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Abstract: In many agroecosystems, agrochemicals are widely used to control crop pests, but often
affect many non-target species of ecological and agronomic interest, such as earthworms. Earthworms
are considered useful indicators of soil contamination. Exposure of these organisms to contaminants
occurs mainly through the large amount of soil ingested, which passes through the digestive tract,
which is closely associated with the coelom and its fluids. In this work, we used the coelomic fluids
of earthworms exposed to copper sulfate and chlorpyrifos to standardize a set of non-destructive
biomarkers useful for assessing the contamination in agroecosystems. Metallothionein concentrations,
acetylcholinesterase inhibition, lysosomal membrane stability, micronucleus frequency, morphometric
alterations, and granulocyte cytoskeleton polymerization were analyzed. The results showed that
all the biomarkers used were detectable in the coelomic fluid. Furthermore, the data obtained
showed highly significant variations for all biomarkers studied, thus demonstrating that the use
of coelomic fluid for biomarker assessment in non-target species offers numerous advantages for
field applications.

Keywords: non-destructive biomarkers; coelomic fluids; earthworm granulocytes; non-target species;
agrochemicals

1. Introduction

When considering human impacts on the biosphere, it is essential to consider agroe-
cosystems. These are ecosystems deliberately modified by human activities and designed
to function as spatially and functionally integrated units dedicated to agricultural produc-
tion [1]. The result is a highly simplified and artificial ecosystem that relies on continuous
human intervention, with biomass production that is periodically harvested and predom-
inantly used outside the system. In recent decades, there has been a growing global
awareness of the need for sustainable economic use of natural resources. Biodiversity
and soil quality are two particularly important elements in sustainable agriculture. In
many agroecosystems, agrochemicals are used extensively to control pathogens that can
affect crops. However, these compounds often affect many non-target species that are
useful for the proper functioning of the agroecosystem. Many studies have shown that the
introduction of agrochemicals into water and in soil can have adverse effects on non-target
organisms, of ecological and agronomic importance, such as earthworms [2-6]. Agrochemi-
cals such as heavy metals (copper) and/or pesticides are also considered environmental
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contaminants that can have toxic effects on earthworms. These chemicals tend to accu-
mulate in the chloragogen tissue, longitudinal and circular muscles, and in the gut [7].
Pesticides are chemical compounds that are known to be lethal to, or have a controlling
effect on unwanted organisms. Most pesticides share the ability to block vital metabolic
processes on their target organisms [8].

Earthworms are a key component of terrestrial ecosystems [9,10] because they can
enhance and improve soil structure and function. Indeed, they contribute to the mainte-
nance of soil fertility, soil aeration, regulation of nutrient cycling, water infiltration, and
stabilization of soil [9,11]. As a result of their close interaction with the “soil system”,
these organisms are, as a consequence, constantly exposed to pollutants from various
anthropogenic activities, including agrochemicals. For this reason, earthworms are often
used as bioindicators in the environmental monitoring of polluted soils, using a series of
sublethal measurements known as biomarkers [11-14].

In ecotoxicology, a biomarker is defined as “a biochemical, cellular, physiological
or behavioral change measured in tissue or body fluid samples, or at the level of whole
organisms, that provides evidence of exposure and/or toxic effects to one or more chemical
pollutants” [9,14,15]. Biomarker responses can be classified as general (aspecific) when they
indicate a broad stress response caused by the combined effects of multiple contaminants,
or as specific when they reflect the effects of a known class of toxicants. Historically, many
studies have focused on tissue biomarkers, often requiring the sacrifice of animals to assess
the effects of contaminants. In contrast, the use of body fluids from organisms allows for
the assessment of toxic effects without the need to euthanize key species, providing a less
invasive approach to environmental monitoring.

Exposure of earthworms to contaminants can occur through contact with the cuticle
of the specimen or through the ingested soil passing thorough the digestive tract [13,16],
which is closely associated with the coelom and the coelomic fluid. For this reason, the
coelomic fluid (or hemolymph) is one of the first targets of toxicants, as contaminants are
deposited in this fluid and then distributed throughout the tissues of the animal. Coelomic
fluid is generally considered to be primarily responsible for humoral immunological ac-
tivities and contains freely migrating cells (coelomocytes) involved in innate immunity
in earthworms [9,10,14]. Currently, the classification of earthworm coelomocytes is not
fully understood, but they can be broadly divided into two populations: chloragocytes
(sometimes referred to as eleocytes) and amoebocytes, which include granulocytes and
hyalinocytes [10,17], with numbers and sizes varying among species [18]. Among the
coelomocytes, granulocytes are the primary cell type involved in the earthworm’s innate
immune response, largely due to their high phagocytic activity [10,19]. Coelomic fluid
analysis can provide information on the overall health of the organism; indeed, several
biochemical markers, such as esterase enzyme activity and metallothionein content, and
cellular biomarkers (lysosomal membrane stability, micronuclei frequency, morphometric
alterations in granulocytes, cytoskeleton polymerization) can be measured in the coelomic
fluid in order to assess the impact of exposure to pesticides and heavy metal-based agro-
chemicals [18,19]. Metallothioneins are low-molecular-weight cysteine-rich metal-binding
proteins that are involved in the regulation of trace metal metabolism and protection
against heavy metal toxicity and oxidative stress [14,19]. Among esterase enzyme activity,
acetylcholinesterase is one of the major enzymes used to detect soil contamination [20].
This enzyme is known to be inhibited by various pollutants such as pesticides and some
heavy metals [21].

