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Abstract
In this investigation the heavy metals (Cu, Zn, Mn, Cr and Ni) remediation potential of Eisenia fetida was studied in the crude 
oil polluted soil. The potential of E. fetida was evaluated based on the decrease in concentrations of Cu, Zn, Mn, Cr and Ni, 
and improvement in the soil enzyme activities at the end of 90 days of experimental trials. Moreover, soil health quality, 
inter-relationship between the enzyme activities and the growth parameters of E. fetida and synergistic relation among the 
enzyme activities were also evaluated through G-Mean and T-QSI indices, chord plot analysis and principal component 
analysis (PCA) to confirm the performance of E. fetida during vermiremediation. The results revealed that the soil treated 
with E. fetida showed a reduction in the concentration of Cu, Zn, Mn, Cr and Ni by 17.4% 19.45%, 9.44%, 23.8% and 9.6% 
respectively by end of the experimental trials. The cellulase, amylase, polyphenol oxidase, peroxidase, urease, dehydrogenase 
and catalase activities in the E. fetida-treated soil were enhanced by 89.83%, 99.17%, 142%, 109.9%, 92.9%, 694.3% and 
274.5% respectively. The results of SEM-EDS revealed enhancement in the O, K, Na, Mg and P content by 62.36%, 96.2%, 
97.9%, 93.7% and 98.2% respectively by the end of the experimental trial. The G-Mean and T-QSI indices also confirmed 
the improvement in soil enzyme activities thereby indicating the positive influence of E. fetida on soil decontamination pro-
cess. The chord plot indicated the interrelationship between the earthworm’s growth parameters and enzyme activities of the 
soil as indicated by the high linkage between the nodes. Finally, the PCA confirmed the negative effect of the heavy metals 
on the soil enzyme activities and synergistic interrelationship between the enzyme activities during the vermiremediation 
process. Thus, this study demonstrated the changes in the soil enzyme activities and their interconnected influences during 
vermiremediation of crude oil sourced heavy metals from polluted soil.
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Introduction

Crude oil sourced heavy metals (HMs) contamination is still 
a persistent problem that has received more attention glob-
ally. The HMs are the highly hazardous pollutants in crude 
oil-contaminated sites (Borah and Deka 2023) as it is associ-
ated with toxic organic and inorganic pollutants. The HMs 
are known to have a negative effect on the soil ecosystem 

and act as a major sink for other organisms. The HMs con-
tamination already caused a devastating effect in the crude 
oil polluted agricultural lands, grazing fields, tea gardens 
and residual areas (Hussain Qaiser et al. 2019). Moreover, 
the HMs loaded crude oil can penetrate through the soil and 
deteriorates the underground water reservoirs and ultimately 
affects the food chain (Rashmi et al. 2020). In addition, the 
enhanced level of HMs such as Zn, Ni, Cr, Cu, Mn, Fe, Ag 
and others can inhibit activities of soil urease, phosphatase, 
dehydrogenase, cellulase and others by binding to its active 
sites and thus alter soil properties (Tang et al. 2020). Moreo-
ver, it has been reported that HMs interfere with the physio-
logical and metabolic functions of soil microbes, which play 
a vital role in supporting the biogeochemical equilibrium 
in soil (Ameen and Al-Homaidan 2022; Zeng et al. 2020). 
Henceforth, looking at this disturbing scenario caused by 

Responsible Editor: Chris Lowe

 *	 Hemen Deka 
	 hemendeka@gauhati.ac.in

1	 Ecology and Environmental Remediation Laboratory, 
Department of Botany, Gauhati University, Guwahati, 
Assam, India

/ Published online: 25 October 2023

Environmental Science and Pollution Research (2023) 30:115266–115278

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-023-30500-0&domain=pdf


1 3

crude oil associated HMs remediation strategies for HMs-
contaminated soil have become an urgent necessity.

Several techniques including physical, chemical and 
biological are already in use for decontamination of crude 
oil and/or HMs from contaminated soil. However, these 
approaches have numerous limitations. For example, the 
physical and chemical methods are costly and generate haz-
ardous waste byproduct and secondary pollution that can 
bring potential damage to the soil structure and ecosystem 
(Patel et al. 2020). Even, biological techniques such as phy-
toremediation although found to be promising are less effec-
tive when HMs concentration in soil exceeded the plant’s 
tolerance limits (Cleophas et al. 2022). In addition, slow 
growth and low biomass of the plant are also considered to 
be the major limiting factors for removal of toxic HMs dur-
ing the phytoremediation process (Yan et al. 2020). When 
considering rhizoremediation, the effectiveness of HMs 
removal is inhibited by the extent and depth of the plant 
root system. In case of bacterial remediation generation of 
toxic intermediate forms limits the success of HMs decon-
tamination in soil (Ghazal et al. 2022). Hence, effective and 
environmentally sound approaches are still required to tackle 
the HMs contamination problems in land.

