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ABSTRACT

Rodrigo S., Santamaria O., Perez-Izquierdo L., Poblaciones M.J. (2017): Arsenic and selenium levels in rice fields
from south-west of Spain: influence of the years of monoculture. Plant Soil Environ., 63: 184—188.

There is a lack of information regarding the arsenic (As) and selenium (Se) concentrations in Spanish rice (Oryza
sativa L.) fields and how soil conditions affect such concentration, especially those derived from the typical mono-
culture practiced in the studied area. To clarify these aspects, 76 soil samples and 95 grain samples were collected
from 19 rice fields along the Vegas Altas area, the most important rice growing area of south-west of Spain. The re-
sults suggested a significant increase in the soil total As and Se concentrations as the number of monoculture years
increased. While As concentration reached toxic levels in 12 out of the 19 locations, Se concentration in all the
analysed fields could be considered as deficient. An increase of the As and Se concentration in soil produced a sub-
sequent increase of the concentration of both elements in the rice grain. Therefore, it might be extremely important
to control both levels. It would be necessary to establish different actions, including rotations with other crops, in

order to remediate As accumulation and to increase Se intake.
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Arsenic (As) is a class-one carcinogen occur-
ring ubiquitously in the environment from both
anthropogenic and geogenic sources. Selenium
(Se) is an essential micronutrient for humans and
animals, the deficiency of which can cause numer-
ous health disorders as well as increased risk of
cancers (Rayman 2012, Sun et al. 2014). Although
chemically similar, As and Se exert antagonistic
effects in human, animals (Zeng et al. 2005) and in
some plants (Feng et al. 2009). It has been found
that Se can be used to decrease the toxicity of As or
other metalloids (Sun et al. 2014). The maximum
daily intake for As should be lower than 0.3 mg/kg
but the recommended dietary allowance (RDA)
for Se is about 55-70 pg/kg (Elmadfa 2009, WHO
2010). Based on clinical trials, As intake should
be reduced as much as possible because of its
long-life, while a regular dose of 200 pg Se/day is
recommended to reduce the incidence of certain
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cancers, cardiomyopathies and other diseases
(Reid et al. 2008). According to Diaz-Alarcén et
al. (1996), Spanish Se intake is about 33 pg/day
and it should be increased to reach the recom-
mended values.

Food consumption provides the principal route
for As and Se intake for most of the population.
Among cereals, rice (Oryza sativa L.) has a great
importance in Mediterranean areas, commonly
used for human food. Within Spain, the Vegas
Altas region of Extremadura has the oldest and
most important rice fields of Spain, with about
20000 ha, with a grain production of about 140 000 t
(MARM 2014). Total Se and As concentrations in
rice grains range between 40 ug Se/kg (Ventura
et al. 2007) and 67 pg Se/kg (Matos-Reyes et al.
2010) in Portugal and south-east of Spain, while the
As concentrations found are about 105 pg As/kg
(Matos-Reyes et al. 2010).



Plant Soil Environ.

Vol. 63, 2017, No. 4: 184—-188

The concentration of As and Se in plant-based
food is directly related to their concentrations in
soil where the plants were grown. Values of total
As range between 600-1200 pg/kg (Menjivar et
al. 2009) and total Se between 134—172 pg/kg
(Poblaciones et al. 2014) in the South of Spain.
These values are slightly higher than the established
threshold of 10 000 pg As/kg (IARC 2004) but much
lower than the lower threshold for providing crops
with enough Se, set in 300 pg Se/kg (Hawkesford
and Zhao 2007). However, these concentrations
might be quite different in rice fields. The special
soil characteristics in flooded conditions may affect
their availabilities for plant uptake and its later
accumulation. In such conditions, arsenite is the
predominant form, which is more toxic, soluble
and therefore more mobile than arsenate (Bogdan
and Schenk 2008). Moreover, it could suppose a
cumulative impact when flooded conditions are
repeated for years. This fact could be a serious
problem in Vegas Altas where rice monoculture
under flooded conditions is the traditional man-
agement, and several fields account for more than
30 years of monoculture. Hence, the general aim
of this study was to evaluate the effect of soil
characteristics and number of monoculture years
on As and Se concentrations in soil and rice grain.

