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Abstract: Pesticide by-products found in soil are usually more toxic and persistent than the pesticides
themselves. For example, Endosulfan lactone (EL) (a by-product of the organochloride pesticide
endosulfan). EL is created by the enzymatic activity (and related oxidative processes) of microorganisms
in the soil. A sustainable method of EL removal is the introduction of Eisenia fetida earthworm. In
this paper, it will be demonstrated the impact of vermicomposting process related to Eisenia fetida
earthworm on EL by measuring initial and final concentrations of the compound and overall enzymatic
activity in sterile and non-sterile solid substrate over 56 days. As a baseline, it be observed there
were higher EL removals in non-sterile solid substrate (90.86%) at day 5 than in sterile solid substrate
(83.86%) at day 14. In samples with Eisenia fetida, the presence of EL in non-sterile solid substrate
was 36%, however in sterile solid substrate it was only 18% at day 1 and 7, with a maximum enzyme
activity of 0.4659 mmol/mg protein per min at day 7. The evidence found in this study suggests that
EL removal in a non-sterile solid substrate is higher when a vermicomposting is present and that the
influence of microorganisms from the solid substrate with the earthworm, increases removal.

Keywords: cyp450 multienzyme complex; endosulfan lactone removal; enzymatic activity; microor-
ganisms; organochloride pesticides; non-sterile solid substrate; sterile solid substrate

1. Introduction

Endosulfan is acutely toxic and facing a global ban. It has been specially applied for
the control of aphids, beetles, caterpillars, mites, borers, bed bugs, moths, flies, and other
insects in various crops such as coffee, cotton, cereals, tea, legumes, and fruit trees [1]. This
pesticide is harmful to humans and for most animals, showing acute and chronic effects,
even at low concentrations (10-160 mg of endosulfan/kg soil) [2,3]. It was banned due to
its residual nature, high toxicity, persistence, long-distance transport, and bioaccumulation
in fatty tissues [1,4], so it is also part of the Persistent Organic Compounds (POC’s) [5].
Despite the ban and acute environmental impact, some farmers continue to use endosulfan,
which poses a serious threat to food security and human health.

Persistent use of endosulfan generates harmful by-products in the soil such as endo-
sulfan lactone (EL) (CoH4CltO,), which has been identified in soil up to six years after the
first exposure. This molecule is generated by the oxidation of endosulfan (Figure 1) [2-4,6],
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and has a polar structure that makes it toxic, persistent, and bioaccumulative [4]. One
solution is the vermicomposting process, which can aid in the removal of certain POC’s
from soil, add nutrients and stimulate crop production.

Cl

Cl Cl |
~ Cl
Cl | \
\

\\ / ,.Jf‘ —~
\\/ W R \ ~

/

? \-\ //f‘\‘\!"/ 0:/ . ‘/ Cl \
# // Cl N 0° 0= =
0= "N/ Cl Endosulfan-sulfate
Endosulfan
Cl
Cl -
~N G (
W i
o~ 4
0 L /
\— /
Cl \ 0-C—
/ Cl H 1]
00— o}
" Endosulfan-diol Endosulfan-hydroxycarboxylic acid
Cl
Cl | Cl
- [
\ N
\\\\/’ Cl \N /
~ ///‘\:)\x //‘l,\/»\\ Cl
— \ / — \
[ \ ) /] R — \ 7]
()/ /\)//". n ’{\ - d \‘-\’ - %’\\\/
NS Cl N !
T Cl ” |
H 0 ?
Endosulfan-hydroxyether Endosulfan-lactone

Figure 1. Degradation of endosulfan pesticide to endosulfan lactone by-product.

Vermicomposting is a low-cost eco-technological process that stimulates the bio-
oxidation, degradation, and stabilization of organic residues in soil via the joint action of
earthworms and microorganisms [5,7,8]. This efficient technological process can convert or-
ganic waste and contaminants into value-added products for ecological soil restoration [9].

