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Introduction 18 

 In the last few decades, soil pollution has vastly increased owing to the intensive industrial and agricultural 19 
activities, overpopulation, urban waste and atmospheric deposition causing decrease in soil fertility, modification of soil 20 
structure, disturbance flora and fauna balance in the soil, accumulation of pollutants in the crops, and contamination of 21 
groundwater [1-3]. These chemical pollutants include heavy metals, pesticides, herbicides, ammonia, petroleum 22 
hydrocarbons, polychlorobiphenyl, dibenzo-p-dioxins/dibenzofurans, nitrate, mercury, and naphthalene [4,5]. Globally, 23 
petroleum-related activities have raised concerns about the adverse effects of contamination of petroleum products on the 24 
environment [6]. Petroleum hydrocarbons are of environmental interest because they are toxic to the human system, plants, 25 
and animal resources. Hitherto, they pervade the environment beyond the localities of petroleum exploration and 26 
production activities due to storage, disposal, and other handling activities during which contamination of the environment 27 
sometimes occur [3,7]. 28 

Petroleum hydrocarbons do not decompose easily and do not disappear from the soil even if their sources to the 29 
environment are contained or restricted. Therefore, their effects on soil organisms and decomposition processes persist for 30 
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many years. Soil pollution by petroleum hydrocarbons usually originates from spills or leaks of storage tanks during fuel 31 
supply and discharge operations. Petroleum hydrocarbons include aliphatic and aromatic compounds; some of them are 32 
known or suspected human carcinogens and are classified as priority pollutants [8,9]. However, due to the increasing 33 
concern about petroleum hydrocarbons pollution of soil, there is an increasingly international and scientific interest in 34 
monitoring and assessment of soil pollution. The old-style approach to soil pollution assessment, based on the analysis of 35 
the concentrations of pollutants in the soil and comparison with specific threshold values, does not indicate deleterious 36 
effects of contaminants on the biota [10]. For these reasons, new biological approaches to soil monitoring, such as the 37 
measurement of biochemical and cellular responses to pollutants (biomarkers) on organisms living in the soil (bioindicators), 38 
have become of major importance for the assessment of the quality of this environmental compartment [11]. 39 

Biomarkers can be used as a complementary approach to standard toxicity tests to examine the effects of 40 
contaminant toxicity on living organisms at earlier stages and lower concentrations [12]. It has been reported that the 41 
contaminant stress in living organisms often results in the production of reactive oxygen species (ROS). The overproduction 42 
of ROS such as hydrogen peroxide (H2O2) and superoxide radicals cause oxidative stress and produces useless molecular 43 
debris and sometimes cell death [13]. Ideally, biochemical biomarkers will identify effects at the subcellular level before they 44 
are apparent at higher levels of biological organization [14]. Furthermore, the exposure of organisms to pollutants also 45 
induces some lesions in different organs which can act as histopathological markers when biological systems are exposed 46 
to hydrocarbon related stressors [15]. 47 

Soil invertebrates may represent good sentinel organisms of soil chemical pollution because they are in direct 48 
contact with soil pore water or food exposure, in contrast to many vertebrates that are indirectly exposed through the food 49 
chain [16]. Earthworms are ecologically important for their role in soil maintenance and health through their abundance, 50 
their role in decomposition and soil texture improvement, and their key position in terrestrial food chains [17-19]. The 51 
earthworms are suitable organisms for soil ecotoxicological research because of their particular interactions with soil, they 52 
are significantly affected by pollutants reaching the soil system [20]. Earthworms can be exposed to contaminants in various 53 
ways. First, living in the soil by having direct contact with soil pore water and therefore with pollutants therein dissolved. 54 
The earthworm skin is extremely permeable to water and it represents the main route for contaminant uptake [21]. Also, 55 
these organisms ingest large amounts of soil, therefore been continuously exposed to contaminants adsorbed to solid 56 
particles through their alimentary tract [22]. Chemical uptake via the dermal route can also directly related to the pore water 57 
concentration. All these make them one of the utmost suitable bioindicator organisms for risk assessment in soils [20]. 58 