At present, the vermiremediation that relies on the poten-
tial of earthworms to counter the HMs problem has received 
more attention globally as it is cost-effective, sustainable 
and possesses the ability to remove HMs from soil even at 
very high concentrations (Singh et al. 2022). Several studies 
have confirmed earthworm’s neutralization and accumula-
tion abilities for HMs (Cheng et al. 2021) and thus help 
in mitigation of HMs issue in the contaminated lands. The 
earthworms make the HMs available for the metal remover 
microbes in the soil by their unique crawling and borrow-
ing movement. Besides, the earthworm secret mucus and 
other enzymes which stimulate the microbes of the con-
taminated soil by promoting the mineralization of organic 
matters (Medina-Sauza et al. 2019). Moreover, the earth-
worms themselves have the ability to change the biological 
and physicochemical properties of the soil by improving the 
aeration of the soil (Xiao et al. 2022). The most commonly 
used earthworm in the vermiremediation of heavy metals is 
the Eisenia fetida. For example, Paul et al. (2018) employed 
E. fetida in HMs-contaminated soil and established the HMs 
removal efficacy of the earthworm in terms of detoxifica-
tion and physico-chemical improvement in soil condition. 
Similarly, Ukalska-Jaruga et al. (2022) had also reported the 
HMs reduction by means of E. fetida. Therefore, E. fetida 
is an efficient earthworm to be used in the vermiremedia-
tion trials. Furthermore, the assessment of alterations in 
soil biological properties, specifically the enzyme activities, 
holds significance as they serve as the vital indicators of soil 
health (Adetunji et al. 2017). The connection between the 
soil enzyme activities and metal concentrations in soil is a 

crucial factor for evaluation of the effectiveness of vermire-
mediation techniques. This aspect still remains unexplored 
in the context of crude oil sourced HMs contamination in 
soil thereby emphasizing the need for further investigation.

Therefore, in this investigation it is aimed to bridge the 
gap in research leading to a scientific breakthrough and sig-
nificant advancements in the field of HMs remediation in soil 
by employing earthworm. Here, the potential of E. fetida has 
been assessed to reduce the HMs content and enhancement 
in the biological properties, particularly enzyme activities, 
in crude oil-contaminated soil. The effectiveness of E. fetida 
in improvement of soil quality was further confirmed by 
employing indices like G-Mean and T-QSI, which provides 
a quantitative understanding of impact of the earthworm on 
soil enzyme profiles. Besides, the correlation matrix PCA 
was used to examine the synergistic interactions among soil 
enzyme activities, while a chord plot was used to illustrate 
the interrelationship between enzyme activities and E. feti-
da’s growth parameters during the remediation process.

Materials and methods

Collection of soil, cowdung and earthworm (Eisenia 
fetida)

The crude oil-contaminated soil samples were collected from 
the nearby agricultural land of Lakwa Oil fields in Sivasa-
gar, Assam, India. The soil samples were neatly labeled and 
packaged in sterilized polythene bags for further processing. 
The soil samples were then carefully crushed and homog-
enized, air dried in the shade for use in the experimental 
trials. A 100g of processed soil was kept at 4 °C for analysis 
of initial physico-chemical parameters. The urine free fresh 
cowdung (7 days old) was collected locally from nearby 
farm of Gauhati University, Assam India. The cowdung 
was added to the experimental chambers as a bulking agent 
to the soil (Rich et al. 2018). The initial physicochemical 
properties of the soil and cowdung samples were also ana-
lyzed. The earthworm species E. fetida was collected from 
institutional vermicomposting station maintained by Assam 
Agricultural University, Kahikuchi, Guwahati, Assam, India. 
Stock cultures of the collected earthworms were maintained 
in laboratory to generate sufficient numbers of uniform size 
individuals for use in the experiment.

Experimental setup

The laboratory experiment was carried out in plastic cham-
bers (18.5L×12W×4H). For drainage and aeration, perfo-
rations were built into the chamber’s bottom and lid. The 
experiment was carried out in crude oil-contaminated soil 
that contains Cu, Zn, Mn, Cr and Ni beyond permissible 
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limits. The experimental plastic chambers were filled up 
with 100g of such crude oil-contaminated soil samples. 
The crude oil-contaminated soil with the application of E. 
fetida was denoted as T1, while the treatment without the 
implement of earthworm was denoted as T2. For effective 
monitoring of earthworm during vermiremediation process, 
ten individuals of Eisenia fetida were put in the experimental 
chambers (Rajadurai et al. 2022), with average lengths of 3 
cm and biomass of 0.75g. Prior to the experimental trial, the 
experimental earthworms were starved for a day to allow 
the cleansing of their gut contents. Subsequently, the earth-
worms were placed within petri plates that were lined with 
moist filter paper, facilitating the removal of their gut con-
tents. The filter paper underwent replacement after a 24-hour 
interval to prevent the earthworms from coprophagy. After 
that the earthworms were then allowed to acclimatize in 
the soil system to adapt the new habitat. The duration of 
the experiment was fixed for 90 days. The moisture levels 
in the experimental chamber were maintained at 40–60% 
by sprinkling sterilized distilled water. The experimental 
chambers were kept in the dark at ambient condition (tem-
perature—22–25 °C and humidity—70%). As cowdung 
supports the initial microbial population for survival of the 
earthworms in adverse condition, therefore cowdung was 
blended with the contaminated soil at a ratio of 1:1 (Sohal 
et al. 2021). Three replicas were maintained, and average 
results were compared.