The vermicomposting process (Figure 2) has three stages. In the first stage, the waste
materials decompose by means of microorganisms (generally bacteria) working in tandem
with earthworms. The two produce a homogeneous mixture of the substrate, which aerates
and facilitates degradation in the soil. In this stage, the temperature begins at approximately
15 °C, however it increases due to the energy (metabolism) generated by the process, this
increases of temperature (up to 50 °C) give way to the second stage called digestion. In the
digestion phase, degradation of simple and semi-complex organic wastes in the substrate
begins, with the help of some fungi, actinomycetes, and some derivatives of the digestive
tract of the earthworm [10]. In the last stage, maturation and cooling, the rocky aggregates
are stabilized, creating a homogeneous final product with fine granulometry.
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Figure 2. Vermicomposting process in the solid substrate.

Earthwormes, such as Eisenia fetida (common names such as redworm, brandling worm,
panfish worm, trout worm, tiger worm, and red wiggler worm), promote the removal of
POC’s such as polycyclic aromatic hydrocarbons (PAH’s) [7] and polychlorinated biphenyls
(PCB’s) [8]. Eisenia fetida also feed on organic matter and contaminants present in the
soil, improving its structure and aeration [9]. Making use of adsorption and absorption
processes within vermicomposting, the interaction of the contaminant with the substrate
and the earthworm is increased.

2. Materials and Methods
2.1. Chemicals

Endosulfan lactone and 6f3-hydroxytestosterone were used as analytical standard
(purity > 99%), provided by Sigma-Aldrich (St. Louis, MO, USA). Testosterone was pro-
vided by Bayer® (Ciudad de Mexico, Mexico). Molecular marker Precision Plus Protein
(10-250 kD) was provided by Bio-Rad Laboratories (Ciudad de Mexico, Mexico). Acetoni-
trile, methylene chloride, acetone, and methanol were HPLC grade (purity > 99.9%) and
provided by Sigma-Aldrich (St. Louis, MO, USA). Potassium phosphate, magnesium chlo-
ride, glucose-6 -phosphate, glucose-6-phosphate dehydrogenase, and NADPH were gradient
grade provided by Sigma-Aldrich (St. Louis, MO, USA). Coomassie blue G250 and SDS were
electrophoresis purity and provided by Bio-Rad Laboratories (Mexico). Glycine and Tris-base
were electrophoresis purity and provided by Sigma-Aldrich (St. Louis, MO, USA).

2.2. Raw Material and Solid Substrate

Rabbit manure used in this study was collected from a rabbit farm located in Tuxtla
Gutiérrez, Mexico (latitude 16°45'11” N and longitude 93°6'56” W). It was dried and
milled to particle diameter (0.144 mm). Peat moss was a commercial product, obtained
from Promix Canadian Sphagnum (Quebec, QC, Canada); it was milled to particle diam-
eter (0.144 mm) and used as support for the earthworms. The solid substrate used was
composed by 85% peat moss and 15% pre-dried and ground rabbit manure [8].

Earthworms (Eisenia fetida) were obtained from the Luanda Ranch, located in the
municipality of Ocozocoautla de Espinosa, Mexico (latitude 16°45'41.26"” N and longitude
93°22/32.35" W). Prior to the research, earthworms were matured in peat moss and rabbit
manure for 2 months. Subsequently, adult earthworms with developed clitellum (sexually
mature) were selected for the experiment.
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2.3. Physicochemical Characteristics of the Solid Substrate and Vermicompost

The solid substrate and vermicompost were analyzed according to the Official Mexican
Environmental Regulations [11]. Parameters measured were pH, moisture, inorganic
nitrogen, total nitrogen (TN), real density, and organic matter [11]. The total organic
carbon (TOC) was determined by the method of Walkley and Black [12] and C/N ratio was
determined according to that reported by Duran and Henriquez [13]. All the tests were
performed by triplicate.

2.4. Removal Process

The experimental units were 1 L amber glass jars with 50 g of solid substrate (85%
peat moss and 15% rabbit excreta), covered with a cotton cloth to promote aeration. The
humidity was adjusted to 70% with distilled water. Three concentrations of EL (determined
by mean lethal concentration (LC50) [14,15]) and two quantities of earthworms were used.
Units were kept at a constant ambient temperature of 25 °C 4 2 °C in a closed room with
natural light. Every third day the substrate was manually homogenized, taking care not to
stress the earthworms of each experimental unit. The removal process was carried out using
solid substrate under non-sterile and sterile conditions; solid substrate sterilization was done
according to the technique proposed by Pefaloza et al. [16] with slight modifications. Briefly,
autoclave sterilization at 121 °C at 15 Ib pressure for 20 min, three consecutive days. The
test was performed for 56 days, the EL removal was measured on days 0,1, 3, 5, 7, 14, 28,
and 56 within solid substrate and earthworms, analyzed using a simple ANOVA (p < 0.05)
and Tukey HSD method by triplicate. It should be mentioned that on each sampling day;,
the flasks of that day were taken and the substrate was separated from the earthworm for
subsequent analysis in HPLC-UV; no new substrate was applied to any bottle.