The cellular biomarkers examined in this study reflect functional and structural al-
terations in response to chemical stress, providing insight into the health of the immune
system and the overall condition of the earthworm [9,10]. For example, lysosomal mem-
brane stability is a broad stress biomarker that has been widely used to detect the general
stress syndrome due to exposure to both organic and inorganic pollutants in various
bioindicator organisms [9,11,14,15,22]. The morphometric alterations in granulocytes due
to cytoskeletal polymerization are useful to study the effect of pollutants on the cytoskele-
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ton, which has been shown to be a target of various pollutants [9,14,22-24]. In addition,
micronuclei frequency was determined to evaluate the possible genotoxic effects of the
studied contaminants [9,15].

Copper sulfate is one of the most widely used compounds as a pesticide in agricultural
practices [25]. Moreover, its toxic effect is manifested by a non-specific denaturation of
enzymes and proteins; it has the potential to act as a catalyst in the formation of free
radicals, but it also plays a role in increasing reactive oxygen species (ROS) [26]. Copper
sulfate has been found to be detrimental to antioxidant activity and has been documented
to alter the midgut morphology of non-target species [27,28]. Copper sulfate is also known
to induce neurotoxic effects on exposed non-target species, and to disrupt their behavioral
patterns [27-31]. Following copper bioaccumulation, organisms have been reported to
manifest problems typical of Wilson’s disease [32]. Chlorpyrifos is an organophosphate pes-
ticide (specifically an organothioate), that has been widely used in agriculture for decades
to control a variety of pests, including insects that damage crops such as corn, almonds,
cotton, and fruit trees. It works by inhibiting the enzyme acetylcholinesterase, which is
critical to the function of the pest’s nervous system. Despite its efficacy, chlorpyrifos has
raised both environmental and health concerns due to its persistence in ecosystems and its
toxicity to non-target organisms, leading to restrictions and bans in many countries. The
mobility of Chlorpyrifos in soil is generally limited due to its low water solubility (approxi-
mately 1.4 mg/L) and its strong binding affinity to soil particles. The sorption coefficient
(Koc) of chlorpyrifos typically ranges from 600 to 15,000, indicating a high potential for
adsorption to organic matter in soil, which restricts its leaching into groundwater. However,
despite its limited mobility under most conditions, studies have documented its transport
through surface runoff, particularly after heavy rainfall or in soils with low organic content,
resulting in contamination of nearby water bodies. The persistence of chlorpyrifos in soil
and its affinity for organic matter also pose significant risks to non-target soil organisms
such as earthworms [33]. Research has shown that chlorpyrifos can affect the health of
earthworm by inhibiting acetylcholinesterase activity and disrupting immune responses,
making them highly susceptible to its toxic effects [34,35].

The aim of this work was to study the effect of different agrochemicals on different
components of the earthworms’ coelomic fluid, such as circulating cells, proteins, and
enzymes, and to develop a set of non-destructive biomarkers for monitoring the toxicity
of these substances on non-target species. We studied the effect of two model toxicants,
copper sulfate and chlorpyrifos, in the non-target species Lumbricus terrestris by evaluating
general and specific biomarkers in the coelomic fluid obtained by syringe withdrawal.
In this work, metallothionein (MT) concentration, acetylcholinesterase (AChE) activity,
lysosomal membrane stability, micronuclei frequency, morphometric alterations in gran-
ulocytes, and cytoskeleton polymerization were analyzed in Lumbricus terrestris samples
to demonstrate the application of a sensitive, simple, and rapid suite of non-destructive
biomarkers. Lumbricus terrestris was chosen because of its ecological habits and beneficial
effects in soil.

2. Materials and Methods

Chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) at the highest
purity grade. Diff-Quick® staining kit was purchased from Dade Behring (Newark, NJ,
USA). Stock solutions of rhodamine phalloidin (6.6 uM in methanol) were prepared and
stored at —20 °C until ready for use. Technical grade chlorpyrifos-ethyl was obtained from
India Industrie Chimiche SPA (Padova, Italy).

