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Abstract Heavy metal(loid)s pose a concern that 
has drawn significant attention on a worldwide scale 
due to their persistence, toxicity, and bioaccumula-
tion. For instance, research estimates that globally, 
the environment has been exposed to around 800,000 
t of lead (Pb) and 30,000 t of chromium (Cr) over the 
course of the last 50 years. In response to this global 

problem, several techniques such as electrokinetic 
extraction, surface capping, encapsulation, soil flush-
ing, soil washing, and chemical immobilization have 
been applied for the remediation of metal-contami-
nated soils. However, many of these have been classi-
fied as expensive, non-ecofriendly and time-consum-
ing. Research has shown that proteobacteria is one of 
the most abundant phyla in metal-contaminated soils. 
Proteobacteria are well known for their pathogenic 
potential, but little is known about their potential for 
cleaning up contaminated soil. This study assessed 
the remediation potentials of the proteobacteria con-
sortium on leachate-contaminated soil. About 18 
bacterial species that were isolated from the leachate-
contaminated soil were reintroduced to the soil. The 
metals with the highest levels of bioreduction activ-
ity in the microcosm modified with proteobacteria 
isolates were As (61%), Cu (64%), Zn (53%), Mn 
(47%), and Cr (61%). The shortest bioreduction time 
detected during remediation by proteobacteria iso-
lates is 69.3  days, which is related to Cu reduction 
at a rate of 0.01   day−1. It is inferred that the selec-
tive blending of proteobacteria isolates promotes 
the bioreduction of metals in contaminated systems 
by manipulating microbial diversity. Therefore, it is 
possible to exploit a potential synergy toward metal 
reduction through microbial interaction.
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1 Introduction

Population expansion, improved living standards, 
urbanization, and industrialization are the main 
causes of the rise in waste generation. Municipal 
solid waste (MSW) disposal practices frequently 
involve dumping or landfilling the waste in public 
spaces. Municipal solid waste disposal is a pressing 
issue worldwide, as improper management practices 
can lead to various environmental and health con-
cerns (Sohoo et al., 2022). Pollution emanating from 
MSW landfills account for one of the main threats 
to the environment since landfill leachate contains 
potentially toxic elements, including metallic pollut-
ants (Moustafa et al., 2022). Heavy metals and met-
alloids, also known as heavy metal(loid)s are signifi-
cant agricultural soil pollutants due to their toxicity, 
prevalence, non-biodegradability, and bioavailability 
for crop uptake (Ayangbenro & Babalola, 2020; Hou 
et  al., 2020). Globally, the generation of MSW is 
steadily rising. The worldwide solid waste production 
amounted to over 2.1 billion t annually in 2017, and 
by 2050, it is anticipated to increase to 3.4 billion t 
(Abu-Qdais et  al., 2023; Kaza et  al., 2018). Gokgoz 
et al. (2023) reported that in 2021, the Orange County 
Landfill in Florida, USA generated about 34 million 
t of waste, while 0.2 million t was recorded for the 
Botetourt County Landfill in Virginia, USA. Canada 
produces about 49,616 t of MSW each day, as against 
the USA that generates approximately 624,700 t per 
day (Nanda & Berruti, 2021). The European Union 
produces approximately 392 million t of MSW annu-
ally (Shah et  al., 2023). Landfilling has emerged as 
one of the most effective ways to dispose of waste 
in developing nations like Malaysia, Indonesia, 
Thailand, and many others. For instance, in 2021, 
Malaysia’s population was about 32.7 million. This 
potentially generated a staggering quantity of solid 
garbage, predicted to be about 38,427 metric t per 
day (1.17 kg/capita/day), and with 82.5% of the waste 
being disposed of in landfills (MIDA, 2021).

Landfill leachate is the fluid that emerges from 
the trash owing to the increased moisture content of 
waste due to water percolation or degradation (Jay-
anthi et al., 2016). Leachate is a highly concentrated 
effluent. It has a significant impact on landfill design 
and operation. Leachate has a high concentration of 
organic substances like alkenes, aromatic hydrocar-
bons, acids, esters, alcohols, hydroxybenzene, and 

amides, as well as ammonia nitrogen, and a sig-
nificant number of heavy metal(loid)s (Cheng et  al., 
2018; Emenike et al., 2016; Mishra et al., 2023). The 
raw leachate can laterally infiltrate into the soil com-
partments of landfills that are not well-engineered 
with liners and leachate collection systems, thereby 
contaminating the soil. Leachate can spread into sur-
face and groundwater if sufficient prevention is not 
taken. The transported heavy metal(loid)s have the 
potential to bioaccumulate in living things and can 
enter the food chain. Heavy metal(loid)s from con-
taminated sources, including water or air, can enter 
the bodies of humans through the food chain, inhala-
tion, and/or ingestion (Oves et al., 2016).