Heavy metals (Cu, Zn, Mn, Cr and Ni) assessments 
in soil

For the analysis of HMs (Cu, Zn, Mn, Cr and Ni) content in 
soil samples, the method outlined by Kotoky et al. (2003) 
and Borah and Deka (2023) was used with slight modifica-
tions. For the soil sample, in brief, 10 ml of HNO3, 6 ml of 
perchloric acid and 6 ml of hydrofluoric acid were added 
to 1 g of soil samples to digest them. The digested soil is 
then heated for around 4 hours in platinum crucibles in a 
fume hood at a temperature of 95–100 °C. Following the 
digestion, the acquired residues were filtered, and the total 
volume was then brought to 50ml in a volumetric flask using 
deionized water. The HMs content were then estimated using 
Atomic Absorption Spectrometer (AAS) (PerkinElmer, 
Pinaacle 900 series).

Assessment of soil enzyme activities

The activities of cellulase, phosphatase, catalase, urease, 
dehydrogenase, amylase, peroxidase and polyphenol oxi-
dase were investigated in the soil samples. The soil cellulase 
activities were determined by employing the Pancholy et al. 
(1975) method. To measure the phosphatase activity, Tabata-
bai and Bremner’s (1969) method was applied. Additionally, 

soil catalase activity was measured using the Johnson and 
Temple (1964). Furthermore, the urease activities of the 
soil were determined by the Roberge (1978) approach. The 
dehydrogenase activities of the soil were examined based on 
decrease in the triphenyl formazan (TPF) from 2, 3, 5-triph-
enyltetrazolium chloride (TTC), and soil amylase activity 
was determined by using the starch hydrolysis procedure 
following the methods prescribed in Borah and Deka (2023). 
The method of Cao et al. (2018) was used to measure the 
soil’s peroxidase and polyphenol oxidase activities.

Geometric mean (G‑Mean) and treated soil quality 
index (T‑QSI)

The geometric mean (G-Mean) was applied to estimate the 
total enzymatic activity of the soil (Zhou et al. 2022). The 
analysis was carried out among all the studied soil enzymes 
that include cellulase, phosphatase, catalase, urease, dehy-
drogenase, amylase, peroxidase and polyphenol oxidase. The 
geometric mean (G-Mean) was computed as follows:

where, CELL, PHOS, CAT, URE, DEH, AMY, PERO and 
POLY.OXI are cellulase, phosphatase, catalase, urease, 
dehydrogenase, amylase, peroxidase and polyphenol oxidase 
respectively. This logarithm has been performed to under-
stand the soil quality in different treatments.

The treated soil quality index (T-QSI) was performed 
to know the quality of the soil after spiking the soil with 
earthworms. The T-QSI was calculated using the following 
equation:

where, m denotes the reference soil, i.e. the mean value of 
enzymatic activity, which was set to 100%; n denotes the 
mean value for each enzyme activity in the earthworm-
treated soil as percentages of the reference soil.

The T-QSI is basically used to measure the direction and 
magnitude (increase or inhibition) of changes caused by the 
environmental stresses (environmental contaminants) on 
soil enzyme activities compared those from a reference soil 
(Sanchez-Hernandez et al. 2018).

Growth parameters of Eisenia fetida

The growth parameters of Eisenia fetida were evaluated dur-
ing the experimental trial. The parameters include survival 
rate (SR), growth rate (GR), mortality rate (MR), cocoon 
production rate (CPR), juvenile production rate (JPR). 
The evaluated parameters help in the selection of effective 

G −Mean =

√

CELL × PHOS × CAT × URE × DEH × AMY × PERO × POLY.OXI

T − SQI = 10 log m +

∑n

i=1
(log ni − logm) −

∑n

i=1
∣ log ni − logn ∣

n
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earthworm species in the removal of HMs from the soil 
(Koolivand et al. 2020).