Biomarkers have been primarily used in earthworms experimentally exposed to polluted environments. Several 59 
studies have shown that pollutants can induce an increase in ROS in earthworms [14, 23, 24]. Induction or inhibition of the 60 
antioxidant enzymatic system is considered valid biomarkers of environmental pollution in earthworm toxicology [25]. The 61 
exposure of organisms to pollutants also induces several lesions in different organs which can act as histopathological 62 
markers when biological systems are exposed to petroleum-product related stressors [14]. However, the effects of crude oil 63 
exposure on earthworms’ E. fetida biomarkers have not been reported. In this study we focused on the earthworm, E. fetida, 64 
an epigeic species, using selected stress biomarkers like superoxide dismutase (SOD), catalase (CAT), reduced glutathione 65 
(GSH) and lipid peroxidation (LPO) and their changes in histology. The study aims to systematically investigate biomarker 66 
responses of earthworms, E. fetida, and their histopathological effects after exposure to soils experimentally contaminated 67 
by crude oil. 68 
 69 

Materials and methods 70 

Source of materials 71 
Topsoil sample used for this experiment was collected within 1 to 10 cm depth from the nursery site of the 72 

Zoological and Botanical garden of the University of Lagos, Akoka which is situated in the North-East of Yaba, Lagos State, 73 
Nigeria. It lies in the latitude 6031’0 N and longitude 3023’10” E. Cultured E. fetida with well-developed clitella were 74 
purchased from the Department of Zoology, University of Lagos, Lagos, Nigeria. Prior to the experiments, the earthworms 75 
were acclimatised in samples of the non-polluted soil for 14 days at room temperature. Also, the earthworms were allowed 76 
to depurate their gut contents onto moistened filter paper for 24 h. Adult (with clitellum) earthworms, each weighing 0.45–77 
0.55 g were used in the experiments. The crude oil (Wellhead medium) was obtained from Shell Petroleum Development 78 
Company (SPDC) Port Harcourt, Nigeria. 79 
 80 

Contamination composition and experimental setup 81 
Three different soil concentrations were prepared for this study. The soil samples were mixed with 1 mL, 2 mL 82 

and 3 mL of crude oil to give concentrations of 0.25%, 0.50% and 0.75% respectively. However, the control samples were left 83 
uncontaminated (0%). These uncontaminated soils served as the control for this study. Twenty E. fetida were placed in each 84 
small plastic bowls (pots) containing 1 kg of soil. Each pot contained soils samples that were of either the three prepared 85 
concentrations or the control. Each concentration was setup in triplicates (three pots each). In total, 12 pots were set in the 86 
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study. The experiment was conducted for a total of 14 days. Hence, the earthworms were exposed to these conditions 87 
throughout the experiment. During the exposure, the earthworms were fed with cow manure spread on the soil surface. 88 
However, after seven days, three E. fetida were removed from each pot, rinsed with ultrapure water, and allowed to depurate 89 
for 24 h before further biochemical and histopathological analysis. Furthermore, after 14 days, three earthworms (from each 90 
pot) were also removed, rinsed and depurated for 24 h before being taken for analysis.  91 
 92 

Measurement of antioxidant and oxidants parameters in the earthworms 93 
Each of the selected earthworms was cut open and sliced. The organs were then dissected, and the liver and gills 94 

were removed, the fleshes of the animal were also cut. The post mitochondria fraction of the organs of the animal was 95 
prepared as follows: The organs of the animal were washed in an ice cold 1.15% KCl solution, blotted and weighed. They 96 
were then homogenized with 0.1 M phosphate buffer (pH 7.2), putting the organs each into the mortar; laboratory sand was 97 
added to it (acid washed sand) and it was blended in the mortar with pestle together. The resulting homogenate was 98 
centrifuged at 2500 rpm for 15 mins then it was removed from the centrifuge and the supernatant was decanted and stored 99 

-20 ℃ until analysis.  100 

The organ homogenate was then used to determine the activities of the following antioxidant enzymes. SOD 101 
activity was determined by its ability to inhibit the auto-oxidation of epinephrine determined by the increase in absorbance 102 
at 480 nm as described by Sun and Zigma [26]. CAT activity was determined according to Sinha [27]. Serum CAT activity 103 
was determined according to the method of Beers and Sizer as described by Usoh et al. [28] by measuring the decrease in 104 
absorbance at 240 nm due to the decomposition of in a H2O2 UV recording spectrophotometer. The reduced GSH content of 105 
the liver tissue as non-protein sulphydryls was estimated according to the method described by Sedlak and Lindsay [29]. 106 
Malondialdehyde (MDA), an index of LPO was determined using the method of Buege and Aust [30]. The protein was 107 
determined using biuret method [31] and bovine serum albumin (BSA) as standard.  108 