Heavy metal(loid)s from leachate can be harm-
ful to any environmental media even in low quanti-
ties. Many studies have shown that heavy metal(loid)
s have negative effects on living things (Wuana & 
Okiemen, Wuana and Okieimen, 2011) . The health 
of humans is negatively impacted by potentially toxic 
metals and metalloids. These potentially toxic ele-
ments can build up in the body after exposure. Toxic 
metal bioaccumulation has a variety of harmful con-
sequences on various body tissues and organs. Metal 
toxicity symptoms can be sudden or build up over 
time. It has the potential to impair cellular processes 
such as apoptosis, differentiation, development, pro-
liferation, and damage repair (Alameri et al., 2020). In 
addition to the common health complications associ-
ated with metal toxicity, such as cancer, kidney dam-
age, and effects on the central nervous system, expo-
sure to metal may also result in epigenetic changes 
that may affect the control of gene expression (Balali-
Mood et al., 2021). For instance, the study by Forsyth 
et al., (2018) reported that some pregnant women in a 
rural hamlet in Bangladesh exhibited increased levels 
of Pb in their blood. In that study, it was discovered 
that more than 30% of the women whose blood were 
examined had Pb levels that were more than 5  µg/
dL. They discovered that food storage cans were the 
main source of Pb exposure to these women. Nearly 
18% of the examined food storage cans contained sol-
dering made of Pb. This possibly caused the poison-
ing in the women. Another study conducted by Ying 
et  al., (2018) in China found that children receiving 
treatment at clinics that treat Pb poisoning had Pb lev-
els ranging from 5 to 126 µg/dL in their blood. The 
presence of heavy metal(loid)s in the soil can have a 
negative effect on the growth of earthworms (Eisenia 
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fetida) (Žaltauskaitė et  al., 2020). Toxicity owing to 
heavy metal(loid)s contamination also pose serious 
threats to flora and wildlife. For example, vegetation 
that is being cultivated on Pb-contaminated soil can 
transfer the Pb content to crops (Jyothi, 2021).

It is challenging to remove heavy metal(loid)s 
from any environmental media owing to the mobility, 
persistency, and their deterioration capacity. Herein, 
lies the need for the present studies and related work. 
Consequently, to achieve the metal remediation of 
polluted soil, it is necessary to consider the circum-
stances that may immobilize and/or convert metal 
ions within a specific environmental media, such as 
soil. The development of diverse ways for restoring 
the natural ecosystem affected by contamination, 
to its original circumstance is required when using 
microorganisms to remove/bioreduce metal ions from 
the contaminated soil.

Microorganisms such as proteobacteria display 
distinctive behavior in metal-induced and hazard-
ous environments via their ability to be resistant to 
metal ions (Karelová et  al., 2011). Proteobacteria, 
also now referred to as Pseudomonadota represents 
a large group of prokaryotic microorganisms that 
are a major phylum of bacteria (Oren & Garrity, 
2021). The group includes Vibrio, Escherichia, Sal-
monella, and a variety of other pathogenic organ-
isms (Berman, 2012). Proteobacteria have been 
found to have immense metabolic and degradative 
abilities, in addition to their great habitat adaptabil-
ity (Gong et al., 2023; Liu et al., 2022). Studies have 
shown that ureolytic (urease-producing) microorgan-
isms such as proteobacteria possess the potential to 
ameliorate soils contaminated with a vast spectrum 
of heavy metal(loid)s (Gong et  al., 2023; Hu et  al., 
2021). Consequently, the current study examined the 
impact of altering microbial diversity on the cleanup 
of soil contaminated with leachate metals. It further 
investigated the relative metal reducibility potentials 
of native proteo- and non-proteobacteria found in an 
unhygienic landfill that had been contaminated by 
extremely heterogeneous leachate.