MATERIAL AND METHODS

Soil and grain samples were collected at the end of
the crop growth stage from 19 locations from Vegas
Altas del Guadiana, Extremadura region (coordinates
from 38°56'N to 39°8'N and 5°41'0 to 6°3'0). This
area presents Xerofluvents soils and Mediterranean
climate. All the used locations were managed follow-
ing the traditional practices in the area: conventional
tillage of 25 cm depth, sowing date between March
to May, sowing rate of 160 kg/ha and intermittent
irrigation to keep flooded conditions using con-
tinuous water flows with a total amount of about
24,000 m3/ha. Four groups were selected to include
at least 4 fields for each group of monoculture years:
(i) less than five years; (ii) ranging between 5 and
10 years; (iii) ranging between 10 and 20 years, and
(iv) ranging between 20 and 30 years. From each
location, four soil samples (0—20 cm) and five rice
plants were randomly collected.

The soil samples were mixed and air-dried for
2 days and sieved to < 2 mm in order to carry out

doi: 10.17221/105/2017-PSE

chemical soil determinations, such as soil pH (ratio
10 g soil:25 mL deionized HZO), and As and Se con-
centration. A portion of each soil was finely ground
(< 0.5 mm) using an agate ball mill (Retch PM 400
mill, Retsch, Haan, Germany) to determine the con-
centration of total and available As and Se in the soil.
Total As and Se were determined as follows: samples
(1 g) were digested with ultrapure concentrated
nitric acid (2 mL) and 30% w/v hydrogen peroxide
(2 mL), using a closed-vessel microwave digestion
protocol (Mars X, CEM Corp, Matthews, USA), and
diluted to 25 mL with ultra-pure water. A blank and
a standard were included in each batch of 12 ves-
sels for quality assurance. Mineral concentrations
were determined by using an Inductively-Coupled
Plasma Mass Spectrometer (ICP-MS) (Agilent 7500ce,
Agilent Technologies, Palo Alto, USA) operating in
the hydrogen gas mode. Likewise, Se and As extracts
were obtained by using KH,PO, (0.016 mmol, pH
4.8) (ratio 10 g dry weight soil: 30 mL KH,PO, w/v),
and the concentration of extractable Se and As was
determined by the ICP-MS as described above.

Regarding plant material, grains were separated
from inflorescence, watered with deionized water,
handy polished to remove the external husks, oven-
dried at 60°C until constant weight and ground
to fine powder (< 0.05 mm) using a mechanical
grinder. One gram of rice grain was digested and
analysed for total As and Se concentrations as
described above for soil samples. A blank and a
standard (in this case with tomato leaf material,
NIST 1573a) were included in each batch of sam-
ples for quality assurance.

Data were subjected to ANOVA considering
the group of monoculture years as a factor. When
significant differences were found, means were
compared using the Fisher’s protected least sig-
nificant difference (LSD) test at P < 0.05. Pearson
correlation tests were performed between total
and available As and Se in soil and total As and
Se concentrations in the grain. All analyses were
performed using Statistix v. 8.10 for Windows
software (Analytical Software, Tallahassee, USA).

RESULTS AND DISCUSSION

The pH of the sites ranged from 4.7 to 7.8, with
an average concentration of 6.2 + 0.3, which are
normal values in rice fields of this area. Total and
extractable As concentration ranged from 2100 to

185



Vol. 63, 2017, No. 4: 184-188

Plant Soil Environ.

doi: 10.17221/105/2017-PSE

Table 1. Maximum and minimum levels of pH, total arsenic (As) and selenium (Se) and available As and Se

in soil samples and in the polish grain depending on the number of years of monoculture (# — number of samples)

Years of monoculture

Parameter

<5(m=5) 5-10 (n = 4) 10-20 (n=5)  20-30 (1 = 5)

pH 5.5-6.8 4.7-6.2 5.1-6.8 5.0-7.8
As total (pg/kg) 2100-7800 4300-9182 2266-12 469 5600-18 812