The determination of EL in the solid substrate was carried out in accordance with
that described by Li et al. [17] and Vazquez-Villegas et al. [18,19] with slight modifications.
Briefly, 12 g of substrate with 75 mL of acetonitrile and 120 min of rotary agitation at
175 rpm. Determination of EL in earthworm was carried out in accordance with that
reported by Mosleh et al. [20] and Aguilar-Vazquez [21] using methylene chloride:acetone
(5:1) with 2 g of sample and 120 min of rotary agitation at 175 rpm, washing three times
and centrifuging at 9500 rpm for 5 min at 4 °C. Both supernatants were used for high
performance liquid chromatography analysis coupled to UV (HPLC-UV) [16,17]. The EL
removal efficiency was determined using Equation (1) [22].

Removal (%) = M x 100 1)
[ELJ;
where [EL]; is initial endosulfan lactone concentration, and [EL]; final endosulfan
lactone concentration.

2.5. Optimization to EL Removal

For the optimization of the removal process a 32 response surface design with by
triplicate was used, with 27 experimental units; the results were analyzed through a multi-
factor ANOVA design using the statistical software STATGRAPHICS Centurion XVI ®, as
shown in Table 1.

Table 1. Factors used in the optimization of endosulfan lactone removal.

Endosulfan Lactone (mg/kg) Earthworm (Number)
0.001 0
0.004 5

0.009 10
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2.6. Enzyme Activity Measurement

Once the removal process was analyzed and optimized, earthworm enzyme activity
was evaluated during the 14 days of the experiment. This was achieved by exposing the
earthworms’ microsomes to 0.004 mg endosulfan lactone/kg solid substrate. The results
were derived from the LC50 in artificial substrate tests [13] over 14 days taking samples on
days 3, 5,7, and 14 and as a control the results of day zero (0 mg/kg). First, the amount of
protein was measured based on the method of Folin-Lowry [23]. Then, the microsomes
were obtained based on the methodology of Zhang et al. [24] and Cao et al. [25] with
slight modifications. Briefly, the activity of the subunit of the cytochrome P450 (CYP450)
CYP3A4 multienzyme complex was determined as an activity of 63-hydroxystestosterone
having testosterone as a substrate, this being the most used as hydroxyl are available for
enzyme coupling.

The incubation system (200 pL) contained 60 uM testosterone, 3.3 mM MgCl,,
0.2-0.5 mg/mL microsomal protein, 3.3 mM glucose-6-phosphate, and 0.4 U/mL glucose-6-
phosphate dehydrogenase and it was maintained at pH 7.4 with 0.1 M potassium phosphate
buffer. The negative control was prepared without microsomal protein. The mixture was
pre-incubated at 30 °C for 5 min. The reaction was initiated by the addition of 1 mM of
NADPH (serving as an H" donor) and was terminated by the addition of 100 uL of ice-cold
methanol after a 30 min incubation. The samples were centrifuged at 10,000 rpm for 15 min
and the aliquot of the supernatant was injected directly for HPLC-UV analysis.

The testosterone and 6(3-hydroxytestosterone were quantified at 254 nm, using a
HPLC-UV (Agilent, Santa Clara, CA, USA) by the following conditions: C18 reverse phase
column (5 pm x 4.6 mm x 250 mm); mobile phase A of methanol-water-acetonitrile
(39:60:1, v/v) and mobile phase B of methanol-water-acetonitrile (80:18:2, v/v); flow rate
of 0.7 mL/min for 30.5 min at a rate of 50% A and 50% B, and 52 min at a rate of 30% A
and 70% B.