2.1. Experimental Design

A homogeneous batch of sexually mature earthworms (L. terrestris, n = 500) was
obtained from Agri Pet Garden (Conselve, Padova, Italy). The organisms were placed in
10 polypropylene plastic containers (70 x 20 x 31 cm, 50 organisms per container), each
partially filled with 3 kg of soil (10% sphagnum peat, 20% kaolin clay, and 70% air-dried
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quartz sand, pH = 5.6 adjusted to 6.3 with calcium carbonate) [36,37] and acclimated for
2 weeks at 18 + 1 °C, 16:8 h light/dark regime. The soil moisture was maintained at 45% of
the water holding capacity with deionized water [36,37]. During the acclimation period,
the animals were fed with oatmeal. After acclimation, 140 organisms of similar size (wet
weight of depurated, voided gut earthworms: 3.52 & 0.53 g, mean + SE) were randomly
selected for the contact toxicity test (filter paper test) according to OECD guidelines [36].
This method is suitable for studying the effects of highly soluble chemicals in soil interstitial
water [38,39]. Ten replicates of seven polystyrene plastic Petri plates were prepared, each
containing a filter paper moistened with 1 mL of either copper sulfate or chlorpyrifos
solutions at concentrations ranging from 0.01, 0.1, 1, 10, 100 pM to 1 mM, covering European
regulatory limits [40,41].

Reference controls were either deionized water (for copper) or solvent (0.2% DMSO
for chlorpyrifos) used. Each earthworm was washed with distilled water, placed on moist-
ened filter paper, and kept in the dark at 18 &+ 1 °C for 24 h to allow soil residues to be
removed from the gut. One earthworm was then placed in each petri dish, and after
72 h of exposure to either chemical, the animals were weighed separately, anesthetized with
ice, and coelomic fluid was collected by puncturing the post-clitellar section with a hypo-
dermic syringe containing 0.25 mL of saline solution [19]. The coelomic fluid was then dis-
solved in Hank’s Balanced Salt Solution (HBSS) containing 5 mM EDTA and centrifuged at
1000 rpm for 10 min to separate the cells from the fluid fraction. Cells were resuspended in
500 pL of HBSS. Cellular biomarkers were assessed in coelomocytes (granulocytes), while
metallothionein and acetylcholinesterase activity were measured in coelomic fluids.

2.2. Morphometric Analysis

Morphometric alterations of granulocytes were determined by image analysis of cells
stained with the Diff-Quick® kit (Dade Behring, Newark, USA). This staining kit method
has been successfully used to stain mussel hemocytes [22], earthworm coelomocytes [42],
and snail hemocytes [24]. Briefly, 40 uL of resuspended cells diluted 1:1 in HBSS were
applied to a poly-L-lysine coated slide, incubated for 30 min in a humid chamber (16 °C)
and stained using the Diff-Quick® kit [42]. Samples were fixed and stained on slides by
repeated 1 s dips in the three Diff-Quick® kit reagents: Fast Green (fixative) (5 dips), Eosin
G (18 dips), and Thiazin Dye (2 dips), then were washed in distilled water and air-dried
according to the staining protocol [42]. The stained granulocytes were observed with a
light microscope (Eclipse E600, Nikon, Tokyo, Japan) and the digitized images captured
by the camera (TK-C1381, JVC, Yokohama, Japan) were analyzed, using LUCIA® image
analysis software 4.61 (Nikon, Tokyo, Japan). The cell area of the 2D digitized images of
granulocytes (100 cells per sample) images was automatically calculated by the LUCIA®
software 4.61.

2.3. Cytoskeleton Analysis

For cytoskeleton analysis, the same procedure for cell dispensing and incubation
as described in Section 2.2 (morphometric analysis) was followed. After incubation, the
samples were fixed with methanol for 5 min and then incubated in MOPS buffer (MOPS
10 mM, EGTA 5 mM, K,HPO, 20 mM, MgSO,4 2 mM, pH 6.9) with 0.1% saponin for 5 min.
The samples were then treated with 0.33 uM rhodamine phalloidin for 1 h [43]. The slides
were washed three times (5 min each) in MOPS buffer and mounted with coverslips using
an antifade mounting medium. A total of 100 cells per sample were observed under a
confocal laser scanning microscope (DM IRB/E, Leica Lasertechnik GmbH, Heidelberg,
Germany) equipped with a 100 /1.25 NA planar apochromat oil immersion objective, at a
wavelength of 568 nm, using a krypton-argon (Kr-Ar) laser for excitation. Granulocytes
were identified according to the classification of Engelmann et al. [17]. Autofluorescence
did not contribute significantly to the fluorescence signal. Images were analyzed using
LUCIA® image analysis software 4.61 (Laboratory Imaging, s.r.0., Czech Republic) and
fluorescence intensity was calculated for each sample.
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2.4. Lysosomal Membrane Stability

Lysosomal membrane stability was assessed using the neutral red retention assay
(NRRA) [44]. A volume of 40 puL of resuspended cells, diluted 1:1 in HBSS, was applied to
poly-L-lysine-treated slides and incubated in a humid chamber at 16 °C for 30 min. After
incubation, 40 uL of neutral red solution (prepared by mixing 995 uL of HBSS with 5 pL
of neutral red dye solution, following the manufacturer’s instructions, Ikzus, Italy) was
added, and the slides were incubated in a humid chamber at 16 °C for an additional 15 min.
A coverslip was then applied and microscopic observation was performed.

Slides were observed every 15 min for the first hour and every 30 min for the next
two hours. Observations were focused on granulocytes, and the retention time (the time
required for 50% of the lysosomes to release the dye) was determined for each sample.