Soil available As (ug/kg) 73-168 150-232 60-253 194—-460

Se total (ug/kg) 74-91 112-143 80-188 127-225

available Se (pg/kg) 1.7-2.3 2.7-3.7 2.1-5.2 3.4-6.3

Grain As concentration (pg/kg) 100-820 210-740 120-300 70-300

Se concentration (pg/kg) 1.1-20.4 4.1-10.1 0.7-9.3 1.0-17.0

18 812 pg/kg and from 60 to 460 pg/kg, respec-
tively, with average values of 203 + 121 pg/kg
and 7824 + 1024 pg/kg, the first one for total
As and the second for extractable As (Table 1).
These As levels were quite higher than those
found by Menjivar et al. (2009) in the south-
west of Spain, with values ranging between 600
and 12 000 pg/kg. Given the fact that soils are
considered as As-contaminated when they pre-
sent concentrations higher than 10 000 pg/kg
(IARC 2004), six locations from this study show
hazardous levels of As in soil. Moreover, the cor-
relation between total and extractable As was
positive and significant, but only less than 3% of
total As was extractable. On the other hand, total
Se concentration in soil ranged between 74 and
225 pg/kg, with a mean value of 134 + 11 pg/kg.
These Se levels were quite lower than those found
by Diaz-Alarcén et al. (1996) and Poblaciones
et al. (2014) in non-flooded agricultural soils of
Spain. According to Hawkesford and Zhao (2007)
soil classification according to the concentration
of total Se, Vegas Altas area could be considered
as marginal. Regarding the extractable Se, its cor-
relation with total Se was positive and strongly
significant, but only about 2.5% of total Se was
extractable, with an average concentration of 3.5 +
1.2 pg/kg (Table 1). These values were quite lower
than those found by Poblaciones et al. (2014) (6.2 ug
Se/kg) in a non-flooded agricultural soil of Spain.

Despite the very low extractability of the soil As,
the As concentrations in the polished grain ranged
from 70 to 820 pg/kg, with a mean concentration of
300 pg/kg (Table 1). These values were considerably
higher than the 100 pg/kg found in grain of white rice
in Spain (Matos-Reyes et al. 2010) or 140—170 pg/kg
in Japan (Sun et al. 2014). The usual total As concen-
tration in the grain obtained from uncontaminated
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soils ranges from 80 and 200 pg/kg (Zavala and
Duxbury 2008), while the upper level was allowed
by WHO (2010) as non-toxic level. Consequently, in
12 out of the 19 studied locations, As represented a
serious problem to be urgently dealt with, especially
in three study fields where As concentration was
3-fold higher than the upper threshold (Table 1).
A consumption of 150 g of this polished rice might
suppose an intake of 123 pg of As, more than a third
of the upper limit for the dietary intake of As in
humans, i.e. 300 pg As/kg (WHO 2010).
Regarding Se, the extremely low plant-bioavailable
Se in soil resulted in very low Se concentrations in
grain (0.7-20.4 pg/kg). Higher values (67 pug/kg) were
found by Matos-Reyes et al. (2010) in south-east
Spain, or by Ventura et al. (2007) in Portugal (40 pug/kg)
in white rice grain. Therefore, a consumption of
150 g of white rice might provide an intake ranging
from 5.6 to 12.6 pg Se per day, with a mean value
of 10 pg Se per day. All these values are extremely
low to achieve the recommended 200 pg Se per day,
amount that would help to decrease the incidence
of certain cancers (Reid et al. 2008). Under such
conditions, it could be very interesting to develop

Table 2. Two-way ANOVA for the measured parameters
as affected by the years of monoculture

Soil parameters F Grain parameters F
Df 17 df 17
pH 1.4 Fe concentration 3.4%
Total arsenic 4.4* Zn concentration 4.4*
Available arsenic  13.8*** As concentration 2.0
Total selenium 10.7***  Se concentration 0.4

Available selenium 7.7**

df — degree of freedom; F — F-value according to ANOVA
indicating P-value (*P < 0.05; **P < 0.01; ***P < 0.001)
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Table 3. Total and available arsenic (As, pg/kg) and selenium (Se, pg/kg) in soil (mean * standard error) as af-

fected by the length of monoculture

Years of monoculture As total Available As Se total Available Se
<5 4566 + 1088P 115+ 19° 84 + 3¢ 2.0 £0.1¢
5-10 6470 + 1189P 196 + 19° 128 + 9P 3.2 + 0.3b¢
10-20 8015 + 19472b 133 + 36° 136 + 19° 3.3+0.5P
20-30 12 244 + 23652 369 + 512 187 + 182 4.8 + 0.6
Average 7824 + 1025 203 + 29 134 + 11 3.3+0.3

Means in a column with different letters were significantly different (P < 0.05) according to the Fisher’s protected LSD

(least significant difference) test for the length of the monoculture period

an Se agronomic biofortification program in the rice
fields of this area.