2.7. SDS-PAGE Electrophoresis

The sodium dodecyl polyacrylamide gel electrophoresis (SDS-PAGE) was used to
determine the approximate molecular weight of the microsomes obtained from the earth-
worms exposed to EL, which according to Li et al. [17] refers to cytochrome P450, whose
expression is higher due to the presence of external stressors such as POPs and whose
molecular weight can be corroborated with this technique. The SDS-PAGE was performed
following the methodology described by Laemmli [26] and Li et al. [27], with slight modifi-
cations. Briefly, the separating gel was 15% and the stacking gel was 4%. Electrophoresis
was carried out in a mini-Protean electrophoresis chamber. The gel was stained with
Coomassie 1%. The electrophoresis conditions were the following: 80 V for 60 min and
50 V for 60 min using a 1x running buffer (Tris/Glycine/SDS). The obtained standards
were compared with the standard (molecular marker).

3. Results and Discussions
3.1. Physicochemical Characteristics of Solid Substrate and Vermicompost

Use a solid substrate increased the availability of nutrients, organic matter, and
microorganisms for vermicomposting, and thus created substrates similar to clay soil and
sandy soils. Further, the solid substrate simulated a neutral environment for the growth
and development of earthworms without any external stressor (other than the contaminant
in question).

The physicochemical parameters shown in Table 2 refer to the solid substrate and the
vermicompost made after 56 days. By then, earthworms already fed on the substrate and
excreted vermicompost. The results demonstrate that vermicompost can be used in 1:1
ratio with standard agricultural soil to increase the availability of nutrients and provide
optimum soil for plant growth on agricultural land, this being a sustainable alternative to
increase the richness of the soil.
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The solid substrate has less humidity in relation to the vermicompost, because the
solid substrate is adjusted to 70% humidity to allow earthworms to take the necessary
nutrients from it and have better mobility. Regarding pH, both the solid substrate and
the vermicompost have a neutral or slightly basic pH. That is because earthworms can
stabilize the pH of the food they eat, due to the fact that they secrete calcium carbonate
which balances the soil’s pH [13].

The solid substrate contains a high content of inorganic nitrogen (48 mg/kg), present
in the form of nitrates, nitrites, and ammonium. These are absorbed by plants and are
part of plant nutrition. So, it is related to the total nitrogen content (0.25%), present in the
form of proteins, amino acids, etc. These not only forming part of the soil, but also the
microorganisms that inhabit it [28]. In turn, the microorganisms help in the formation of
vermicompost. As for the content of organic matter, it is related to nitrogen content. That
is, if the nitrogen content is high, the organic matter is high; this may be due to external
factors such as atmospheric temperature and excess moisture which, favor the availability
of microorganisms, which is completely related to the removal process of this research.

Table 2. Physicochemical characteristics of solid substrate and vermicompost.

Parameter

Solid Substrate Vermicompost Reference Values References

Moisture (%)

36 £ 5.6 92+ 2.6 -

pH

Strongly acidic (<5.0)
Moderately acidic (5.1-6.5)
Neutral (6.6-7.3)
Moderately alkaline (7.4-8.5)
Strongly alkaline (>8.5)

6.9 £ 0.08 7.3 £0.02

NInorganic (mg / Kg)

Very low (0-10 mg/Kg) [11]
Low (10-20 mg/Kg)

Medium (20-40 mg/Kg)
High (40-60 mg/Kg)

Very high (>60 mg/Kg)

48+19 56 +5.8

NTotal (0/ 0)

Very low (<0.05%)
Low (0.05-0.10%)
Medium (0.10-0.15%)
High (0.15-0.25%)
Very high (>0.25%)

0.25 £ 0.002 0.30 + 0.008

Real density (g/cm?)

Very low (<2.4)
Low (2.4-2.60)
Medium (2.60-2.80)
High (>2.80)

1.05 + 0.006 1.19 + 0.006 [29]

Organic matter
(0/0) a

Very low (<0.5%)
Low (0.6-1.5%)
Medium (1.6-3.5%)
High (3.6-6.0%)
Very high (>6.0%)

73 £034 10.9 £ 0.26

[11]

TOC (%)

7.48 + 0.26 14.15 £+ 0.69 -

C/N

C/N low (<10)

29.92 47.17 C/N high (>25)

[13,30]

2 The organic matter was analyzed using the Walkley and Black [12] methodology, in which between 70% and 84% of the total organic carbon is
detected, so it is necessary to introduce a correction factor of 1.298. Each value represents the mean of 3 replicates + standard deviation.