2.5. Micronuclei Assay

For micronucleus detection, DAPI was used as a fluorescent DNA stain [22]. A volume
of 40 uL of resuspended cells (diluted 1:1 as described above) was applied to poly-L-lysine-
coated slides and incubated in a humid chamber at 18 °C for 30 min. The cells were then
fixed with methanol for 3 min. After removal of excess fixative, the cells were stained with
300 puL of DAPI (0.3 uM, Sigma Aldrich®, Merck, Darmstadt, Germany), and diluted 1:1 in
saline solution for 5 min. At the end of the staining period, excess DAPI was removed, and
the stained cells were mounted with antifade liquid and a coverslip [22]. Approximately
1000 cells per sample were analyzed using fluorescence microscopy.

2.6. Metallothionein and Acetylcholinesterase Activity Measurement

The coelomic metallothionein concentration was determined by the spectrophoto-
metric method [19,45]. Coelomic fluids were homogenized (1:3 vol/vol) in the following
buffer: 0.5 M sucrose, 20 mM Tris-HCl buffer, pH 8.6, added with 0.006 mM leupeptin,
0.5 mM phenylmethylsulphonyl fluoride (PMFS) as anti-proteolytic agents, and 0.01%
-mercaptoethanol as a reducing agent. The homogenate was then treated to obtain a
partially purified metallothionein (MT) fraction by ethanol/chloroform precipitation. The
MT concentration in the samples was quantified by spectrophotometric titration of the
sulfhydryl residues using Ellman’s reagent [46] with reduced glutathione as a standard.
Data were expressed as ug MT/mg protein.

Acetylcholinesterase (AChE) activity was measured in coelomic fluid extracts using
the Acetylcholinesterase Reagent Kit (Ikzus, Italy). Coelomic fluids were homogenized at
1:3 vol/vol in the following buffers: Tris-HCl buffer (0.1 M, pH 7.5, 0.1% Triton-X100) in the
presence of 2 ug/mL leupeptin. The resulting homogenate was centrifuged at 9000 x g for
20 min at 4 °C. The supernatant was collected and used for AChE activity determination.
AChE activity was quantified spectrophotometrically according to the method described
by Ellman et al. [46], adapted to microtiter plate format. Acetylcholinesterase activity was
expressed as nanomoles of product generated per minute per milligram of proteins.

Protein concentration was quantified by the Bradford assay [47] using a NanoDrop
ND-1000 UV-Vis (Thermo Scientific, Waltham, MA, USA) and bovine serum albumin as a
reference standard.

2.7. Statistics

Statistical analysis of the data from the laboratory exposure experiments was per-
formed by one-way ANOVA. Dunnett’s multiple comparison tests were used to compare
the effects of different concentrations of individual agrochemicals. Homogeneity of vari-
ance was tested by Cochran’s test before applying ANOVA. The software used for statistical
analysis was GraphPad Prism™ 2.01 (GraphPad Software, San Diego, CA, USA).

The relationship between the granulocyte morphometric alterations and cytoskeleton
polymerization was also evaluated. To analyze the relationship between morphometric
and cytoskeletal alterations as a function of agrochemical type and concentration, para-
metric measures of correlation were considered. This approach required a Box-Cox type



Environments 2024, 11, 276

6 of 16

transformation [48] to obtain new variables from the original ones, in order to fulfill the AN-
COVA assumptions and to obtain representative information about the variable association
Pearson coefficient. The variable transformations are

A(Cu)

~ y Cyto,Cu 1 ~ _
Ycyto,cu = W/ Xcyto,cu = 10 5. x%yto,Cu' A(Cu) = 0.4242
A(Chlor) 1
~ __ JCyto,Chlor ~ _ 1n—8 .3 B
Yeyto,Chlor = W, XCyto,Chlor = 1077 - XCyto,Chlors A(Chlor) = 0.7071

where ycyto,cur Ycyto,chior 1S the original cytoskeletal alteration for copper and chlorpyrifos,
respectively, while Xcyto,cu, Xcyto,cnior are the original morphometric alterations for copper
and chlorpyrifos, respectively.

3. Results
3.1. Morphometric and Cytoskeleton Data

A significant increase in granulocyte size was observed in exposed earthworms
(Figure 1). The increase was assessed by calculating the area of 2D digitized granulo-
cyte images (Figure 1a). A strong enlargement (about 50%) of granulocytes was found in
earthworms treated with copper sulfate 10 uM (Figure 1b) and the area value underwent a
further increase in size of 35-40% at 100 uM and 1 mM. Different effects on granulocyte area
were found in organisms treated with different concentrations of chlorpyrifos (Figure 1c).
In fact, in chlorpyrifos-treated worms, the first significant increase in area was found after
0.1 uM (20%) and at the subsequent concentration, the increase in area was moderately
regular of about 35-40%. Statistical analysis revealed a significant effect (p < 0.01) of agro-
chemicals on granulocyte enlargement. This effect is strictly related to the pollutant concen-
tration, in fact, the significance increases as the concentration of agrochemicals increases.