Toxicity assay through seed germination

The HMs toxicity in the soil was evaluated with two metal 
sensitive seeds Brassica juncea (brown mustard) and Sola-
num lycopersicum (tomato). For the estimation of HMs tox-
icity, the soil extract was prepared with 0.5g of soil mixed 
in 5ml of deionized water. The extract was filtered through 
Whatman no. 1 filter paper. The filtrate thus obtained was 
then applied to the petri plates, where filter papers were 
already fixed. Deionized water was used as a control for 
comparison. Ten seeds in total were used in the experi-
ment. The plates were incubated at a temperature of 25 °C 
(Baruah et al. 2019; Warman 1999). The moisture content of 
the papers was kept constant throughout the experiment by 
lightly sprinkling the plates with distilled water. After seven 
days of incubation, the relative seed germination (RSG), rel-
ative root growth (RRG) and germination index (GI) were 
computed by using the equations listed below

Scanning electron microscopy and energy 
dispersive spectroscopy (SEM‑EDS) analysis

For the SEM-EDS analysis, the soil samples were dried 
at 80±2°C constantly so that all the moisture content was 
removed completely. The dried soil samples were then pro-
cessed by initially fixing the samples on a metallic sample 
holder with the help of double-sided adhesive carbon tape. 
Then the fixation was followed by sample coating, which 
was done with gold through sputter coater for clear visibility 
of picture (Boruah et al. 2019). The micrographs of surface 
morphology of the samples were recorded at different mag-
nification of scanning electron microscopy (Gemini, Sigma-
300 series).

Principal component analysis (PCA) and chord plot 
analysis

To investigate the changing trends in enzyme activities and 
their interrelationships a principal component analysis was 
performed in OriginLab Software (Version: 2022), with the 

RSG =

Number of seeds germinated in sample extract

Number of seeds germinated in control
× 100

RRG =
Mean root length in sample extract

Mean root length in control
× 100

GI (%) =
RSG × RRG

100

variables categorized according to the studied treatments. 
For PCA, the method as outlined by Ordoñez-Arévalo et al. 
(2018) was followed.

The chord plot was used to analyze the correlation of 
changing trend in the soil enzyme activities and Eisenia 
fetida’s growth parameters. The analysis was carried out 
by following the method of Zhou et al. (2022). The chord 
plot analysis was performed in OriginPro Software (Ver-
sion: 2021), with the variables categorized according to the 
studied treatments.

Statistical analysis

The software used for the statistical comparison was SPSS 
(2018 version) and Origin Pro (2019). The values showed a 
significant difference in all the soil samples which was per-
formed by one-way analysis of variance (ANOVA), paired t 
test and LSD test. The association between the soil biologi-
cal activities and heavy metal concentrations was determined 
through bivariate correlations analysis. In each case the sig-
nificance was accepted at p< 0.05.

Results and discussions

Heavy metals (Cu, Zn, Mn, Cr and Ni) dynamics 
in soil

The values of Cu, Zn, Mn, Cr and Ni concentrations in 
different treatments are presented in Table 1. The results 
revealed that there was a significant reduction (ANOVA, 
LSD, p ≤ 0.05) in the concentration of all the studied heavy 
metals in T1 when compared to the initial levels. Besides, 
there was a metal-wise variation in the concentrations in T1 
at the end of the experimental period. In T1, the concentra-
tions of Cu, Zn, Mn, Cr and Ni are found to be 152.7±1.0 
mg/kg, 164.0±1.5 mg/kg, 365.1±1.3 mg/kg, 164.2±1.2 mg/

Table 1   Showing the changes in the heavy metals (HMs) content in 
treatment T1 and T2

T1= crude oil-contaminated soil with earthworm; T2= crude oil-con-
taminated soil without earthworm
Mean value±SD, n=3; the different letters represent the significant 
differences of the values (ANOVA, LSD, p< 0.05)