 109 

Histopathological assay 110 
Each of the selected earthworm was cut open and sliced. Tissue samples from the body wall and viscera were cut 111 

and placed inside a labelled tissue embedding cassette. The cassette was then placed in a 24-hour automatic tissue processor 112 
for 18-hour for complete processing. The processing involves complete fixation in formal saline solution, chemical 113 
dehydration and finally embedding in molten paraffin wax. After the wax has hardened, the embedded sample was cut 114 
with the microtome. Sections cut from the sample was then placed on a clean grease free slide for viewing under the 115 
microscope. Before viewing, the slides were stained using the H and E (Haematoxylin and Eosin) staining method to 116 
demonstrate the general structure of the tissue. The slide is then viewed microscopically and the tissue structures between 117 
each concentration and the control were compared. 118 
 119 

Statistical analysis 120 
All values are presented as means ± standard deviation (SD). In enzyme assays, t-tests and one-way analysis of 121 

variance (ANOVA) followed by the least significant difference (LSD) test was employed to evaluate the statistical 122 
significance (p < 0.05) of the results between exposed samples and the control group by SPSS 22.0. 123 

 124 

Results and Discussion 125 

Biochemical response of Eisenia fetida exposed to various concentration of crude oil 126 
Numerous researchers on animals have established the significance of antioxidants in defending and protecting 127 

the cellular systems from oxidative stress induced by electromagnetic fields, chemicals and toxicants [14, 15, 32, 33]. 128 
Antioxidant enzyme activity may increase or decrease under the pressure of the pollutant; however, this depends on the 129 
strength, force, concentration and length of the stress applied, in addition to the sensitivity or tolerance of the exposed 130 
organisms. Changes in activities of antioxidant enzymes and LPO products can be an indication of oxidative stress. 131 

GSH, one of the major tripeptide non-enzymatic biological antioxidants present in the liver, it is associated with 132 
the removal of free radicals and maintenance of membrane protein and thiols, and a substrate for GPx [34]. Deficiency of 133 
GSH within the living organisms can lead to tissue damage and injury [35]. The reduced GSH content of the liver of E. fetida 134 
is presented in Table 1. The reduced GSH content with respect to the total protein content reduced generally from decreased 135 
from the initial day to the end of the study. The GSH reduction in day 7 and 14 was significant (p<0.05) for all the 136 
concentration level. This reduction is due to over-utilization to challenge the prevailing oxidative stress. However, when the 137 
organisms consumed excessive GSH, more GSH would be synthesized as the adaptation to the environmental stress [36]. 138 
On the day 7, it was observed that the GSH contents were significantly (p<0.05) higher in the pollutant exposed earthworms 139 
than in the control. Furthermore, the highest reduced GSH content was recorded on the day 14 of earthworms exposed to 1 140 
mL of pollutant. 141 

Also on day 14, it was observed that only the reduced GSH of earthworms exposed to 1 mL were not significant 142 
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(p>0.05) from the control, while the others concentration (2 mL – 0.50% and 3 mL – 0.75%) were significantly different (p<0.05) 143 
from the control. The decrease of the GSH content at day 14 could be attributed to the inhibition of antioxidant enzyme 144 
activities under long-term contaminant stress. Similar result was reported by Saliu and Bawa-Allah [32] who also observed 145 
a reduction in GSH values of fishes exposed to lead salts. This suggests an adaptive and protective role of the biomolecule 146 
(GSH) against oxidative stress caused by the presence of the constituent compounds. 147 

CAT is an enzymatic antioxidant extensively distributed in all animal tissues which help decomposes hydrogen 148 
peroxide and protects the tissue from highly reactive hydroxyl radicals [37]. CAT activity varies greatly from tissue to tissue, 149 
the highest activity is found in liver and kidney, and the least activity in the connective tissue [38]. Inhibition of this enzyme 150 
may enhance sensitivity to free radical-induced cellular damage. Earthworms through their skins and alimentary surfaces 151 
are continuously exposed to chemicals in the soil. Hence, they have a reliable detoxification system for them to survive [39].  152 