400

200

0

a b
1400
e
1200
1000 Hok l
E 800 l
S e00 ik
-
< l
400
200 ]
° [ [ I
0
control 0,01pyM 0,1uM 1uM 10pyM 100pyM 1mM
Copper concentration
20 .
L C 1600 *k
. -
B 2 *k
_ % 1400
1200 e l
E 1000
£ ok
- = 800 l
o
4 I
g 600

control 0,01uM 0,1uM 1uM i0pyM  100pyM 1mM

Chlorpyrifos concentration

Figure 1. Area of two-dimensional digitized granulocyte images in control and treated animals during
the dose-response of exposure experiments (see Section 2 Materials and Methods). (a) Representative
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granulocyte images from control (upper) earthworms and treated (lower) earthworms (100 %, Bar
20 um); (b) copper sulfate exposure; (c) chlorpyrifos exposure. Data are reported as mean - SEM
(n = 80). The statistical significance of data was determined by one-way ANOVA. The homogeneity of
variance was tested by Cochran’s test. Dunnett’s multiple comparison tests were used for comparison
of different concentrations of a single contaminant. * p < 0.05; ** p < 0.01.

The fluorescence intensity of cells labeled with rhodamine phalloidin is directly pro-
portional to the amount of F-actin. Granulocytes showed an increase in fluorescence
intensity when treated with copper and chlorpyrifos. Furthermore, the intensity increases
with the concentration of agrochemicals. In addition, exposed granulocytes showed a
round morphology, with short and blunt filopodia, and an increase in actin polymerization
as evidenced by the increase in fluorescence intensity that increased with agrochemical
concentration (Figure 2a). Copper-exposed granulocytes (Figure 2b) showed a significant
(p < 0.01) increase in fluorescence intensity at a concentration of 10 M. The other significant
increases were found at concentration of 100 uM and 1 mM.

70
b kK
g 60 l
2 5 ok
>
% 40 ok ]
2
£ 30 ]
]
S 2
3 ] ] 1
0 1
¢ 10
o
=
T o

control  0,01pyM 0ApM  1pM  10pM  100pM  1mM

Copper concentration

C
50
- *kk
3 4
X
a 4 -
> 35
2 4 - I
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£ 2 I 1
8 2 l
g I
g l
P 10
I
S s
(o

control  0,01pyM O,1pM  1pM  10pM  100pM  1mM
Chlorpyrifos concentration

Figure 2. Cytoskeleton polymerization. (a) Representative images of granulocytes from control (top)
earthworms and treated (bottom) earthworms stained with rhodamine phalloidin. Images show the
increase in actin polymerization in treated granulocytes with round morphology, short and blunt
filopodia. Arrows indicate polymerization mainly localized in the cell cortex (100X, bar 20 pum),
N = nucleus. (b,c) Fluorescence intensity (pixels) per cell emitted by rhodamine phalloidin-labeled
granulocytes from organisms exposed to copper (b), and chlorpyrifos (c). The measured fluorescence
intensity is specific to the presence of F-actin in the cell. Data are expressed as mean £+ SEM
(n = 80). Statistical significance of data was determined by one-way ANOVA. Homogeneity of
variance was tested by Cochran’s test. Dunnett’s multiple comparison tests was used to compare
different concentration of a single contaminant. ** p < 0.01, *** p < 0.001.

In chlorpyrifos-treated cells, statistical analysis showed a significant increase in fluo-
rescence intensity (p < 0.01) from 1 uM and above. These results reflected a similar trend
obtained by analyzing only the granulocytes’ morphometrical alteration.

Two complementary statistical analyses were performed to quantify the effect of
substance concentration on morphometric variation and cytoskeletal alteration. The role
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of the concentration on the cytoskeletal alteration was studied taking into account the
morphometrical changes as a covariate: this analysis was carried out by ANCOVA, after
appropriate transformations of the variables to satisfy the ANCOVA assumptions. This
first analysis distinguishes between a response (cytoskeleton alterations) and a covariate
(morphometric alterations); the second analysis aims to study these two types of alterations
on the same basis, thus considering them both as responses. After the data acquisition and
variable transformations described above, ANCOVA was carried out. The results of the
studied agrochemicals are presented in Table 1.

Table 1. Summary of ANCOVA estimation on transformed variables. For each metal and concen-
tration, coefficient estimates with associated standard errors (SE) and p-values are reported, along
with the adjusted R? statistics. The adjustment takes into account the complexity (i.e., the number
of explanatory variables) of the model. The information on correlations from ANCOVA and the
corresponding Pearson correlation coefficient are conditional on the fulfilment of certain conditions
(linearity, homoscedasticity, normality of the residuals) that were not met by the original data. The
newly defined variables convey the same information as the original morphometric and cytoskeletal
data, but they also allow the use of ANCOVA after performing the Ramsey RESET test for linearity,
the Breusch—Pagan test for heteroscedasticity, and the Shapiro-Wilk test for normality. * p < 0.05,
*** p < 0.001.