With respect to impact and significance, the pre-
sent study adds to the existing knowledge which 
affirms that the selective use of a blend of surviving 
microbes from contaminated soil can positively influ-
ence heavy metal(loid)s remediation. Furthermore, 

the present study has also identified a new direction 
in the use of bacteria species different from the popu-
lar option that prioritizes the blend of gram-positive 
consortia over the gram-negative species. Addition-
ally, this study will cause a shift from the prior under-
standing that has classified proteobacteria as a micro-
bial signature of disease. Hence, it will draw scientific 
attention to the ecological restoration potentials of 
this phylum of bacteria. Furthermore, the study could 
shed light on the difference in the general metabolism 
and impact of proteobacteria in soil than in humans.

2  Materials and Method

2.1  Study Site and Collection of Samples

The present study entails the treatment of leachate-
impacted soil collected from Taman Beringin Landfill 
(TBL). Taman Beringin Landfill is a closed, non-san-
itary landfill that is situated in the North Jinjang dis-
trict in Kuala Lumpur, Malaysia. Some leachate sam-
ples were collected from pipes that were connected 
to the landfill cells of TBL, and also from seepages 
that were adjoining it. There were two categories of 
soil samples: contaminated soil and uncontaminated 
soil. The contaminated soil was taken from TBL (3° 
13.78′ N, 101° 39.72′ E) while the uncontaminated 
soil was collected from a garden (3° 7′ 24.15″ N, 101° 
39′ 16.79″ E) at the University of Malaya in Malaysia. 
The contaminated soil was contaminated with lea-
chate due to seepage emanating from the waste cells 
of TBL. Specifically, the leachate-contaminated soil 
was removed from the surface (0–30 cm) during sam-
ple collection, in accordance with the ASTME—1197 
standard guideline for performing terrestrial soil-core 
microcosm test (American Society for Testing and 
Materials (ASTM), 1987; Sprocati et  al., 2012). A 
one-piece auger was used for the soil sample collec-
tion from selected sampling points located on TBL. 
The soil samples were transferred into a soil bag and 
thereafter, taken to the laboratory so that the resident 
microbes could be isolated from it. Conversely, heavy 
metal(loid)s analyses were performed on a portion of 
soil from the uncontaminated soil that had been air-
dried. At the laboratory, the samples were stored at 
4 °C and − 20 °C for further studies.
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2.2  Characterization of Leachate and Soil

The raw leachate samples were characterized using 
American Public Health Association (APHA) (1998). 
The soil sample from TBL was also characterized 
using the ASTME-1197 procedure (American 
Society for Testing and Materials (ASTM), 1987; 
Sprocati et  al., 2012). Total nitrogen, potassium, 
and phosphorus contents were determined using the 
ASTM E978-87, ASTM E96-94, and ASTM D5198-
92 methods. The samples’ level of acidity was also 
assessed (American Society for Testing and Materials 
(ASTM), 1987). With the exception of mercury (Hg) 
that the USEPA 3052 method (US Environmental 
Protection Agency (USEPA), 1996) was utilized for, 
the study used the USEPA 3050B method to analyze 
the total concentrations of all the other elements 
in the soil (US Environmental Protection Agency 
(USEPA), 1996). All evaluations were properly triple-
checked (including different trials). The samples were 
also evaluated for other physicochemical properties, 
including pH, color, odor, dissolved oxygen, total 
organic carbon (TOC), salinity, conductivity, 
suspended particles, and total dissolved solids (TDS). 
The Hach Sension 7 was used to detect salinity, 
conductivity, and TDS, while the HANNA HI8424 
portable pH meter and the DO 6 + dissolved oxygen 
meter were used to monitor pH and dissolved oxygen 
levels, respectively.

2.3  Isolation and Identification of Bacteria

The method of serial dilution was utilized to isolate 
the bacteria. Dilutions (0.1  mL) were disseminated 
over newly made nutritional agar under aseptic con-
ditions (Kauppi et  al., 2011). The duplicates and 
inoculation media plates underwent a 24-h incuba-
tion period at 37  °C. Developed colonies were sub-
sequently sub-cultured to ensure the purity of mate-
rials prior to identification. To prevent the loss of 
vigor and viability that is common to most organisms 
in the stationary phase, the cells were regrown every 
16–24 h. Each target cell was injected with inocula-
tion fluid (IF) using Protocols A (IF-A catalog num-
ber 72401) and B (IF-B catalog number 72403) at a 
turbidity range of 95–98%. A 3-mm-diameter region 
of cell growth was scooped up from the agar plate’s 
surface using a cotton-tipped inoculators swab (cata-
log no. 3321), which was then dipped into the chosen 

IF. To maintain uniform suspension, it was required 
to smash any cell clumps against the tube wall.