The activity CAT of the liver of the earthworms, E. fetida is presented in Table 2. The activity of CAT with respect 153 
to the total protein content was highest in the liver of earthworms exposed to 1 mL (0.25% conc.) on day 7 (51.84 µmol/mg 154 
pro) while the least CAT activity with respect to the total protein content was reported in the liver of control earthworms 155 
after 14 days (19.51 µmol/mL/min). At the end of the study, CAT activity of 1 mL (0.50% conc) and 3 mL (0.75% conc) 156 
earthworms were observed to be significantly above (p<0.05) the control level, while the 2 mL others was not significant 157 
from that of the control (p>0.05). The increase in the activity of CAT may be triggered by the generation of H2O2, while the 158 
reduction in the activity of CAT may result in hydrogen peroxide assimilation. CAT is known to breakdown hydrogen 159 
peroxide which is a free radical, into water and molecular oxygen. The pattern of CAT activity is similar to that of Eudrilus 160 
eugeniae exposed to monocyclic aromatic hydrocarbons in oil impacted site reported by Doherty et al. [14]. 161 
 Many hydrocarbons components present in crude oil require efficient elimination of metabolic oxidation; their 162 
long-term exposure could lead to oxidative stress [40]. Biochemical responses of organisms to environmental stress are 163 
regarded as early warning indices of pollution in the environment. The SOD activity in the liver of the earthworms, E. fetida 164 
are presented in Table 3. The result showed that after seven days, SOD activity with respect to the total protein content 165 
(µmol/mg pro) was found to be significantly higher (p<0.05) in the liver of the earthworms exposed to 3 mL of pollutant, 166 
while it was significantly (p<0.05) lower in earthworms exposed to 2 mL of pollutant. However, after 14 days the ratio was 167 
significantly (p<0.05) higher in earthworms exposed to 2 mL of pollutant. 168 

This study showed a significant increase in the activity of SOD at all the concentrations (0.25, 0.50 and 0.75%) after 14 169 
days, suggesting the formation of O2-, which incites oxidative stress-related responses. Similar results were reported in a 170 
study performed by Han et al. [41], in which, after exposure of azoxystrobin to zebrafish, SOD activities decreased 171 
significantly in liver as compared to control. Induction of antioxidant enzyme activities is attributed to a saturation of 172 
antioxidant defences of the cell against ROS, indicating high oxidative stress [42]. SOD is one of the most responsive enzymes 173 
against ROS. SOD catalyses the conversion of reactive O2- to produce H2O2, which is subsequently detoxified by CAT [43]. 174 
In this study, the two biomarkers showed a similar response pattern. During the experiment, the activities of both SOD and 175 
CAT in the earthworms were induced, indicating that the crude oil induced the generation of superoxide radicals after 176 
entering into the earthworms. The SOD activity therefore needed to be enhanced to catalyze the superoxide radicals into 177 
H2O2, which further induced the CAT activity. However, under long-lasting contamination conditions, the antioxidant 178 
enzyme activities, such as SOD and CAT may be deactivated with an accumulation of the oxidizing agent [44]. 179 

Table 1. The reduced glutathione (GSH) content of earthworms in the study 180 

 
Total liver GSH content with respect to the total protein 

content (µmol/mg pro) 

Total liver GSH content 

(µmol/mL/min) 

Days 
0.25% 

(1 mL) 

0.50% 

(2 mL) 

0.75% 

(3 mL) 
Control 

0.25% 

(1 mL) 

0.50% 

(2 mL) 

0.75% 

(3 mL) 
Control 

7 3.30 2.40 4.35 2.60 37.40 43.80 42.10 33.50 

14 2.45 1.95 1.85 1.65 39.20 24.50 28.10 33.00 

Table 2. Catalase (CAT) activity of earthworms in the study 181 

 
Total liver CAT activity with respect to the total protein 

content (µmol/mg pro) 

Total liver CAT activity  

(µmol/mL/min) 

Days 
0.25% 

(1mL) 

0.50% 

(2mL) 

0.75% 

(3mL) 
Control 

0.25% 

(1mL) 

0.50% 

(2mL) 

0.75% 

(3mL) 
Control 

7 51.84 31.50 37.50 50.00 590.00 585.00 393.00 693.50 

14 42.00 23.00 46.00 19.51 730.65 415.00 680.00 430.00 
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 LPO is a biomarker for oxidative damage. MDA formation is associated with the reactions of unsaturated fatty 182 
acids and free radicals in cellular membranes and is considered to be an important sensitive indicator of LPO and indicates 183 
intracellular injury [45,46]. Various contaminants are known to induce LPO due to excessive ROS [32, 33,47]. 184 