Vermicompost has a high nitrogen content (0.30%), which improves the availability of
nitrogen in the soil for plants and is related to the theoretical obtaining of organic carbon

values (14.15%) as a carbon/nitrogen (C/N) ratio that indicates the potential of the soil to

transform organic matter into mineral nitrogen.
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The Environmental Protection Agency (EPA) [31], recommends the use of soils with
a C/N ratio of 50 to 100 for the biodegradation of soils contaminated with hydrocarbons,
because higher amounts of carbon more efficiently aid assimilation of pollutants by soil
microorganisms [32]. The vermicompost obtained from solid substrate vermicomposting has
a C/N ratio close to that required by the EPA, which suggests that it is a viable option for the
use of bioremediation of contaminated soils and removal of contaminants such as EL.

3.2. Non-Sterile Solid Substrate
3.2.1. Endosulfan Lactone Removal on Non-Sterile Solid Substrate

The EL removal percentages obtained in non-sterile solid substrate throughout the
days of sampling are observed in Figure 3; in which it can be seen that the removals are
<20% for zero earthworms this percentage is due to the presence of microorganisms in the
substrate. Substrate with 5 and 10 earthworms had greater removal on day 5 (85-95%) for
the three concentrations used. There is no significant statistical difference on days 7 and 14
for 5 and 10 earthworms in the concentration of 0.004 mg/kg (Figure 3B) and 0.009 mg/kg
(Figure 3C); however, there was a statistical difference in concentration of 0.001 mg/kg
(Figure 3A). As of day 14, removal decreases without statistically significant difference
for 5 and 10 earthworms at the concentration of 0.009 mg/kg (Figure 3C); however, there
is a significant statistical difference between 5 and 10 earthworms at concentrations of
0.001 and 0.004 mg/kg on days 28 and 56 (Figure 3A,B). For the three concentrations, the
removal increases slightly in the samples without earthworms at day 56, which may be
due to the composting process carried out by the microorganisms of the substrate. That
said, EL removal is greater in samples containing earthworms. One reason being that
the earthworms form grooves in their mid-sections where they are aerating and mixing
the soil. These grooves improve the availability of nutrients for the microorganisms and
for themselves.

The results of the natural removal process are variable since it is a system with living
organisms and changing conditions. In this investigation, external factors such as temperature,
humidity and light were controlled. As a result, we found each individual organism behaved
differently; however, similar behavior was observed in groups of 5 to 10 earthworms.

Coutifio-Gonzalez et al. [33], evaluated the removal of anthracene using Eisenia fetida
and found a removal of 41% and 93% in earthworm’s experiments, over 70 days, thus
demonstrating how earthworms effectively accelerates the removal of contaminants in soil,
conditioning the substrate and altering the biological activity.

Earthworms also stimulate microbial activity through the excretion of degradable
carbon. Microbial activity in turn accelerates the degradation of organic matter, which
ultimately assists in the removal of contaminants (and the degradation products from
contaminants) from the soil [9].

Moreover, Ali et al. [34], evaluated the removal of endosulfan o and (3, using a plant
residue compost using a continuous large-scale rotary drum composter, having 84.95% and
83.20% removals for endosulfan  and 3 respectively at eight days. They had a microbial
consortium that included Bacillus sp., Pseudomonas sp., and Lactobacillus sp. and concluded
that the removal technique is capable of eliminating organochlorine pesticide compounds
from vegetables because the synergy of composter and microorganisms accelerates the
removal of contaminants.

Combined with this research, it has found microorganisms working together with
earthworms do an excellent job in a short time (56 days) of removing contaminants. Addi-
tionally, the application of this EL removal process helps in bioremediation of contaminated
soils where pesticide products remain for more than 10 years and are difficult to remove.