Thereafter, the pre-grown isolates on agar medium 
(suspended in IF) was then transferred to the GEN III 
Microplate and allowed to incubate. Subsequently, 
the isolated microorganisms were then characterized 
using the Biolog GEN III Microplate methodology 
(Bochner, 1989a, 1989b). A wide variety of gram-
negative and gram-positive bacteria can be profiled 
and identified using the 94 biochemical tests on the 
GEN III Microplate test panel, which offers a stand-
ardized micro technique. It consists of 23 chemi-
cal sensitivity tests and 71 assays for carbon source 
utilization. A tetrazolium dye that changes color 
as a result of substrate metabolism is present in the 
GEN III Microplate. A phenotypic fingerprint of the 
microbe is provided by the test panel in particular, 
which can be used to identify it at the species level. 
The Microbial Identification Systems software by 
“Biolog” (OmniLog Data Collection) then uses the 
phenotypic pattern on the GEN III Microplate to 
identify the bacteria species.

2.4  Bacteria Consortium Formulation for 
Bioremediation of Soil Contaminated with 
Heavy Metal(loid)s

The microbial consortia employed in this study are 
made up of 18 strains that were obtained utilizing 
the aforementioned technique. Each strain was reac-
tivated on nutrient agar for 18 h at 33 °C, and then it 
was inoculated into the nutrient broth and cultivated 
to stationary phase in a shaker at 150 revolutions per 
minute. Before being applied to the polluted soil, 
each strain was pooled in equal portions (50  mL of 
each microbial strain) until it had grown to 1.5 ABS 
at 600 nm (Emenike et al., 2016).

2.5  Heavy Metal(loid)s Sensitivity Test

For the heavy metal(loid)s sensitivity test, agar dif-
fusion was used to evaluate the metal tolerance 
for each bacterial isolate. Each sterile plate was 
seeded with the standard suspension of each organ-
ism (5 ×  105 CFU/ml), and nutrient agar (20 ml) was 
added. Before creating 4 diameter wells (6  mm) on 
the seeded plates, pre-diffusion was permitted. These 
concentrations: 5, 10, 15, and 20 ppm of each metal 
were created. About 70 µl of the metals were poured 
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into the appropriate wells. Therefore, each plate had 
four concentrations of a particular metal and was let 
to stand for 1 h to allow pre-diffusion to occur. After 
that, plates were incubated for 24 h at 37 °C. Based 
on the observed growth pattern, the minimum inhibi-
tory concentrations (MIC) of the heavy metal(loid)
s on the microorganisms were calculated. The inhi-
bition zone diameter (IZD) was calculated from the 
diameters of the matching clear zones, which repre-
sented the metal concentrations that exhibited no dis-
cernible increase. Three replicates were employed. 
A linearity plot was used to assess the relationship 
between resistance and IZD after a one-way ANOVA 
was used to compare metal resistance across isolated 
microorganisms.

2.6  Experimental Setup for Bioremediation

A portion of the soil from TBL that had been exca-
vated was used for the bioremediation study in a 
lab setting. Three treatments made up the experi-
ment: Treatment A, which contained proteobacteria, 
Treatment B, which contained non-proteobacteria, 
and Treatment C, also referred to as the “Control” 
(no amendment). Except for the control setup, the 
experiment was carried out with 2  kg of leachate-
contaminated soil (in polybags) amended with 10% 
v/w (200 ml to 2 kg of soil) of microbial inoculum. 
The experiment was carried out in triplicates for all 
treatments, and each treatment included approxi-
mately (3 ×  109  CFU/g) of inoculum. There was no 
stirring, as the experiments were static. It is signifi-
cant to note that the soil used in the control micro-
cosm was not pre-sterilized because the experiment’s 
goal is to assess the actual performance differences 
between treatments while taking into account the 
inherent potentials of local microbes in the soil at 
unaltered concentrations and diversity. About 100 mL 
of distilled water was added every 2 days to the soil 
to maintain its moisture level between 60 and 65%. 
For 100  days, the analysis of the amount of metals 
in the soil, including soil pH and soil redox potential 
across the treatments were conducted every 20th day 
(Emenike et al., 2016).

