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Abstract

Laboratory experiments were conducted to determine the effects of soil aluminum levels and moisture content on
aluminum (Al) bioaccumulation and protein content in the earthworm (Octodrilus complanatus). The experimental
design was a completely randomized block with 2 factors (aluminum content [C-0: 0 mg kg, C-1: 1000 mg kg™,
C-2: 2000 mg kg, C-3: 3000 mg kg'] and moisture level [M7: 100% of soil water capacity, M2: 60% of soil water
capacity] and 3 replications. The lowest pH was noted in the C-0 treatment. There were no significant differences
in the electrical conductivity, cation exchange capacity or total nitrogen in soil between the aluminum treatments.
Moreover, there were no significant differences in soil properties between the moisture treatments. The highest soil
Al content was noted in the C-3 treatment. No earthworm mortality was observed in soil contaminated with Al.
Moreover, the highest aluminum content in earthworms was observed in the C-3 treatment. The aluminum content in
the earthworms was significantly positively correlated with the aluminum content in the soil (r=0.984***, p<0.001).
Our results indicated that the growth of earthworms was affected by the Al level. Lastly, Al caused a reduction in
earthworm protein content.
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1. Introduction

Earthworms are very important soil organisms. The
carthworm Octodrilus complanatus (Oligochaeta,
Lumbricidae) is a large species (Monroy et al., 2007)
that is widely distributed along the Mediterranean
basin (Pavlicek and Csuzdi, 2006). O. complanatus
is commonly found in cultivated fields in Greece
(Vavoulidou et al., 2010). Earthworms influence the
soil quality (Lapied et al., 2009) and fertility (Bilalis
et al., 2009; Ozawa et al., 2005).

Earthworms can also be used as bioindicators for soil
pollution (Bullinger-Weber et al., 2012; Dureja et
al., 1999; Suthar et al., 2008; Wang et al., 2009). In
general, bioindicators are used to estimate the quality
of the environment. Currently, soil pollution by heavy
metals is widespread (Calisi et al., 2013; Garg et al.,
2009). The accumulation of heavy metals and organic
pollutants (e.g., pesticides) in earthworms is species-
dependent (Garg et al., 2009; van Vliet et al., 2005;
Wu et al., 2011). Garg et al. (2009) reported that Cr
and Pb concentrations were significantly higher in
Allolobophora parva compared with Eisenia fetida,
whereas accumulation of Zn was similar in both
species.

Aluminum is a major component of soils. Moreover,
aluminum toxicity is a major problem limiting plant
growth and crop production in acidic soils (Seguel et
al.,2013). Indeed, Al is solubilized to the toxic cation
Al in acidic soils (pH<5) (Matsumoto et al., 2000).
It is well known that Al™ inhibit root growth (Ma
et al., 2001). Only a few studies have investigated
the effects of aluminum on soil organisms such as
earthworms (van Gestel and Hoogerwerfa, 2001;
Tejada et al., 2010; Zhang et al., 2013). Zhao and Qui
(2010) reported that aluminum is toxic to earthworms
(LC,,=532.33 Al/kg dry soil). Furthermore,
earthworms can accumulate aluminum metal from
polluted soils.

The aim of this study was to determine the effects of
aluminum levels and moisture content on aluminum

bioaccumulation and protein content in the earthworm
Octodrilus complanatus, which is the dominant
carthworm species in the Mediterranean basin and is
used as a bioindicator in organic agriculture.

2. Materials and Methods
2.1. Sample collection

Ten soil samples from the research field (23.43E,
34.58N) of the Agricultural University of Athens were
selected for random sampling to create a representative
sample. Soil samples were obtained from the topmost
layer (0-20 cm) in November 2009. The soil was clay
loam (29.8% clay, 34.3% silt and 35.9% sand) with
the following characteristics: pH, 7.29; total N, 0.12%;
cation exchange capacity, 28.5 (meq/100 g); and
EC, 1.60 mS cm™. The earthworms were purchased
from the research field (23.46E, 23.04N) of National
Agricultural Research Foundation (NAGREF) in
Licovrisi. The earthworms were collected by hand
from squares (50 cm x 50 cm; 10-20 cm depth). At the
time of sampling, the soil moisture content was at field
capacity. Immediately after collection, the earthworms
were taken to the laboratory in the soil from which
they had been collected. Earthworms were washed and
kept in plastic containers on wet filter paper. Part of
each soil sample was air-dried at ambient temperature,
crushed and sieved through a 2-mm sieve to analyze
soil pH and other physicochemical properties.

2.2. Experimental design

The laboratory experiments were conducted at the
Agricultural University of Athens in 2009-2010. The
experimental design was a completely randomized
block with 2 factors (aluminum content and moisture
level) and 3 replications. The aluminum treatments
were as follows: C-0, control (without aluminum);
C-1, 1000 mg kg'; C-2, 2000 mg kg'; C-3, 3000
mg kg'. The moisture treatments were as follows:
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M1, 100% soil water capacity; M2, 60% soil water
capacity. The working Al solutions were prepared by
diluting analytical aluminum hydroxide (pH=9.5) with
deionized water. Plastic containers were used, and each
container was filled with 1000 g of dried natural soil.
Moreover, the containers were covered with a fine
nylon mesh to keep the earthworms from escaping. The
containers were incubated for 2 weeks after the addition
of aluminum. Three earthworms of similar weight and
5 g of crushed dried leaves were added to each plastic
container. Earthworms feed predominantly on organic
material at the soil surface (Vavoulidou et al., 2009).
The experiment was repeated twice. The water content
in the container was kept constant by adding water
weekly. The experiment was conducted for 50 days.