Examples of microorganisms that could be involved in the removal process would
be Rhodococcus strains, specifically Rhodococcus MTCC 6716, extracted from the Metaphire
posthuma worm, which has been able to degrade endosulfan to 92.58% in 15 days [35],
Pusillimonas sp. JW2 and Bordetella petrii NS strains, isolated of endosulfan contaminated en-
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vironments, having more than 95% degradation of endosulfan to alpha and beta endosulfan
in an in-situ bioremediation [36].
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Figure 3. Endosulfan Lactone (EL) removal (%) on non-sterile solid substrate with (A) 0.001 mg/kg,
(B) 0.004 mg/kg and (C) 0.009 mg/kg for zero (A), five (M) and ten (e) earthworms.
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3.2.2. Endosulfan Lactone in Earthworm

It was essential to evaluate the presence of EL in the earthworm, in order to evaluate
the effect of the contaminant on Eisenia fetida. An important factor was the route of entry of
the pollutants into the earthworm, either through its tegument or its gastrointestinal tract.
The phenomenon of adsorption is greater in the tegument than gastrointestinal tract [37].

Analyzing the presence of EL in earthworms (Figure 4), it can be observed that the highest
concentration is found on day 1, decreasing as the days pass without statistically significant
difference between 0.001 mg/kg and 0.004 mg/kg and between 5 and 10 earthworms.
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Figure 4. Endosulfan Lactone (EL) concentration for 5(l) and 10(e) earthworms in non-sterile solid
substrate with 0.001 mg/kg (M, ), 0.004 mg/kg (M, ¢) and 0.009 mg/kg (M, e).

From day 1 to 3, earthworms go through an adaptation process in which they consume
the largest amount of substrate. This is due to stressor agents found in the environment
(for example EL) and simply trying to survive. Next, earthworms begin to excrete vermi-
compost, which is reported as a nutritious organic fertilizer, rich in micronutrients and
microorganisms beneficial to the soil such as nitrogen fixing bacteria and actinomycetes,
as well as some growth hormones [38]. As of day 5, the earthworms begin to perform
removal functions that are conducive to the removal of persistent organic compounds,
which create synergy between the earthworms, their functions, and their excreta, as well as
the properties and microorganisms contained in the substrate. Earthworm dejections have
a very large microbiota richness, with about 2 x 10'? colonies/g of humus produced [13].

It should be noted that, Kauschke et al. [39] and Bilej et al. [40] reported the celomic
fluid of earthworms (a by-product of their immune system, which can be stimulated by
external stress), can act in two ways: (a) Eliminating any substance by phagocytosis, that is,
encapsulating the component in question for its subsequent excretion to the environment;
(b) Increasing the enzymatic activity to transform the pollutant molecules into more polar
ones that can be exploited by the microorganisms of the digestive tract of the earthworm
or those found in the environment in which it lives.

This process can be stimulated in earthworms when affected by EL.

3.3. Sterile Solid Substrate
3.3.1. Endosulfan Lactone Removal on Sterile Solid Substrate

EL removal percentages found in sterile solid substrate shown in Figure 5. Notice that
removal is less in the first three days; however, it increases from day 5 for 5 and 10 earthworms
and for 0.004 mg/kg (Figure 5B) and 0.009 mg/kg (Figure 5C), with no statistically significant
difference. Removal otherwise occurs in the concentration of 0.001 mg/kg (Figure 5A) where
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the maximum removal is obtained at 7 days with 10 earthworms having significant statistical
difference between day 7 and 14 and between 0, 5, and 10 earthworms.
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Figure 5. Endosulfan Lactone (EL) removal (%) on sterile solid substrate with (A) 0.001 mg/kg, (B)
0.004 mg/kg and (C) 0.009 mg/kg for zero (A), five (M) and ten (o) earthworms.
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The maximum EL removal occurs between days 5, 7, and 14 with 78% removal. In
experiments without earthworms, removal is observed, having the maximum at day 5
(35%) and a statistical difference with respect to the remaining days. For days 28 and 56
the removal decreases without statistically significant difference for 5 and 10 earthworms.
This suggests that from day 1, earthworms colonized the medium with microorganisms
from their gastrointestinal tract which assists the removal process.