Substance Variable Coefficients
Estimate SE p-Value Adjusted R?
Xcu —0.0285 0.0143 0.050 *
0.01 uM 0.3607 0.3819 0.187
0.1 uM 1.4130 0.4150 0.178
Cu 1M 2.7891 0.4811 0.112 0.6884
10 M 3.3864 0.4898 <1076 ##*
100 pM 4.8089 0.5263 <1076
1 mM 6.4893 0.5683 <1076 ##x
Xchl —0.0185 0.0136 0.178
0.01 uM 0.3350 0.3939 0.397
0.1 uM 0.3414 1.4130 0.821
Chl if -3
orpyrHos 1M 1.4130 1.5184 547 ;10 0.7122
10 uM 12.1024 1.5271 <1076 ¢
100 uM 15.5268 1.5841 <1076 ##*
1mM 15.6622 1.5209 <1076 *¢

The adjusted R? quantifies the coefficient of determination and is related to the mul-
tiple correlation coefficient: the reported values show a high variance explained by the
relationship between cytoskeletal alterations, morphometric alterations, and concentration
for each agrochemical. In this case, chlorpyrifos is associated with the highest adjusted R?
coefficient in Table 1, followed by copper.

3.2. Cellular Biomarkers

To further investigate the cellular effects of the tested agrochemicals, the stability of
lysosomal membranes and the frequency of micronucleus formation were analyzed.

Figure 3a shows the lysosomal membrane stability of Lumbricus terrestris granulocytes
determined during the exposure to copper and chlorpyrifos.
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Figure 3. (a) Lysosomal membrane stability measured on granulocytes by the NRRA method in
animals exposed to agrochemicals. Data are expressed as mean + SEM. Statistical significance of
data was determined by one-way ANOVA. Homogeneity of variance was tested by Cochran’s test.
**p <0.01, * p <0.05. (b) Frequency of micronuclei wasobserved in earthworm granulocytes. Data are
expressed as frequency %o. At least 1000 cells were identified for each condition examined. Statistical
significance of the data (values greater than 5%.) was determined by one-way ANOVA followed by
Cochran’s test. **p < 0.01, * p < 0.05.

It was observed that the lysosomal stability in control organisms showed a neutral
red retention time of 150-180 min on average, a value attributed to organisms in good
health [44] and unaffected by chemical stress events. In the case of organisms exposed to
the different agrochemicals, a significant reduction (p < 0.01) in the neutral red retention
time was observed at the different concentrations of copper and chlorpyrifos.

Statistical analysis showed that exposure had a highly significant (p < 0.01) effect
on lysosomal membrane stability as concentrations increased, with chlorpyrifos having a
greater effect than copper.

To assess possible genotoxic effects of chlorpyrifos and copper, micronucleus counts
were performed. Figure 3b shows the results of the frequency of micronuclei found in the
granulocytes of earthworms exposed to the two chemicals. It can be seen that exposure
to copper at a concentration of 1 mM induces DNA damage with a frequency of 8%o.
In the case of chlorpyrifos, where the frequency increases almost exponentially with the
concentration of the pollutant to which the organisms are exposed, the threshold of 5%,
considered as the reference value above which one can speak of genotoxic effects of the
pollutants, is already exceeded at a concentration of 10 uM and 100 uM with a frequency of
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micronuclei of 6%o. and 9%., respectively. In the granulocytes from individuals exposed
to a concentration of 1 mM, the effects were even more pronounced, as the frequency of
micronuclei found at the highest concentration in the experiment was of 18 %o.

3.3. Metallothionein and Acetylcholinesterase Activity

Figure 4a shows the effect of stress-induced exposure to copper and chlorpyrifos,
respectively, on metallothionein levels in the coelomic fluid. The results, consistent with
studies in the literature, show an induction by copper on the expression of metallothioneins.
Dunnett’s test allowed the detection of interspecific differences between the groups studied.
In the case of copper, no significant effects were found at the lowest concentrations. These
effects became more significant (p < 0.01) as the concentration tested increased. Organ-
isms exposed to chlorpyrifos showed no increase in metallothionein levels at any of the
concentrations tested (Figure 4b).
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Figure 4. (a,b) Metallothionein concentration measured in organisms exposed to copper (a), and
chlorpyrifos (b). (c,d) Acetylcholinesterase activity measured in organisms exposed to copper (c),
and chlorpyrifos (d). Data are expressed as mean + SEM (n = 10). Statistical significance of data was
determined by one-way ANOVA. Homogeneity of variance was tested by Cochran’s test. Dunnett’s
multiple comparison test was used to compare different concentrations of single contaminants.
*p<0.05*p<0.01.

Figure 4c shows the effects of agrochemicals studied on AChE inhibition. It is
known that this enzyme is sensitive to inhibition by carbamate, organophosphate, and
organo-chlorine compounds whose molecular structure is specific to the active sites of
the enzyme, as in the case of some heavy metals [19]. There is a highly significant effect
(p < 0.01) of chlorpyrifos already at the lowest concentrations tested and no effect of copper
(Figure 4c,d). Again, the different responses of the experimental groups were analyzed
using Dunnett’s test.