2.7  Metal Analysis

An inductively coupled plasma optical emission spec-
trometer (ICP-OES) was used to analyze the soil’s 

metal content every 20  days for all treatments in 
accordance with USEPA 3050B regulations. Before 
the acid digestion process, 0.5 g of soil sample from 
each analysis was put in a beaker. This involved the 
use of 2  mL of nitric acid 65%, 2  mL of deionized 
water, and 4 mL of diluted nitric acid solution, as well 
as 2 mL of nitric acid 65% and 2 mL of hydrochloric 
acid 37%. After that, a hot block was used to heat the 
soil and acid mixture to 85  °C for 30 min. The soil 
sample was heated, then placed in a desiccator for 
chilling, and the sample volume was then prepared to 
50  mL by adding the deionized water. The digested 
sample was aspirated into the ICP-OES for As, Cd, 
and Pb analysis, while for Hg, the sample was ana-
lyzed with cold vapour atomic absorption spectro-
photometer (CVAAS) FIMS-400. The concentration 
of metals in dry weight basis was calculated after the 
instrumental reading was acquired.

2.8  Rate Constant of Metal Bioreduction

The daily rate of metal ion bioreduction was calculated 
using first-order kinetic model:

k =  first-order rate constant for metal uptake per day
t =  time in days
C =  concentration of residual metal in the soil (mg  kg−1)
C0 initial concentration of metal in the soil (mg  kg−1)

and half-life of metal removal was calculated using,

k = first-order rate constant for metal bioreduction per 
day

2.9  Quality Assurance and Quality Control

The obtained data’s accuracy, consistency, and dependa-
bility were confirmed through quality assurance and qual-
ity control. All lab equipment and glassware were cleaned 
with 5% (v/v) nitric acid before being rinsed with deion-
ized water. Before analysis, equipment and glassware 
were oven-dried at 65 °C for 24 h to reduce the likelihood 
of interferences and cross-contamination. All experiments 
and evaluations were conducted in triplicates.

k = −
1

t
(ln

C

C
0

)

half life = ln2∕k
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2.10  Statistical Analysis

To examine the data statistically, SPSS 21.0 was used 
for ANOVA, and the LSD post-hoc test was con-
ducted with a 0.05 significance level.

3  Results and Discussion

3.1  Study Site

The specific sampling points on TBL are shown in 
Fig.  1, and the general conditions of TBL are pre-
sented in Table 1.

Table 2 provides a description of the leachate from 
the TBL. According to the results of the analysis, 
several of the metals had concentrations that were 
higher than the standards established by Ministry of 
Health Malaysia (MHM) (Ministry of Health Malay-
sia (MHM), 2016) and the Malaysian Department of 
Environment (Department of Environment (DOE), 
2009). The landfill has not been in operation since 
2005, yet the concentration of metals in the leachate 
kept rising. Perhaps, this is due to the type of trash 
placed and the decomposition and dissociation pro-
cesses that take place in the landfill. The environment 
in the landfill has a huge influence on how quickly 
MSW decomposes. The moisture content and acid-
ity level have been found to regularly have an impact 

on the pace of trash decomposition. The MSW has an 
average moisture content of roughly 55%.

Biochemical changes and physiological chemical 
processes, such as dilution, volatilization, adsorption, 
precipitation, and dissolution, can affect the quality of 
leachate (Podlasek, 2023). Leachate’s composition may 
vary depending on the age of the landfill, making it dif-
ficult to characterize (Lindamulla et  al., 2022). Large 
variations in leachate quality have been shown to exist 
for several landfills and even at various areas inside the 
same landfill (Podlasek, 2023). The raw leachate of TBL 
had a brownish color upon visual inspection, which may 
be related to the waste content and suspended materials 

Fig. 1  A picture showing 
the study site with sampling 
sites (A, B, C, and D). (A) 
3° 13′ 41.0″ N; 101° 39′ 
42.0″ E. (B) 3° 13′ 44.0″ N; 
101° 39′ 51.0″ E. (C) 3° 13′ 
37.0″ N; 101° 39′ 52.0″ E. 
(D) 3° 13′ 36.0″ N; 101° 39′ 
46.0″ E  