The MDA index of the liver of E. fetida was also determined with respect to the total protein content (Table 4). 185 
After seven days, this ratio was found to be significant (p<0.05) higher in the liver of the earthworms exposed to 3 mL of 186 
crude oil (0.75%) than that of the control. In this study, MDA contents in control earthworms were significantly (p<0.05) 187 
lower than those of the earthworms exposed to crude oil for all the concentrations, in increasing order, with the earthworms 188 
exposed to 3 mL (0.75%) having the highest value (0.50 µmol/mg pro). Also, after 14 days the MDA of the control 189 
earthworms had the lowest MDA content (0.09 µmol/mg pro), which was significantly lower (p<0.05) than the MDA of the 190 
crude oil exposed earthworms indicating that the crude oil had induced oxidative toxicity which far exceeded the protective 191 
capacity of the antioxidant defence system and caused actual damage. The results from this study are similar to the findings 192 
of Saint-Denis et al. [23], who reported higher levels of MDA in E. fetida after day 14 of exposure to lead suggesting high 193 
production of ROS. This is also consistent with the findings of Otitoloju and Olagoke [48] and Avci et al. [49] who reported 194 
an increase in MDA levels in tissues of fishes exposed to petroleum hydrocarbons. 195 

 196 
Histopathological changes in the body of E. fetida exposed to various concentration of crude oil 197 

Histopathological changes in earthworms have been identified as important markers of toxicity [14,39]. 198 
Hydrocarbons can impact earthworms through ingestion of contaminated litter in the soil and exposure to the skin. These 199 
chemicals can get to the coelomic fluid through the skin and can be distributed all over the body of the organisms. The tissue 200 
samples from the body wall and viscera were viewed and compared with those of the control earthworms. Careful 201 
examination of the control samples collected after 7 days showed that the histologic section of the body wall muscle layers 202 
was intact and well-arranged. Additionally, their internal viscera were all well outlined, no lesion, no necrosis, no pigments, 203 
no malignancy, no inflammation, and no inclusion bodies (Figure 1A). 204 
Earthworms’ histologic changes after exposure to 1 mL, 2 mL and 3 mL (0.25%, 0.50%, and 0.75% crude oil) revealed induced 205 
marked histopathological changes in the body of the earthworms (Figure 1B and 1D). The changes disruption of the wall 206 
muscle layers, cellular degeneration, pigments, moderate to severe areas of lesion, and distortion of the shape of circular 207 
and longitudinal muscles, eroding of internal and external tissues leading to total destruction of body wall were observed. 208 
Mild lesion and disruption of the wall of the muscle layers were observed in the tissues of the 2 mL samples (0.50%). Tissues 209 
of E. fetida exposed to 0.75% crude oil (3 mL) revealed them to have undergone the worse disruptions in their body wall 210 
muscle layers and severe tissue disorganization after 7 days 211 

Table 3. Superoxide Dismutase (SOD) activity of earthworms in the study 212 

 
Total liver SOD activity with respect to the total protein 

content (µmol/mg pro) 

Total liver SOD activity 

(µmol/ml/min) 

Days 
0.25% 

(1mL) 

0.50% 

(2mL) 

0.75% 

(3mL) 
Control 

0.25% 

(1mL) 

0.50% 

(2mL) 

0.75% 

(3mL) 
Control 

7 6.35 6.50 6.80 4.50 73.00 66.00 69.50 63.00 

14 5.40 7.20 7.20 4.80 83.50 91.50 93.10 64.10 

Table 4. Malondialdehyde (MDA), an index of lipid peroxidation (LPO), of earthworms in the study  213 

 

 

Total liver MDA index with respect to the total protein 

content (µmol/mg pro) 

Total liver MDA index 

(µmol/mL) 

Days 
0.25% 

(1mL) 

0.50% 

(2mL) 

0.75% 

(3mL) 
Control 0.25% (1mL) 

0.50% 

(2mL) 

0.75% 

(3mL) 
Control 

7 0.23 0.28 0.50 0.17 3.00 4.40 5.25 2.20 

14 0.29 0.11 0.39 0.09 2.10 2.30 3.90 1.40 
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  214 