The number of years of monoculture practice af-
fected significantly both total and available As and
Se in soil (Table 2), such concentrations being high-
er as the years of monoculture increased (Table 3).
In case of total As, differences were significant in
up to 10 years of monoculture, while in the case of
available As, up to 20 years were necessary to find
significantly different values (Table 3). Presumably,
the soil anaerobic conditions lead to a reductive
dissolution of iron oxides/hydroxides and the con-
sequent release of adsorbed arsenate. The arsenate
is then mobilised as arsenite in the water present
in the soil pores. Due to the yearly repetition of
the anaerobic conditions, the As is accumulated
in the soils subjected to this type of management
(Xu et al. 2008). However, As concentration in
grain was not significantly affected by the years
of monoculture in the present study, which might
be due to the dry period commonly practiced in
the rice fields from this region. According to Zhao
and McGrath (2009), traditional rice field areas
such as China and Bangladesh have not become
As contaminated areas in any case; therefore it
would be interesting to highlight the convenience
of changing the agricultural practices. Thus, it

seem advisable to alternate at least each 8-10
years of rice crop with one or two crops growing
aerobically, otherwise it would be compulsory to
establish a phytoremediation program in order to
decrease As levels in the soils.

Longer periods of monoculture under flooded
conditions resulted in higher concentrations of
total and extractable Se in soil (Table 3). Maybe
flooding could result in a reductive dissolution of
iron oxyhydroxides, which are important sorbents
of Se species such as selenite (Li et al. 2010). In
spite of the higher values of extractable Se con-
centration in soil, grain Se concentration was not
significantly affected by the number of monoculture
years. This is likely due to the reduced bioavail-
ability of the forms in which Se accumulates in soil
under flooded conditions. Furthermore, even in
the higher values of Se recorded in this study, the
amount of Se in soil is not high enough to produce
crops with sufficient Se for human nutrition.

As expected, both soil available As and Se were
highly correlated with its respective total As and
Se concentrations. In addition, total and available
As was positive and significantly correlated with
total and available Se in the soil, but neither the
As concentration in grain was correlated with the
Se concentration in soil nor the Se concentration

Table 4. Equations of the linear regression and level of significance obtained in the Pearson correlation test performed
between total and available arsenic (As) and selenium (Se) in the soil, total As and Se concentration in the grain

Available As Total Se Available Se Grain As Grain Se
Total As y =0.02x + 37.2*** y =0.006x + 85.0® y=0.001x + 2.03* ns ns
Available As - y =0.24x + 85.0** y =0.007x + 2.02** y =0.002x + 0.1* ns
Total Se - - y =0.03x — 0.19*** ns y =0.04x — 0.1*
Available Se - - - ns y =2.06x 0.7**
Grain As - - - - ns

ns — not significant;*P < 0.05; **P < 0.01; ***P < 0.001
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in grain was correlated with the As concentra-
tion in soil (Table 4). Feng et al. (2009) in Pteris
vittata L. have found that in low levels of soil Se,
the presence of As in soil increases the Se uptake
and translocation, but in high levels of Se, the As
presence inhibits the Se absorption. Thus, it seems
that the uptake of As is suppressed by the addition
of Se. However, such study was performed under
aerobic hydroponic conditions, and As and Se were
added. The lack of correlation found in our study
could be related to the flooded conditions. Special
attention should be paid to the As concentration
in grain, since As has been regarded to be much
more toxic and soluble for plants under flooded
conditions (Bogdan and Schenk 2008). Total and
extractable Se correlated positively with the Se
concentration in grain, especially the extractable
Se (Table 4). Hence, grain Se concentration could
be increased by adding Se fertilizer, especially so-
dium selenite which seems to be the most efficient
Se form under flooded conditions (Li et al. 2010).

The present study showed an increase in soil total
As and Se concentrations as the number of mono-
culture years increased. Twelve out of the 19 studied
locations in the Vegas Altas region reached toxic As
levels. Conversely, the concentration of Se in the
soils of this area can be considered as deficient to
provide rice grains with acceptable values for hu-
man nutrition. Consequently, it might be advisable
to control both As and Se in soil; As by including
rotations with other crops, and Se by establishing Se
biofortification programs to increase its concentra-
tion in the edible part of the crops.

REFERENCES

Bogdan K., Schenk M.K. (2008): Arsenic in rice (Oryza sativa
L.) related to dynamics of arsenic and silicic acid in paddy
soils. Environmental Science and Technology, 42: 7885-7890.

