y8
:éz(rillylase activity in barley (mg/L) (U/mL) (mg/L) (U/mL)

0 (Control) 3.550 £ 0.147 0 (Control) 3.641 £ 0.129

0.5 3.396 £ 0.129 0.044 0.5 3.469 £ 0.076 0.006

1 3313 £ 0.126 0.004 1 3.371 £ 0.128 0.001

2 3.313 £ 0.165 0.009 2 3313 £ 0.353 0.003
p value result of paired ¢ Test. 4 3.165 £ 0.204 0.001 4 2.875 £0.323 0.000
(mean =+ standard deviation) 8 3.248 £ 0.033 0.000 8 2.900 £ 0.105 0.000
Significant difference at 16 3.248 + 0.187 0.003 16 2.706 + 0.173 0.000

p <0.05

Table 4 Effects of sodium
arsenate and sodium arsenite on
barley seed germination

Concentration As
(mg/L)

Arsenate germination percentage
of arsenate

Arsenite germination percentage
of arsenate

mean =+ standard p value mean =+ standard p value
deviation n=>5 deviation n=>5
0 (Control) 100 100
0.5 86.964 £+ 1.013 0.000 80.498 £ 0.376 0.000
1 80.606 £ 0.427 0.000 69.342 £+ 0.353 0.000
2 76.286 + 0.213 0.000 73.660 £ 0.312 0.000
Significant difference at 4 78.092 £+ 0.213 0.000 73.100 £ 0.168 0.000
p < 0.05 Values shown is 8 77.064 £+ 0.179 0.000 69.030 £+ 0.055 0.000
means of five replicates. p value ;¢ 75.760 + 0.086 0.000 61.298 & 0.105 0.000

result of paired 7 test

negative effect. In the arsenite treatments, the root length
was not affected by arsenite concentrations lower than
8 mg/L, but was negatively affected by concentrations
higher than 8 mg/L. Similarly, the 2 mg/L arsenite con-
centration showed the strongest negative effect on stem
length. Several previous studies showed that plants were
inhibited by As in a dose-dependent manner (Shri et al.
2009; Singh et al. 2007; Stoeva et al. 2003/2004). Plants
take up As in its arsenate and arsenite forms. These forms
interact with phosphate in various metabolic pathways, and
can replace or interact with sulfhydryl groups on proteins.
Such processes can cause growth retardation in some plants
(Shri et al. 2009). Several studies have reported that roots
are more strongly affected than shoots by As. This is likely
to be because they are the first point of contact with As
compounds (Abedin and Meharg 2002). Environmental
stresses negatively affect carbohydrate metabolism in
plants. In the present study, we observed that arsenate and
arsenite treatments increased the reducing sugars contents
in the root and stem tissues compared with that in the
control, and that higher doses of the As compounds gen-
erally resulted in greater increases (Figs. 1, 2, 3, 4). Jha and
Dubey (2004) reported that As-treated rice seedlings
showed decreased reducing sugars contents, increased
activities of enzymes associated with sugar metabolism,
and decreased activities of enzymes associated with
sucrose synthesis.
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Table 5 Effects of arsenite and arsenate on relative root and stem
lengths

Concentration Arsenate Arsenite

As (mg/L) - - - -
Relative Relative Relative Relative
root stem root stem
length (%) length (%) length (%) length (%)

0 (control) 100 100 100 100

0.5 81.8 92.1 73.0 98.6

1 80.8 56.5 92.2 93.4

2 43.0 53.9 95.8%* 55.2

4 73.0%* 67.0 91.1%* 89.4

8 66.3* 76.3*% 76.1* 75.0

16 88.0%* 78.9% 65.8% 77.6*

p value result of paired ¢ test (mean + standard deviation)

*Significant difference at p < 0.05. Values shown are means of three
replicates

The soluble protein concentration in the roots was sig-
nificantly increased in response to 2 and 4 mg/L arsenate,
compared with that in the roots of the control (Fig. 1). The
soluble protein concentration in the roots of plants treated
with 8 and 16 mg/L arsenate was similar to that in roots of
the control. In stem tissues, the soluble protein concentra-
tion in plants treated with 0.5, 1, 2, 4, and 16 mg/L arsenate
was lower than that in the control (Fig. 2). Similarly, the
soluble protein concentration in roots decreased in
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Fig. 4 Soluble protein and reducing sugar contents in stems of
arsenite-treated barley

response to 1 and 4 mg/L arsenite, but increased in
response to 8 and 16 mg/L arsenite, compared with that in
the control (Fig. 3). In the stem tissues, plants treated with