2.3. Measurements and methods
Soil properties

The soil samples were air-dried, sieved at 2 mm and
analyzed to determine different soil properties (pH,
total nitrogen, electrical conductivity [EC], cation
exchange capacity [CEC], exchangeable Ca and
soil Al content). The pH and electrical conductivity
were measured using water extracts obtained at a 1:1
soil:water ratio after shaking for 60 min. The total
nitrogen was determined by the Kjeldahl method
(Bremner, 1960) using a Buchi 316 device to combust
and extract the soil samples. Exchangeable Ca was
measured by the Drouineau-Galet method using a
spectrometer. Calcium cations were extracted with
ammonium acetate solution. The cation exchange
capacity was determined using the ammonium acetate
method (Chapman, 1965). Lastly, aluminum cations
were extracted with 1 M KCI solution (Edmeales
et al., 1983), and the aluminum concentration was
determined with a spectrophotometer.

Earthworm traits

Earthworms were removed from the containers
and washed with distilled water to remove the soil
particles attached to their skin. The weights of the
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earthworms were recorded at the beginning and end of
the experiment. The earthworms were oven-dried (110
°C, 6 h) to estimate their total nitrogen content via the
Kjeldahl method (Ozawa et al., 2005). The earthworms
were burned to ash, and the Al concentrations in the
earthworms were measured using graphite furnace
atomic absorption spectrometry (ISO, 1998; OECD,
2004). The protein concentration of the earthworms
was determined by the dye binding method according
to Bradford (1976). Final, mortality and survival were
measured by counting the surviving worms in each
container.

2.4. Statistical analysis

Statistica software (StatSoft Inc., Tulsa, OK, USA) was
used to perform analysis of variance and comparisons
among means. The Tukey test was used to detect and
separate the mean treatment differences. Correlation
analyses were used to describe the relationships
between soil properties and earthworm characteristics.
All comparisons were made at the 5% level of
significance.

3. Results and Discussion
3.1. Soil properties

Soil properties influence the availability of heavy
metals in earthworms (Leveque ef al., 2013; Suthar
et al., 2008). Our results indicated that the lowest pH
(Figure 1) occurred in the C-0 treatment (control). Post-
hoc analysis by Tukey’s test showed that there were
also statistically significant differences between the C-2
and C-3 treatments. The highest pH was observed in
the C-3 treatment. In addition, there were no significant
differences in electrical conductivity, cation exchange
capacity or total nitrogen between the aluminum
treatments. Normally, the soil pH decreases when the
aluminum content increases; however, the pH level of
aluminum hydroxide is 9.5. Thus, the pH was higher in
the C-3 treatment than in the control treatment.
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Figure 1. Effects of aluminum treatments (C-0: 0 mg kg™, C-1: 1000 mg kg, C-2: 2000 mg kg™, C-3: 3000 mg kg™')
and moisture level (M1: 100% soil water capacity, M2: 60% soil water capacity) on soil pH, electrical conductivity
(mS cm™), cation exchange capacity (meq/100 g) and total N (%). For each factor, columns followed by the same letter
are not significantly different (»p<0.05, Tukey test). Bars indicate standard error.

Additionally, anions can adsorb onto the surface
of aluminum oxides by ion-pair formation with
positively charged surface sites or by ligand exchange
with surface hydroxyls (Goldberg et al, 1996).
Moreover, there were no significant differences in
soil properties between moisture treatments. The
highest exchangeable Ca content was recorded in
the C-0 treatment. There were significant differences
in exchangeable Ca content between C-0 and C-1
as well as between C-2 and C-3 treatments (Figure
2). Aluminum in the soil had a significant negative
correlation with exchangeable Ca (r=-0.947"",
p<0.001).

Moreover, the results of Tukey’s test revealed that
the soil aluminum content was significantly different
between all of the aluminum treatments (Figure 2);
the highest Al content was noted in the C-3 treatment.

However, there were no significant differences in
aluminum content between moisture treatments
(Figure 2). In addition, Suthar et al. (2008) reported
that the moisture content in soils also influences the
bioavailability of metals in earthworms.