4. Discussion

This study aimed to investigate the effects of agrochemicals on non-target species,
specifically earthworms, which play a crucial role in maintaining the health of agroecosys-
tems. The choice to study the effects of agrochemicals in earthworms is relevant because
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these organisms are key ecological species, and this phenomenon reflects, among its major
cases, the impact of human activity on agroecosystems [1]. Furthermore, there is limited
information on the toxic effects of pesticides on the health of agroecosystems, and one of
the aims of this work is to demonstrate the feasibility of using these animals as “sentinels”,
with particular attention to the development of non-destructive biomarkers. It is important
to emphasize that all the methodologies developed adhere to the application of the 3Rs: Re-
placement, Reduction, and Refinement [49]. For Replacement, non-destructive biomarker
analysis was performed on collected coelomic fluid and not on whole animals. Indeed,
coelomic fluid is a useful alternative for the assessment of non-destructive biomarker
assessment [11,14,19,42]. The reduction involved the use of a minimum number of ani-
mals, while the experimental design maximized the information obtained from each assay.
Refinement was achieved by minimizing the suffering and stress to the organisms, using
a hypodermic syringe with a very fine needle. The coelomic fluid method of sampling
proved to be non-destructive, as the earthworms that survived after sampling recovered
and were relocated in the culture media under optimal growth conditions. To verify the
usefulness of non-destructive biomarkers, we evaluated the effects of two pesticides on the
exposed sentinel organisms. The set of biomarkers was analyzed in vivo after the collection
of circulating fluids. Coelomic fluid is a biological compartment that can be obtained by
a simple syringe withdrawal. It transports oxygen, enzymes, nutrients, and circulating
immune cells (coelomocytes), which play a fundamental role in the organism’s response to
pathogens and toxicants through various processes, such as phagocytosis, encapsulation,
and coagulation [10,17]. From a toxicological perspective, earthworm coelomocytes are
of particular interest because they circulate in the coelomic fluid and can accumulate and
transport toxicants throughout the animal. Coelomocytes are the cells responsible for
internal defense mechanisms, and any alteration in their function can affect the health of
the organism [9,10,14,17,42]. Therefore, these cells may serve as an early target for the toxic
effects of contaminants.

Calisi et al. [42] reported that, among all coelomocyte types, granulocytes are the main
target of toxicants. In addition, activation of immune system cells induced by chemical
stress has been widely documented [9,10,14,17]. In this study [42], a new general biomarker
was identified by demonstrating that pollutant-induced morphometric alterations in earth-
worm granulocytes can be used as general effect indicators in biomonitoring programs. The
study reported that coelomocytes, and granulocytes in particular, are affected by various
agrochemicals, showing an expansion of the visible area, i.e., a marked increase in size,
coupled with a loss of pseudopodia and subsequent cell rounding. It is hypothesized
that the enlargement of granulocytes is related to the polymerization and redistribution
of the cytoskeleton across cell membranes. The mechanism is likely a defense response to
toxicants, as heavy metals and pesticides are known to alter various metabolic processes
and interfere with membrane transport mechanisms [9,11,14,42]. The resulting effect is cell
swelling caused by an increase in intracellular osmolyte content, with consequent water
influx by osmosis [42].

The morphometric alteration of immune cells has been established both as a biomarker
of general stress as well as in studies of the effects of marine and terrestrial environmental
contamination [22,24,42]. The results of the present study confirm previous findings, as
granulocytes exposed to higher concentrations of toxicants exhibited a globular shape,
increased size, and flattening of the cell surface with short, thickened filopodia. The
loss of the characteristic pseudopodia was presumably caused by the effect of the toxi-
cant on the cell cytoskeleton. Previous studies have shown that agrochemicals and other
pollutants have toxic effects on the cytoskeleton of immune system cells in various in-
vertebrates [23,49,50]. In fact, several authors have reported that chemical contaminants,
including heavy metals, can alter the cellular cytoskeleton by affecting both microfilaments
and microtubules [23,49,51-55]. In addition, the structural organization of the cytoskeleton
is clearly affected by changes in cell volume [22]. Swelling of immune cells can be con-
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sidered a general biomarker, as it has been observed in response to both pesticides and
heavy metals [42].

Potential changes in cytoskeletal actin were quantified by measuring the fluorescence
intensity of rhodamine phalloidin-labeled granulocytes. Fluorescence intensity was used
as an indicator of actin polymerization due to the specific binding of F-actin by phalloidin
which is used to label microfilaments [43]. The significant increase in polymerization
was mainly localized in the cell cortex, or in the region immediately below the plasma
membrane in toxicant organisms. The observed increase in polymerization is highly
significant and suggests that actin polymerization is associated with the early activation of
the immune response to pollutants [49]. Therefore, the increase in intracellular F-actin can
be considered an indication of immune cell activation following oxidative stress caused
by toxicant exposure. The influence of oxidative stress on actin polymerization has been
demonstrated in previous studies [56]. The increase in actin polymerization could therefore
be considered as a general biomarker of chemical stress exposure. Moreover, the activation
of this response appears quite early, as observed within 72 h of acute exposure.