HMs(mg/kg)  Initial Final

T1 T2

Cu 152.7±1.0a 126.1±0.50b 151.80±1.200a

Zn 164.0±1.5a 132.1±1.5b 160.2±1.50a

Mn 365.1±1.3a 330.6±0.50b 363.6±1.20a

Cr 164.2±1.2a 125.1±0.50b 163.0±0.70a

Ni 132.4±1.5a 119.6±2.5b 130.2±1.7a
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kg and 132.4±1.5 mg/kg respectively at the beginning of the 
experiment, whereas, the values were recorded as 126.1±0.5 
mg/kg, 132.1±1.5 mg/kg, 330.6±0.5 mg/kg, 125.1±0.5 mg/
kg and 119.6±2.5 mg/kg, after treatment by E. fetida for Cu, 
Zn, Mn, Cr and Ni respectively. In case of T2, there was a 
marginal reduction in the HMs content of the soil, and the 
values were not statistically different (Table 1). The decrease 
in the Cu, Zn, Mn, Cr and Ni content in T1 could have been 
associated with several factors such as (i) ability of the 
earthworm’s gut microbes to tolerate and remove the HMs 
from the soil (Zhang et al. 2020); (ii) the ability of earth-
worms to alter the physical and chemical properties of the 
soil affecting the fractionation of metals (Cheng et al. 2021); 
(iii) bioaccumulation of Cu, Zn, Mn, Cr and Ni in their tis-
sue (Parelho et al. 2021) and (iv) presence of metal binding 
proteins like metallothionein which helps in detoxification 
and biotransformation of the metals (Yuvaraj et al. 2021; 
Ekperusi et al. 2016). Moreover, the above results could be 
corroborated with previous studies of Shameema and Chin-
namma (2018), where decrease in As, Cd, Cr, Pb, Hg, Ni, 
Zn and Cu contents in the range of 54.46–95.5% was found 
to be feasible by employing earthworms in the contaminated 
soil. Likewise, Ekperusi et al. (2016), reported about 60% 
decrease in the concentration of Zn, Mn, Cu, Ni, Cd, Cr, Pb, 
As, Hg from soil in 90 days of experimental trial. Further, 
the unique feeding nature and activities of E. fetida also in 
turn reduce the concentration of the HMs in soil (Cui et al. 
2023; Xiao et al. 2022). Moreover, it has also been suggested 
that E. fetida has some cellular adaptations such as formation 
of inclusion bodies when metals bind to the nuclear proteins 
in their body and thus decreases the HMs concentration in 
the soil (Ekperusi et al. 2016). Further, the HMs content is 
directly proportional to the pH level of the soil (Borah and 
Deka 2023). Therefore, pH could be the other factor behind 
the higher reduction of Cu, Zn, Mn, Cr and Ni by E. fetida. 
Since, Eisenia fetida is known for its ability to improve soil 
conditions, it raises the soil’s pH level, which in turn could 
have reduced the concentrations of Cu, Zn, Mn, Cr and Ni 
in the soil. This happens because at higher pH level HMs 

become less soluble and highly immobile, helping to miti-
gate HM contamination in the soil (Xu et al. 2020). Finally, 
the marginal changes in Cu, Zn, Mn, Cr and Ni content in 
T2as revealed in this study could be attributed to the activi-
ties of the native microbial population (Feria-Cáceres et al. 
2022) which could have decreased the HMs concentration 
in the soil during the experimental trial.

Changes in the soil enzymatic activities

The results of the soil enzymes activities of treatments T1 
and T2 have been presented graphically in Figs. 1, 2 and 3. 
The soil enzymes including cellulase, amylase, polyphenol 
oxidase, peroxidase, urease, dehydrogenase and catalase 
showed significant enhancement except phosphatase after 
the 90 days of experimental trial (ANOVA, LSD, p ≤ 0.05). 
In T1, the cellulase, amylase, polyphenol oxidase, peroxi-
dase, urease, dehydrogenase and catalase activities of E. 
fetida-treated soil was enhanced by 63.6%, 65.25%, 86.23%, 
65.49%,58.87%, 633.3% and 227.0% when compared with 
the initial levels. However, there was a contrasting result 
observed in case of phosphatase activities in the treatments, 
where the activities declined at the end of the experimental 
trial. However, no such significant changes were observed 
in T2.

The findings demonstrated that, E. fetida exhibited a 
remarkable ability to enhance the soil cellulase activi-
ties. This advantage could be attributed to its robust 
physiological capabilities that enable to endure oxidative 
stress which in turn amplifies the cellulase activities in 
the contaminated soil (Xiao et al. 2022) after treatment. 
Furthermore, several factors are linked with amelioration 
in amylase and catalase activities in the E. fetida applied 
contaminated soil. For example, the E. fetida possesses 
a distinctive capacity to absorb toxic heavy metals, as 
highlighted by Ukalska-Jaruga et  al. (2022) which in 
turn increases the microbial population responsible for 
enhancement of associated enzyme activities. Addition-
ally, E. fetida improves the aeration and porosity in soil 

Fig. 1   Changes in soil cel-
lulase, amylase, peroxidase and 
polyphenol oxidase activities in 
different treatments by the end 
of the experimental trial. Values 
are mean, n=3, error bars 
indicate SD. Different letters 
above error bars stand for sig-
nificant differences in the values 
(ANOVA, LSD test, p≤0.05) a
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(Xiao et al. 2022) which provides a conducive habitat for 
beneficial microorganisms to thrive that could also accel-
erate enzyme activities after the treatments (Cao et al. 
2016). Moreover, the fragmentation in earthworm’s bio-
mass and mineralization process could have contributed to 
the soil moisture and promoted microbial growth by break-
ing down organic matter into nutrient-rich components. 
This mineralization process could have also enriched the 
soil quality and triggers an enhancement in the activities 
of enzymes such as polyphenol oxidase and peroxidase. In 
addition, earthworm-associated mechanisms in the gut can 
enhance bacterial diversity and population, which raises 
the soil’s urease activity as seen in the cast that formed 
during the study period (Cao et al. 2017). Moreover, this 
increase in bacterial diversity and population may have 
stimulated catalase activity to keep the amount of H2O2 at 
its ideal level in heavy metal-contaminated soil (Xu et al. 
2021). Dehydrogenase activity may rise as the earthworm 
and its active micro biomes speed up the metabolic pro-
cess that produces ATP, whereas phosphatase activity may 
decrease as the earthworm increases the mineralization 
of organic phosphorous (Wang et al. 2021). As a whole, 
the application of E. fetida considerably enhanced the 
enzymatic activities in the heavy metal-contaminated soil 

thereby confirming the improvement in soil condition by 
end of the experimental trials.