Diaz-Alarcén J.P.,, Navarro-Alarcén M., Lopez-Garcia de la Serrana
H., Lépez-Martinez M.C. (1996): Determination of selenium
in cereals, legumes and dry fruits from southeastern Spain
for calculation of daily dietary intake. Science of The Total
Environment, 184: 183-189.

Elmadfa I. (2009): The European Nutrition and Health Report.
Forum of Nutrition. Vol 62. Vienna, 412.

Feng R.W., Wei C.Y., Tu S.X., Sun X. (2009): Interactive effects
of selenium and arsenic on their uptake by Pteris vittata L.
under hydroponic conditions. Environmental and Experimental
Botany, 65: 363-368.

188

Hawkesford M.]., Zhao F.-]. (2007): Strategies for increasing the
selenium content of wheat. Journal of Cereal Science, 46: 282-292.

IARC (International Agency Research Cancer) (2004): In Mono-
graphs on the Evaluation of Carcinogenic Risks to Humans.
Vol. 84: Some Drinking-Water Disinfectants and Contaminants,
Including Arsenic. Vienna, World Health Organization.

Li H.-F., Lombi E., Stroud J.L., McGrath S.P., Zhao F.-J. (2010):
Selenium speciation in soil and rice: Influence of water man-
agement and Se fertilization. Journal of Agricultural and Food
Chemistry, 58: 11837-11843.

MARM (2014): Statistical Yearbook 2014. Ministry of Environ-
ment, Rural and Marine. Available at http://www.mapama.gob.
es/es/estadistica/temas/

Matos-Reyes M.N., Cervera M.L., Campos R.C., de la Guardia
M. (2010): Total content of As, Sb, Se, Te and Bi in Spanish
vegetables, cereals and pulses and estimation of the contribu-
tion of these foods to the Mediterranean daily intake of trace
elements. Food Chemistry, 122: 188—194.

Menjivar Flores J.C., Diez-Ortiz M., Aguilar-Ruiz J., Martin-
Peinado F., Garcia-Fernandez I. (2009): Study of heavy metal
and arsenic concentrations in olive farm soils, Sierra Magina,
Jaen, Spain. Acta Agronomy, 58: 303-307.

Poblaciones M.J., Rodrigo S., Santamaria O., Chen Y., McGrath S.P.
(2014): Selenium accumulation and speciation in biofortified
chickpea (Cicer arietinum L.) under Mediterranean conditions.
Journal of the Science and Food Agriculture, 94: 1101-1106.

Rayman M.P. (2012): Selenium and human health. Lancet, 379:
1256-1268.

Reid M.E., Duffield-Lillico A.]., Slate E., Natarajan N., Turnbull
B., Jacobs E., Combs G.FEJr., Alberts D.S., Clark L.C., Marshall
J.R. (2008): The nutritional prevention of cancer: 400 mcg per
day selenium treatment. Nutrition and Cancer, 60: 155-163.

Sun H.-J., Rathinasabapathi B., Wu B., Luo J., Pu L.-P,, Ma L.Q.
(2014): Arsenic and selenium toxicity and their interactive
effects in humans. Environment International, 69: 148—158.

Ventura M.G., Freitas M. do C., Pacheco A., van Merteen T., Wolt-
erbeek H.T. (2007): Selenium content in selected Portuguese
foodstuffs. European Food Research and Technology, 224: 395-401.

WHO (World Health Organization) (2010): Safety Evaluation
of Certain Food Contaminants. Geneva, No. 63. Available at
http://www.who.int/foodsafety/chem/summary72_rev.pdf

Xu X.Y., McGrath S.P., Meharg A.A., Zhao F.J. (2008): Growing
rice aerobically markedly decreases arsenic accumulation.
Environmental Science and Technology, 42: 5574—5579.

Zavala Y.J., Duxbury J.M. (2008): Arsenic in rice: I. Estimating
normal levels of total arsenic in rice grain. Environmental Sci-
ence and Technology, 42: 3856-3860.

Zeng H.W., Uthus E.O., Combs G.EJr. (2005): Mechanistic aspects
of the interaction between selenium and arsenic. Journal of
Inorganic Biochemistry, 99: 1269-1274.

Zhao F.-J., McGrath S.P. (2009): Biofortification and phytore-
mediation. Current Opinion in Plant Biology, 12: 373-380.

Received on February 21, 2017
Accepted on April 3, 2017
Published online on April 13, 2017