To verify the relationship between morphometric alterations and increased actin poly-
merization, statistical analysis focused on the degree of correlation and its significance
across all concentration levels. This approach provided complementary evidence to the anal-
yses performed at individual concentration levels. ANCOVA was used to measure the corre-
lation between cytoskeletal and morphometric alterations and compound concentrations.

Among the cellular biomarkers studied, lysosomal membrane stability has emerged
as a primary target for toxicants. Both inorganic and organic toxicants tend to accumulate
in lysosomes, leading to membrane destabilization [9,15,44]. Most studies on the effects
of toxicants on coelomocytes have focused on lysosomal membrane stability [44,57-59],
which is commonly used as a general biomarker of chemical exposure. Several classes
of contaminants can lead to the formation of leaky lysosomes, resulting in the release
of hydrolytic enzymes into the cytoplasm and subsequent cellular pathology, possibly
culminating in cell death [60]. In addition, pollutants can interact with lysosomes to
produce additional toxic effects, such as abnormal lipid accumulation or the formation of
lipofuscin, a byproduct of lipid peroxidation [9,61].

The stability of the lysosomal membrane, as indicated by the neutral red dye retention
time, reflects the degree of general stress in the animals. It is known that a state of oxidative
stress can lead to destabilization of the lysosomal membrane via peroxidation of membrane
lipids [14,15,44,59-61]. Other studies report that exposure to either inorganic or organic
pollutants induces the generation of ROS and a consequent increase in lipid peroxidation
(LPX) [62-64]. These effects have also been documented in earthworms [14,65]. The results
showed that lysosomal membrane destabilization occurred in all treated groups compared
to controls, with a more pronounced effect of chlorpyrifos than copper sulfate. This suggests
that pesticides may have a greater effect on membrane destabilization than copper-based
agrochemicals in earthworm coelomocytes [14,42], as has been demonstrated in other
species [66—68].

The micronucleus assay was performed to detect possible DNA damage caused by
contaminants and to assess potential genotoxicity [69,70]. The data showed that different
classes of toxicants had genotoxic effects, with chlorpyrifos causing more significant dam-
age than copper, which induced a slower and milder response. The increased frequency
of micronuclei is a clear indicator of early genotoxic stress induced by the agrochemicals,
providing insight into accumulated genetic damage in immune cells that may affect the
long-term survival of exposed organisms [9].

Enzyme and protein activities are recognized as rapid and prognostic indicators of an
organism’s response to environmental stress, allowing the prediction of pollution effects
at the ecosystem level [9,15,20,69]. Some authors have reported the presence of several
enzymes and detoxifying proteins, such as metallothionein, in coelomic fluids [19,20].
Numerous studies have highlighted the critical role of metallothioneins in detoxification
mechanisms, particularly as chelators of heavy metals [71,72]. Assessment of metalloth-
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ionein content has been confirmed to be a sensitive and effective biomarker for diagnosing
the effects of heavy metal-based agrochemicals, making it an essential component of a non-
destructive biomarker suite for assessing agroecosystem health and monitoring pesticide
effects on target organisms [9,14,15,24].

In order to assess the effects of pesticides, the inhibition of AChE activity was evaluated.
As reported by Sanchez Hernandez [20], this enzyme is found in many tissues, including
the anterior part of the intestine, which is bathed in coelomic fluid. This makes it possible
to measure AChE activity in coelomic fluid. Indeed, in biomonitoring, AChE activity
is included in biomarker sets to evaluate the effects of organophosphate pesticides on
non-target organisms [9,14,21]. Data confirm that AChE activity is an effective biomarker
for specifically detecting the effects of organophosphate pesticides. Furthermore, it can be
included in non-destructive biomarker suites due to its presence in coelomic fluids.

5. Conclusions

The use of coelomic fluid as a biomarker in Lumbricus terrestris offers significant
advantages over traditional whole-body measurements, particularly for field applications.
Given the critical role of coelomic fluid, which contains circulating cells, enzymes, and
detoxifying proteins, this method allows for the possibility of performing multiple assays
on this essential earthworm tissue.

Coelomic fluid can be easily sampled from live animals in their native environment
(after gut depuration) using a hypodermic syringe, eliminating the need for stressful
transport to the laboratory and avoiding the subsequent sacrifice of organisms for the
evaluation of parameters, such as metallothionein levels and acetylcholinesterase activity.

It is important to note that more invasive methods of coelomic fluid extraction could
compromise or alter the activity of cells and enzymes. By choosing the less invasive
hypodermic syringe method, these issues are avoided, ensuring that the organisms are not
harmed, and that cellular and enzymatic activities remain intact.

This non-destructive sampling approach not only meets with ethical guidelines but
also preserves the integrity of the biological markers, making it a valuable tool for environ-
mental monitoring and toxicological studies.
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