G‑Mean index and treated soil quality index (T‑QSI)

The results of G-Mean index and treated soil quality index 
are presented in Fig. 4. The results of G-Mean index offer a 
comprehensive single numerical value for quantifying all the 
enzymatic activities. It was observed that the G-Mean values 
of soil enzyme activities prior to the addition of earthworms 
were considerably lower, with a mean value of 0.47±0.001. 
However, following the introduction of Eisenia fetida, the 
overall enzyme activities improved significantly, with values 
reaching up to 4.86±0.03. However, the G-Mean values of 
T2 suggested a marginal change at the end of the experiment 
(Fig. 4a). The augmentation in enzyme activities could be 
attributed to the presence of earthworm casts, which are rich 
in gut enzymes. The earthworm’s casts essentially served 
as a nutrient-rich substrate that could have promoted the 
proliferation of specific groups of microbes in the soil and 
enhance the overall enzymatic processes (Sanchez-Hernan-
dez et al. 2018). The G-Mean index was performed in this 
research because it has reduced variability as compared to 
the individual enzyme activities, and hence it is considered 
to be more acceptable index for analyzing the soil quality 

Fig. 2   Changes in soil urease 
and dehydrogenase activities in 
different treatments by the end 
of the experimental trial. Values 
are mean, n=3, error bars 
indicate SD. Different letters 
above error bars stand for sig-
nificant differences in the values 
(ANOVA, LSD test, p≤0.05)
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than individual enzyme activities (Paz-Ferreiro and Fu 
2016).

The treated soil quality index (T-QSI) was performed 
to understand the magnitude and direction of the changes 
caused by the earthworms’ behavior on the soil enzyme 
activities compared with those from a reference soil (con-
trol soil). The results revealed that there was a significant 
increase in the enzyme activities of the soil at the end of the 
experimental trial (ANOVA, LSD, p ≤ 0.05). The T-QSI 
values of soil in T1 employed with E. fetida were found 
to be enhanced by 4.6-fold (Fig. 4b). In accordance with 
the insights from Xu et al. (2021), earthworms cause altera-
tions to soil enzyme activities via a dual-path approach. 
First, as earthworms burrow through the soil, they secreted 
substances that come into direct contact with the enzyme 
proteins. This interaction leads to either the stimulation or 
inhibition of these enzymes. This sequence of events cre-
ates a pathway denoted as “earthworm-secretions-enzyme,” 
where the earthworm’s secretions act as a direct mediator 
of enzyme behavior in soil. Secondly, the earthworm’s 

influence on soil dynamics involved the transformation of 
soil bacterial populations, culminating in shifts within secre-
tion and metabolism processes. This phenomenon introduces 
an additional layer of complexity to the relationship between 
earthworms and enzyme activities, elucidating a pathway 
termed “earthworm-secretions-bacteria-enzyme” (Van Elsas 
et al. 2019).

Changes in the growth parameters of earthworms

The changes in the growth parameters such as growth rate 
(GR), survivability rate (SR), mortality rate (MR), cocoon 
production rate (CPR), juvenile production rate (JPR) of 
E. fetida were evaluated during the experimental trial. The 
results revealed that E. fetida showed a significant enhance-
ment in the growth in all the studied parameters (ANOVA, 
LSD, p ≤ 0.05). The GR, SR, MR, CPR and JPR of E. 
fetida were found to be 189.1±0.2%, 80±1.5%, 20±1.2%, 
12.40±1.5% and 16.5±2.0% respectively. The results shared 
a similarity with the previous findings of Lemtiri et al. 
(2016), where higher GR and SR were reported in case of 
E. fetida. These higher GR and SR of E. fetida could be 
due to their ability to respond to the stress condition and 
thereby increase the production of their offspring to off-
set the mortality. Furthermore, the reduced mortality rate 
observed in E. fetida could be linked to the earthworm’s 
physiological adaptation to the stress conditions exerted by 
crude oil sourced heavy metals contamination (Cheng et al. 
2021). Moreover, previous workers such as Chachina et al. 
(2015) had also confirmed that E. fetida seems to be very 
resistant to oil contamination. The increased cocoon pro-
duction rate and juvenile production rate in E. fetida could 
be linked to certain specific metals, such as zinc, which has 
been reported to stimulate cocoon production in the soil 
(Lemtiri et al. 2016).