Table 6 Effects of arsenate and arsenite on soluble protein concen-
tration in the combined supernatant

Concentration Protein concentration (mg/mL)
As (mg/L) in combined supernatant
Arsenate Arsenite

0.5 16913 5.696
1.0 0.565 2.348
2.0 4.652 12.217
4.0 4.087 2.391
8.0 3.130 2.652
16.0 1.261 2.522
0 (control) 5.435 5.435

0.5, 1, 2, 4, and 16 mg/L arsenite showed lower soluble
protein concentrations than that in the control (Fig. 4).

A combined supernatant was produced by mixing all of
the supernatants obtained during the extraction procedure.
The total protein content in this mixture was determined for
all treatments and the control. The total protein content of
the mixture obtained from plants treated with 0.5 mg/L
arsenate was approximately three times that in the mixture
obtained from the control (Table 6). All other concentra-
tions of arsenate resulted in total protein contents less than
that in the control. Among the plants treated with arsenite,
those subjected to the 2 mg/L dose showed a total protein
content approximately 2.2-times that in the control, while
those subjected to other doses showed total protein con-
tents similar to, or less than, that in the control (Table 6).
When plants are exposed to As stress, they produce stress
proteins to survive under the adverse environmental con-
ditions (Seth et al. 2007). This may explain the increases in
protein content in response to lower doses of arsenate
(0.5 mg/L) and arsenite (2 mg/mL) (Table 6).

The protein content in roots increased in response to
treatment with 4 mg/L arsenate, but decreased in response to
higher doses. Similarly, Oztiirk et al. (2010) reported that
total protein content increased in response to low concen-
trations of arsenate (1, 3, 5, and 10 pM) but decreased sig-
nificantly in response to a high concentration (50 uM).

Metal stress, including As stress, results in the formation
of ROS, which trigger the formation of lipid peroxidation
products such as MDA. Unsaturated fatty acids in the
membrane induce peroxidation (Stoeva et al. 2003/2004,
2005; Singh et al. 2007; Shri et al. 2009; Khan et al. 2009).
Measurement of MDA, the final product of lipid peroxi-
dation, is commonly used to estimate the level of lipid
peroxidation. We quantified MDA in roots, since they are
the first point of contact with As. The MDA content in
roots of plants treated with 0.5 and 1 mg/L arsenate was
approximately 1.5-2 times that in roots of the control, but
that in roots of plants treated with 2 mg/L. arsenate was
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Fig. 5 Relative MDA content in barley roots (compared with that in
the control, set to 100 %)

similar to that in roots of the control (Fig. 5). The MDA
levels in roots of plants treated with 8 and 16 mg/L arse-
nate were higher than that in the control. Among the
arsenite treatments, only the 4 and 16 mg/L. concentrations
resulted in significant increases in MDA levels in the roots,
compared with that in the control (Fig. 5).

Khan et al. (2009) reported that the MDA content in
mustard plants increased inresponse to 5 and 25 uM As, with
a greater increase in response to the higher As dose. Li et al.
(2007) treated wheat seedlings with increasing concentra-
tions of As (0-20 mg/kg) and found that the increase in
MDA content was dependent on the As dose; the increase
was smaller in response to As concentrations lower than
1 mg/kg, but became more pronounced in response to higher
As concentrations. Shri et al. (2009) observed that increasing
concentrations of arsenate and arsenite increased the MDA
content in rice tissues. This was reported to be related to an
increase in the activity of the enzymes responsible for lipid
peroxidation (Shri et al.2009). In root cells, arsenate is rap-
idly reduced to arsenite, which leaches into the outer envi-
ronment, forms complexes with thiol peptides, or is
transported to the stem. Arsenite has toxic effects on proteins
as a result of binding to sulthydryl groups and interacting
with catalytic regions of enzymes (Zhao et al. 2009).