3.3.2. Endosulfan Lactone in Earthworm

In Figure 6 the presence of EL in earthworm in sterile solid substrate is shown. It can
be observed that the highest final concentration is found with 10 earthworms and at the
initial concentration of 0.009 mg/kg without statistically significant difference on day 7.
For initial concentrations of 0.001 mg/kg and 0.004 mg/kg, the final concentrations found
are lower compared to those of the solid substrate non-sterile (Figure 4), this is due to the
fact that the earthworm does not ingest the same amount of substrate. That is because
the number of microorganisms increase as the experiment continues, thus speeding up
vermicomposting process.
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Figure 6. Endosulfan Lactone (EL) concentration for 5(l) and 10(e) earthworms in sterile solid
substrate with 0.001 mg/kg (M, ), 0.004 mg/kg (M, ¢) and 0.009 mg/kg (M, ).

3.4. Optimization of Endosulfan Lactone Removal

The results of the experimental design response surface 32, are given as a result of the
optimum value for removal (90.86%), which was just on day 5, with 0.009 mg EL/kg and
eight earthworms. This can be seen in Figure 7, represented by an asterisk.
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Figure 7. Representation of the response surface using the contour plot for endosulfan lactone
removal on day 5 in non-sterile solid substrate.
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The second order polynomial model generated is

OR(%) = 455192 — 215.485 [EL] + 16.5857 [EW] + 254.861 [EL]* — 9.4625 [EL][EW] — 0.5223 [EW]’R> = 97.57%.

where OR is the optimum removal, [EL] is the endosulfan lactone concentration and
EW is the number of earthworms.

Villalobos-Maldonado et al. [8] evaluated the removal of decachlorobiphenyl using
Eisenia fetida and non-sterile conditions, finding a removal of 95.38% in the first seven
days of the experiment, without showing a statistically significant difference between the
use of three or five earthworms per experimental unit from an initial decachlorobiphenyl
concentration of 200 mg/L. This means that the use of earthworms with microorganisms in
the environment where the vermicomposting process is performed, having immersed to the
contaminant, play an important role in the process of removal of COPs as polychlorinated
biphenyls or pesticides, regardless the use of three or five earthworms.

The optimum removal (%) generated by the experimental design for sterile solid
substrate was 83.86% on day 14 with 10 earthworms and 0.0045 mg/kg endosulfan lactone
which can be seen in Figure 8 with a diagram of response surface contours.
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Figure 8. Representation of the response surface by contour plot for endosulfan lactone removal on
day 14 in sterile solid substrate.

The second order polynomial equation was

R(%) = —22.4114 — 187.693 [EL] + 8.874 [EW] — 159.657[EL]* — 2.29083[EL][EW] — 0.492967 [EW]*R? = 91.74%.

The presence of microorganisms in non-sterile solid substrate generates higher re-
moval percentages, in less time, compared to the sterile solid substrate.

3.5. Enzymatic Activity

For the enzyme activity, the amount of protein present in the extracted microsomes of
exposed earthworms to the EL was evaluated; the results are shown in Figure 9.

On day zero no significant statistical difference was found in the amount of Eisenia
fetida protein in experiments with or without endosulfan lactone. However, on days 7
and 14 a difference was found between the negative control and experiments containing
endosulfan lactone (0.004 mg/kg), observing the increase at day 7.

Similar behavior is observed in the polyacrylamide gel (Figure 10): in the negative
control (zero days) the bands corresponding to cytochrome P450 are not observed, while at
3, 5,7, and 14 days of substrate exposure with 0.004 mg/kg is a protein of approximately
50-37 KDa similar to the molecular weight of cytochrome P450, specifically the CYP3A4
subunit [25,41]. It is important to clarify that in this protein extract, in addition to CYP450,
other enzymatic proteins that can be found in the earthworm, such as superoxide bismutase,
glutathione S-transferase, and catalase [42]; lumbrokinase and aldehyde dehydrogenase
(among others) are related to earthworm metabolism [43]; in addition to some CYP450 sub
units such as CYP1A2, CYP2E1, and CYP3A4 [44].
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Figure 9. Amount of protein (mg/L) in Eisenia fetida exposed to endosulfan lactone in solid substrate
at0, 3, 5,7, and 14 days. Lowercase letters indicate the statistically significant difference (p < 0.05) for
each day of exposure and uppercase letters indicate the statistically significant difference (p < 0.05)
between concentrations.
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Figure 10. Sodium dodecyl polyacrylamide gel electrophoresis (SDS-PAGE) electrophoretic pattern
of microsomes extracted from Eisenia fetida exposed to endosulfan lactone in solid substrate. M
(molecular marker), BSA (bovine serum albumin), 3 (earthworms exposed for 3 days), 5 (earthworms
exposed for 5 days), 7 (earthworms exposed for 7 days), 14 (earthworms exposed for 14 days), and C
(control at 0 days exposition).