Seed germination assay

The results of seed germination assay of Brassica juncea 
and Solanum lycopersicum represented as seed germina-
tion index (GI) for the treatments T1 and T2. The results 
revealed that the seeds of both the species (B. juncea and 
S. lycopersicum) germinated effectively in the soil treated 
with E. fetida. The initial GI for B. juncea and S. lycoper-
sicum were recorded as 11.1±0.2% and 10.2±0.1% respec-
tively. The GI value in T1 after the experimental trial was 
found to be 178.5±0.3 and 250.1±0.03 for B. juncea and S. 
lycopersicum respectively. The values for T2 were finally 
recorded as 150±0.01 for B. juncea, while it was found to 
be 161±0.15 in S. lycopersicum. Hence in T1 the GI val-
ues were enhanced by 13.5 and 16-folds in E. fetida-treated 
soil for B. juncea and S. lycopersicum respectively. Thus, 
the results showed an enhancement in the seed germination 
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index in the contaminated soil after treatments by E. fetida. 
This improvement in the seed germination index could be 
attributed to various activities carried out by E. fetida, which 
ultimately improved the quality of the soil. These activities 

include enhancement in the soil structure and promotion of 
beneficial microorganisms and also foster a favorable envi-
ronment for seed germination and plant growth (Gusain and 
Suthar 2020). Additionally, E. fetida, as demonstrated by 

Fig. 5   Principal component 
analysis of T1 containing E. 
fetida. The enzymes and HMs 
content were considered vari-
ables of PCA; the size and angle 
of the vectors were used for 
the interpretation of syner-
gistic interaction. Alphabets 
A=Cellulase, B=Amylase, 
C=Polyphenol oxidase, 
D=Peroxidase, E=Urease, 
F=Dehydrogenase, G=Catalase 
and H=Phosphatase respec-
tively, while “I” denotes the 
average HMs content
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Boruah et al. (2019), enhances soil nutrient levels, particu-
larly nitrogen, phosphate and potassium which are the cru-
cial factors for the seed germination. On the other hand, Al-
Moaikal et al. (2012) suggested that inorganic contaminants 
like crude oil found in the soil can delay the seed emergence 
and hinder the seed aeration abilities, which could have been 
the reason for the reduced germination in T2.

Scanning electron microscopy and energy 
dispersive spectroscopy (SEM‑EDS)

The results of SEM-EDS provide significant information 
about the surface profile of the soil samples before and after 
the implement of the earthworms. The surface morphol-
ogy of the initial soil samples showed a compact mass and 
a robust structure without any pores and fragmentation in 
the soil. On the other hand, the soil samples after treating 
with E. fetida were converted to porous, fragmented and 
disintegrated structure as revealed in the SEM micrographs. 
The EDS profiling of the soil samples showed a significant 
variation in the composition of the soil during the experi-
mental trial. The EDS of initial soil sample in T1 showed 
the weight percentage of C, O, K, Na, Mg and P as 57.65%, 
20.38%, 0.38%, 0.27%, 0.41% and 0.19% while it was 4.78%, 
54.15%, 10.17%, 13.37%, 6.59% and 13.65% at the end of 
the experiment respectively. Hence a significant variation 
was observed in the EDS profile of the soil samples in the 
treatment during the experimental trial.

These superficial changes in the soil structure could be 
attributed due to the crawling and grinding action by E. 
fetida which destructed the compact soil surface and pro-
duced a looser one. The granulated soil structures thus 
formed lead to an improved soil texture and better aeration 
of the soil. The SEM showed an increased in the surface 
area of the soil particle, which could decline the mobil-
ity of the heavy metals as suggested by Mallampati et al. 
(2013). Besides, the heavy metal’s fractions in the soil 
surface also got disturbed due to the broken soil particles; 
even the minerals hosting the metals also got distressed 
due to the fragmentation (Wang et al. 2020). Moreover, the 
porousness and coarseness soil help the native heavy metal-
tolerant bacteria and other beneficial microbes to flourish 
freely which ultimately helps in the decontamination of the 
soil. The fragmented soil structures favor a strong binding 
force between the heavy metals and the HMs-tolerant bac-
teria (Sun et al. 2021). In addition, the microbial activities 
in the aerated soil thus enhance the nutrient profile of the 
soil such as Na, Mg, P and K as confirmed from the EDS 
analysis (Lai et al. 2022). The decrease in the carbon per-
centage at the end of the experiment advocates the reduction 
of hydrocarbon from the soil. The rise in the oxygen level 
in the soil leads to the formation of metal oxides like Mn 
oxides, thus converting the toxic metals to a non-toxic, non-
bioavailable form. Again, the high oxygen level in the soil 
also proposes the formation oxygen functional groups such 
as carboxyl and hydroxyl groups resulting in more negative 

Fig. 7   a-i SEM-EDS micrographs of initial crude oil-contaminated soil samples and b-ii crude oil-contaminated soil after treated with E. fetida 
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charges, and ultimately this may aid to the immobilization 
of heavy metals (Wang et al. 2019a, 2019b). The formation 
of phosphorus in the EDS suggests the metal phosphate for-
mulation, which could lead to immobilization of the metal 
(Cao et al. 2020).