The data from this study and other studies suggest that
plants are able to prevent lipid peroxidation by activating
defense mechanisms in response to As at concentrations
below a certain critical level. To further explore this topic,
work is currently underway in our laboratory to analyze
how oxidative stress enzymes in barley function under
heavy metal stress, and to evaluate changes in the gluta-
thione and phytochelatin levels under arsenite stress. It has
been proposed that in plants subjected to high doses of As,
the cell membrane composition changes, and the carriers in
the membrane decrease transport of As to protect the cell
against its toxic effects (Shri et al. 2009).

In this study, barley seeds were germinated and grown
on Petri dishes with various concentrations of arsenate and
arsenite (0—16 mg/L) and then further grown in Hoagland
solution for 7 days. A dose-related accumulation of As was
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Table 7 Arsenic accumulation in roots and stems of barley plants

Concentration of arsenite/  Arsenite Arsenate
arsenate (mg/L) (mg/g) Root Stem Root Stem
(mg/g)  (mglg) (mg/g)

0 (Control) 0.02 0.13 0.34 0.12
0.5 0.51 0.15 0.45 0.13
1 0.62 0.10 0.64 0.15
2 0.73 0.09 0.71 0.17
4 0.74 0.11 0.74 0.22
8 1.75 0.09 0.76 0.25
16 3.35 0.24 0.94 0.32

Values shown are means of three replicates

observed in the roots and stems of these plants. As shown
in Table 7, among the plants treated with arsenate and
arsenite, the roots accumulated more As than did shoots.
The roots of arsenite-treated plants accumulated more As
than did those of arsenate-treated plants. The highest
concentration of As (3.35 mg/g FW) was detected in roots
of plants treated with 16 mg/L arsenite.

To evaluate the accuracy and the precision of the As
analytical method, we analyzed a certified reference
material, WEPAL-IPE-168 (Wageningen Evaluation Pro-
grammes for Analytical Laboratories, Wageningen Uni-
versity, The Netherlands) by HGAAS under optimal
conditions. There was good agreement between the
detected value (69.1 £+ 1.4 pg/kg) and the certified value
(68.7 £ 2.2 pg/kg) (n = 5). The limit of detection was
calculated as three times the standard deviation (3c) of
values obtained for blank samples (n = 10). The detection
limit of As was 1.2 pg/L. The precision of the method was
evaluated as the relative standard deviation (RSD), which
was obtained by analyzing three replicates. The RSD val-
ues were lower than 2.0 %.

In their studies on mustard, Khan et al. (2009) showed
that treatment with 5 and 25 pM As for 96 h resulted in
increased As contents in the root and stem tissues. Shri
et al. (2009) studied As accumulation in root and stem
tissues of rice plants, and found that in plants treated with
100 pM arsenate, the As concentration in the stem was
approximately twice that in the root. This suggested that
the accumulation of As compounds varied among different
plant tissues. Su et al. (2010) studied the effects of arsenite
and arsenate on wheat, barley, and rice, and found that after
a5 uM arsenite or arsenate treatment, the arsenate contents
in roots of rice and wheat roots were similar, and were
20 %-25 % higher than that in roots of barley. Among the
rice, wheat, and barley plants treated with arsenite, the
highest As concentration was in rice roots. Some studies
have suggested that the phosphate transport pathway plays
a significant role in transporting As, and that basal
metabolism regulates arsenite efflux from the plant during
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As detoxification (Zhao et al. 2009; Logoteta et al. 2009),
resulting in less arsenite being translocated to stem tissues
(Su et al. 2010).

The effects of arsenate and arsenite can differ during the
early development period of barley plants because they are
metabolized differently. In conclusion, barley seedlings
subjected to As treatments showed oxidative stress symp-
toms, such as an increase in lipid peroxidation. In addition,
As treatments resulted in a decrease in o-amylase activity,
and changes in the reducing sugars contents and total
protein contents. These biochemical changes affected the
plants and inhibited their growth, depending on the As
dose. These data show that barley plants can use various
defense mechanisms to protect themselves against As, up
to a certain critical concentration.
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