Some authors [45,46] have evaluated the presence and activity of the cytochrome P450
subunits in Eisenia fetida exposed to various polluting organic compounds and heavy metals
and mention that the expression of this multienzyme complex is higher when the exposure
occurs for the first time, However, when the process continues for more than 30 days, a
process of adaptation of the earthworm to the exposure of the contaminant is achieved.
Similar to the results found in this research, cytochrome is not only expressed when there
are dangerous chemical compounds, but also in inorganic molecules that represent a danger
to the environment, thus highlighting the diversity of action of the earthworm Eisenia fetida
and its ability to help with microorganisms to remove POCs.

The corresponding kinetic parameters are shown in Table 3; in which it is observed that
the enzymatic activity increases with respect to the control when Eisenia fetida is subjected to
LC50 in solid substrate. The value of Km with respect to the control increases on the days of
sampling, showing greater value of Km at day 3, but having a lower affinity of the enzyme
for the solid substrate. This may be due to the earthworm being immersed in a substrate
that serves as support for its survival, but not as food. This solid substrate could contain
certain microorganisms that are influencing the participation of other microorganisms-related
enzymes; although this was not so in the qualitative test of SDS-PAGE (Figure 10).
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Table 3. Kinetic parameters of the cytochrome P450 enzyme complex in Eisenia fetida exposed for

14 days.
sampi n By

ys) (umol/min) (umol) Per min)
0 0.0155 e 0.7274 e 0.2087 e
3 0.0187 d 3.0458 a 0.2518 d
5 0.0233 ¢ 2.7540 b 0.3138 ¢
7 0.0346 b 2.5489 ¢ 0.4659 a
14 0.0502 a 2.0157 d 0.3730 b

Letter (a, b, ¢, d, e) are significantly different (p < 0.05).

Enzymatic activity is greater at day 7, with a statistical difference compared to the
remaining days (Table 3) and especially with regard to the control (day zero). Similarly,
relative enzymatic activity peaked at day 7 (Figure 11), including a significant statistical
difference across the remaining days.

w
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Figure 11. Relative enzyme activity (measured with respect to control), during 14 days of exposure.
Lowercase letters indicate the statistically significant difference (p < 0.05) for each day of exposure
and uppercase letters indicate the statistically significant difference (p < 0.05) between concentrations.

These results help explain why earthworms are able to adapt to very different and
widely contaminated soils. They also show how earthworms provide important data for
ecotoxicology studies, since they function as biomarkers of contaminated soils. Earthworms
also signal the presence of enzymes that facilitate biodegradation and biotransformation of
contaminants. This is due to the higher protein expression compared with the control and
the highest enzyme activity when the earthworm is in a contaminated medium. However, it
should be noted that earthworms do not act alone, but also in tandem with microorganisms
in the substrate, those in the digestive tract of the earthworm and those that are excreted
into the environment. All of which form vermicompost and removing POCs.

4. Conclusions

The vermicomposting system using Eisenia fetida was significant for the removal of
endosulfan lactone in solid substrate.

The non-sterile solid substrate favored the endosulfan lactone removal process. How-
ever, in sterile solid substrate there was removal, demonstrating that earthworms and
microorganisms play an important role in these processes, because they improve the
conditions in the solid substrate through soil mixing and oxygenation.
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The presence of cytochrome P450 multienzyme complex is an indicator of the presence of
contaminants in the solid substrate, due to the increase in enzymatic activity in Eisenia fetida.

By measuring final concentrations in the substrate and in the earthworm, it has found
the vermicomposting process can be a sustainable alternative for the removal of EL in the
substrate. Further, it was found an optimal removal percentage so that the process could
be standardized and applied on agricultural soil with remaining by-products derived from
the endosulfan pesticide.
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