Synergistic changes of enzyme activities 
through PCA

The principal component analysis (Fig. 5) was carried out 
to determine the overall synergistic relationship between 
the enzymatic activities and the HMs content of the soil 
samples. Four distinct directions were used to conduct the 
analysis. The interactions between the enzymes and HMs 
content in T1 containing E. fetida are shown in Fig. 5. The 
variables were represented by the vectors pointing outwards 
from the origin. The length and proximity of the lines to the 
circle indicate the magnitude of variable representation in 
principal component analysis (Yano et al. 2019). The angle 
between the two variables can be used to estimate the cor-
relation between them. A very small angle indicates a posi-
tive correlation between the vectors, whereas an angle of 
90° indicates no correlation; additionally, an angle closer to 
180° among the variables indicates a negative correlation 
(Jahirul et al. 2021).

The PCA studies revealed that, in T1 employed with E. 
fetida, the enzymes such as cellulase, amylase, polyphenol 
oxidase, peroxidase, urease, dehydrogenase and catalase are 
positively correlated as the lines lie in the same plot and are 
pointing toward the same direction with minimal angles, 
while the phosphatase enzyme along with the HMs con-
tent showed a negative correlation with the other studied 
enzymes and lies in the different plot. The positive corre-
lation among various enzyme activities could be due to a 
collaborative action among related microbes. This shows 
that certain groups of enzymes tend to move in the same 
direction synergistically during an efficient remediation pro-
cess. Moreover, this synergistic relation among the enzymes 
also leads to a speedy remediation of the heavy metals con-
tent by altering the oxidation state of the HMs in the soil 
(Munir et al. 2021). Besides, HMs show a strong negative 
effect on most of the enzymes except phosphatase. The 
negative effect of HMs on enzyme activities could be due 
to various factors such as (1) inhibitory effect of the HMs 
on enzyme activities which compete with its active site to 
form metal-organo-mineral complexes; (2) increasing HMs 
contents inside microbial cells cause protein denaturation 
of endoenzymes like dehydrogenase, urease and others; (3) 
the enzymes activities decrease with HMs content because 
of the changes of chemical conformation mainly due to coor-
dination reaction. These factors lead to enzyme deactivation 
and thus show an antagonist effect toward the heavy metals 
content (Aponte et al. 2020).

Interrelation of enzyme activities and earthworm’s 
growth parameters through chord plot

To gain a deeper insight into the correlation between soil 
enzyme activities and earthworm growth parameters, chord 
plot analysis was performed, as depicted in Fig. 6. The cir-
cular arrangement of nodes on the chord plot represents the 
links between points connected through arcs, with the size 
of the arcs reflecting the assigned values of each connection 
(Zhou et al. 2022). The chord plot analysis for soil treated with 
E. fetida showed a significant link between the soil enzyme 
activities and earthworm’s growth parameters, which includes 
survivability rate, mortality rate, growth rate, cocoon produc-
tion rate and juvenile production rate. This relationship high-
lighted how enzyme activities in the soil impact the health 
and dynamics of earthworm populations, influencing their 
survival, reproduction and overall well-being as evidenced by 
the high degree of interconnectedness between nodes across 
different parameters. The higher node data value of the chord 
plot among each parameter represents higher connectedness in 
case of E. fetida. The use of chord plot in this study facilitated 
the interpretation of data trends and patterns.

Practical implications of the study

The vermiremediation stands out as a promising choice for 
the decontamination of crude oil sourced HMs pollution in 
soil. Earthworms including E. fetida have high tolerance 
toward elevated heavy metals concentration and shown the 
ability to break apart the compacted soil aggregates formed 
by the waxy nature of crude oil contamination. Moreover, 
E. fetida, with its unique crawling movement, significantly 
improved soil aeration and fostered soil porosity, creating 
a favorable environment for the soil microbes. These soil 
microbes, in turn, played a crucial role in enhancing the soil 
quality by effectively mitigating the toxicity of heavy metals 
and hence promoted the enzymatic activities of the soil. All 
of which contributed to sustainable and overall well-being of 
the land. Thus, field application of E. fetida in the crude oil-
contaminated land is a feasible approach to mitigate crude 
oil associated HMs burdens. Nevertheless, several factors 
such as massive field trials, analysis of ecosystem effects and 
services are crucial steps to be addressed prior to the prac-
tical implementation of this strategy in field environment.

Conclusion

The E. fetida was found to be effective for reduction of Mn, 
Zn, Ni, Cu and Cr concentrations in the crude oil-contam-
inated soil. Besides, E. fetida has also shown improvement 
in soil structure and enzyme activities in the oil-contami-
nated land and thus ameliorates the soil quality indices. The 
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PCA established significant synergistic interactions among 
soil enzyme activities and heavy metals, while chord plot 
showed a complex inter-relationship between the enzyme’s 
activities and the earthworms’ growth parameters. Finally, 
the toxicity assay has confirmed a higher germination index 
in the E. fetida-treated soil, indicating the positive impact 
of the earthworm in decreasing heavy metals contents in 
soil after treatments (Fig. 7).
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