Soil pH was significantly positively correlated with
soil aluminum content and aluminum content in the
earthworms (r=0.798***, p<0.001 and r=0.828***,
p<0.001, respectively). Suthar et al. (2008) also
observed  positive between  soil
properties (e.g., pH, organic C and total N) and the

correlations

metal content of earthworms. Moreover, van Gestel
and Hoogerwerf (2001) observed that aluminum was
most toxic at a pH of 3.4 (LC50=589 mg Al kg dry
soil). Lastly, an aluminum x moisture interaction has
not been found in soil measurements.
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Figure 2. Effects of aluminum treatments (C-0: 0 mg kg™, C-1: 1000 mg kg™, C-2: 2000 mg kg'!, C-3: 3000 mg kg™')
and moisture level (M1: 100% soil water capacity, M2: 60% soil water capacity) on soil exchangeable Ca (mg kg™)

and Al content (mg kg™'). For each factor, columns followed by the same letter are not significantly different (p<0.05,

Tukey test). Bars indicate standard error.

3.2. Earthworms

Earthworms have a high potential for accumulating
heavy metals from contaminated soils (Garg et al.,
2009; Vandecasteele et al., 2004). Our results indicated
that the lowest aluminum concentration in earthworms
was found in the C-0 treatment (Figure 3). Tukey’s
test revealed significant differences between the C-2
and C-3 treatments. The highest aluminum content
in earthworms was observed in the C-3 treatment. In
addition, the highest N content was recorded in the

C-0 treatment. There were no significant differences
between the C-2 and C-3 treatments (Figure 3). The
aluminum content in the earthworms was significantly
positively correlated with the aluminum content in
the soil (1=0.984"", p<0.001). The highest protein
concentration in earthworms was recorded in the
C-0 treatment (Figure 4). There were no significant
differences between the C-2 and C-3 treatments. Zhang
et al. (2013) also observed that the protein content in the
earthworms was much higher in the control treatment
compared with the aluminum treatments.
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Figure 3. Effects of aluminum treatments (C-0: 0 mg kg, C-1: 1000 mg kg, C-2: 2000 mg kg™, C-3: 3000 mg
kg-1) and moisture level (M1: 100% soil water capacity, M2: 60% soil water capacity) on the N and aluminum
content (mg kg™) of earthworms. For each factor, columns followed by the same letter are not significantly different

(p=<0.05, Tukey test). Bars indicate standard error.

Moreover, there were no significant differences in
earthworm traits between moisture treatments. The
protein concentration was significantly negatively
correlated with the soil aluminum content (r=-0.957**%*,
»<0.001 and r=0.828***, p<0.001, respectively). The
growth of earthworms was affected by the Al level
(Figure 5); the weight of the earthworms was highest
under the C-0 treatment. Tejada et al. (2010) also
reported that earthworm weights decrease with time and

with an increase in the Al concentration in polluted soil.
Moreover, Zhang et al. (2013) observed that the growth
of the earthworm FEisenia fetida was significantly
increased at the lowest Al concentration, whereas high
Al concentrations retarded the growth of earthworms.
No mortality was observed in soil contaminated with
Al These results are in accordance with those of Tejada
et al. (2010), who studied the toxicity of Al in the
earthworm FEisenia fetida.
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Figure 4. Effects of aluminum treatments (C-0: 0 mg kg, C-1: 1000 mg kg, C-2: 2000 mg kg, C-3: 3000 mg
kg!) and moisture level (M1: 100% soil water capacity, M2: 60% soil water capacity) on the protein content (%) of
earthworms. For each factor, columns followed by the same letter are not significantly different (»<0.05, Tukey test).
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Figure 5. Earthworm weight variation during the experiment (%). For each factor, columns followed by the same
letter are not significantly different (p<0.05, Tukey test). Bars indicate standard error.
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In addition, Zhang et al. (2012) observed that the
survival rate of E. fetida was 80% in 14 days and
60% in 28 days in the presence of 300 mg Al kg'.
Heavy metals influence the growth and mortality of

the earthworms. Garg er al. (2009) reported 100%
mortality in Eisenia fetida and Allolobophora
parva at all concentrations of Cu tested (500, 1500
and 2500 mg kg').(Table 1)

Table 1. Correlation coefficients' between soil properties and earthworm characteristics.

R coefficient

Aluminum in the earthworms x aluminum in soil

pH x aluminum in soil

pH x exchangeable Ca

pH x aluminiumminum in the earthworms

Aluminum in soil x exchangeable Ca

Aluminum in the earthworms x exchangeable Ca

Aluminum in soil x earthworm protein

Aluminum in the earthworms x earthworm protein

0.984***
0.798***
-0.79%**
0.828***
-0.970%**
-0.947%**
-0.957***
-0.953***

'r was calculated using the linear equation. ™", significant at p=0.001.

4. Conclusions

In the current study, the highest aluminum content in
carthworms was observed in the C-3 treatment. There
were no significant differences in soil properties
between moisture treatments. Moreover, there were
no significant differences in electrical conductivity,
cation exchange capacity or total nitrogen between
the aluminum treatments. In addition, the highest
exchangeable Ca content was recorded in the C-0
treatment (control). The aluminum content in the
earthworms was significantly positively correlated
with aluminum content in the soil (r=0.984%*%*,
p<0.001). Moreover, no mortality was observed in
soil contaminated with Al. There were no significant

differences between the aluminum treatments with
respect to the weight of the earthworms. The earthworm
Octodrilus complanatus has been found to accumulate
large quantities of aluminum.
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