Figure 1: Histopathological effects of crude oil exposure on Eisenia fetida after 7 days (H&E x 400). (A) Control 215 

samples; (B) 1 mL samples (0.25%); (C) 2 mL samples (0.50%); (D) 3 mL samples (0.75%).  216 

NOTES: S = Spaces between longitudinal and circular muscles; O = Dark brown pigment; L = Lesion area; E = 217 

Distortion in the muscle wall; EE = Enlargement of ectoderm cells; X: Cellular degeneration 218 

After 14 days, the histologic view of the control (Figure 2A and 2B) showed that they had a normally well arranged body 219 
wall muscle layers and a well outlined internal viscera. Thus, these worms have normal tissue organization. However, 1 mL 220 
(0.25%) earthworm samples (Figure 2C and 2D) had mild lesion and tissue disorganisation. However, the histology analysis 221 
of the 2 mL (0.50%) (Figure 3A and 3 B) and the 3 mL (0.75%) earthworm samples (Figure 3C and 3D) showed that they had 222 
severe disruptions in the arrangement of their body wall muscle layers and well distorted internal viscera, as changes 223 
disruption of the wall muscle layers, cellular degeneration, pigments, moderate to severe areas of lesion, and distortion of 224 
the shape of circular and longitudinal muscles, eroding of internal and external tissues leading to total destruction of body 225 
wall were observed. Hence, they have a severe tissue disorganisation. Doherty et al. [14] reported sub-lethal levels of 226 
benzene, toluene, ethylbenzene and xylene (BTEX) compounds induced pathological changes in the body of the earthworms 227 
(E. eugeniae) including cellular degeneration, moderate to severe areas of necrosis, areas of inflammation, inclusion bodies, 228 
pigments, and distortion of the shapes of circular and longitudinal muscles as observed in this study. Kilic [39] also detected 229 
enlargement of epithelial cell lining, necrosis, and loss of structural integrity of circular and longitudinal muscles in 230 
Lumbricus terrestris in polluted soil. Bansiwal and Rai [50] also observed similar result as they observed obvious pathological 231 
changes which include ruptured cuticle and distortion of shape of muscles after exposure of earthworm to Malathion. ROS 232 
produced by exposure to hydrocarbons are responsible for the various histopathological changes noted in this study. 233 
According to Saint-Denis et al. [23] ROS and inflammation induce cellular necrosis E. fetida andrei exposed to lead acetate 234 
contaminated artificial soil. Also, the swelling of the cells and disruption of the plasma membrane are the initial stages of 235 
necrosis. The core processes of necrosis are bioenergetic failure and rapid loss of plasma membrane integrity [14]. 236 
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 237 

 238 
 239 

Figure 2: Histopathological effects of crude oil exposure on Eisenia. fetida after 14 days (H&E x 400). (A) Control 240 

samples; (B) control samples; (C) 1 mL samples (0.25%); (D) 1 mL samples (0.25%). 241 

NOTES: S = Spaces between longitudinal and circular muscles; O = Dark brown pigment; L = Lesion area; E = 242 

Distortion in the muscle wall; EE = Enlargement of ectoderm cells; X: Cellular degeneration 243 

  244 

Figure 3: Histopathological effects of crude oil exposure on Eisenia. fetida after 14 days (H&E x 400). (A) 2 mL 245 

samples (0.50%) (B) 2 mL samples (0.50%) (C) 3 mL samples (0.75%) (D) 3 mL samples (0.75%). 246 

NOTES: S = Spaces between longitudinal and circular muscles; O = Dark brown pigment; L = Lesion area; E = 247 

Distortion in the muscle wall; EE = Enlargement of ectoderm cells; X: Cellular degeneration 248 



Environmental Analysis Health and Toxicology 2020, 35(4):e2020021 

 

Page 8 / 10 http://eaht.org 

Conclusions 249 

 In conclusion, the study revealed that crude oil induced biomarker responses in E. fetida such as higher levels of 250 
MDA in E. fetida after exposure crude oil due its toxicity. Histopathological markers including cellular degeneration, 251 
moderate to severe areas of necrosis, areas of inflammation, inclusion bodies, pigments, and distortion of the shapes of 252 
circular and longitudinal muscles also showed the adverse impacts of crude oil pollution in soils. 253 
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