Table 1  General conditions of the study site (Taman Beringin 
Landfill) 

Features Taman Beringin Landfill

Landfill type Non-sanitary (closed)
Color Brownish
Location 3° 13.78′ N; 101° 39.72′ E
Period of landfilling 1991–2005
Age classification Stabilized
Daily average of waste disposed 

(tonnage)
1800–2000

Waste type Household, commercial
Industrial and others

Form of leachate treatment Physical and biological
Fate of landfill gas generated No facility
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present. The pH level is a crucial factor in the effluent 
discharge and wastewater quality. The pH range is fre-
quently used to symbolize how aggressive the leachate 
and biochemical conditions are, within the solid waste 
(Fazzino et  al., 2023). The pH of the landfill leachate 
at TBL is slightly alkaline (7.57 ± 0.8) (Table 2) in the 
neutrality range. This is consistent with the results of 
Salleh and Hamid (2013) who noted a shift in pH from 
8.49 to 6.96 at Air Hitam Dump in Malaysia. This was 
linked to excessive alkalinity in samples from a typical 
old landfill. Mature landfills have a pH that is somewhat 
alkaline and are full of tough organic material that are 
non-biodegradable (Fazzino et  al., 2023). Usually, the 
leachate found in landfills in Malaysia shows elevated 
concentrations for  BOD5 and COD (Department of 
Environment (DOE), 20099) but the leachate from TBL 
showed 127 ± 45 mg/L  BOD5 and 482 ± 103 mg/L COD 
(Table  2) typical of a mature landfill. This is possibly 
due to its non-operational status. The  BOD5 values of 
mature landfills are typically low, as a leachate’s organic 
components may be considered highly biodegradable if 
the  BOD5 value is high (Lindamulla et al., 2022).

According to the leachate analysis from Table  2, 
the metal with the highest concentration was iron 
(Fe), which had a concentration of 134.6 ± 16 mg/L. 
On the other hand, zinc (Zn) had a concentration of 
24.3 ± 3 mg/L. Among other metals, Cr, Al, and Mn 
had readings of 6.2 ± 1.4 mg/L, 5.47 ± 1.2 mg/L, and 
3.1 ± 0.32 mg/L, respectively.

The soil samples taken from TBL were characterized 
(Table  3). The metal content included Al (49,600  mg/
kg), Fe (42,900 mg/kg), Mn (281 mg/kg), As (103 mg/
kg), Cu (59  mg/kg), Zn (49  mg/kg), Cr (46  mg/kg), 
Ni (21  mg/kg), and Pb (18  mg/kg) (Table  3). Heavy 
metal(loid)s including Cd, Zn, Cu, Cr, Pb, and Ni are 
typically found in soil or plants. The allowable level of 
Cd in plants, as approved by the World Health Organi-
zation World Health Organization (WHO) (1996) is 
0.02 mg/kg. The WHO recommends tolerable limits of 
0.6, 10, 1.6, 2, and 10 mg/kg for Zn, Cu, Cr, Pb, and Ni, 
respectively.The findings of the current study show that 
the levels of heavy metal(loid)s in the soil were higher 
than the limits recommended by World Health Organi-
zation (WHO) (1996). It is a well-known fact that the 

Table 2  Leachate 
characterization of Taman 
Beringin Landfill

n = 3; *Malaysian Environmental Quality Act (EQA) 1974 (Act 127); US EPA (1996)

Test parameter Test method Units Taman Beringin 
Landfill

Standard 
limits (*EQA/
EPA)

pH 7.57 ± 0.8 6.0–9.0
BOD5 APHA 5210 B mg/L 127 ± 45 20
COD APHA 5220 mg/L 482 ± 103 400
Total N ASTM E778-87 % 0.25 ± 0.08 5
Total K ASTM E926-94 mg/L 11.6 ± 2.1 N.A
Total P ASTM D5198-92 mg/L 0.1 N.A
As USEPA 3050 B mg/L 0.01 0.05
Ca USEPA 3050 B mg/L 242.1 ± 42 N.A
Fe USEPA 3050 B mg/L 134.6 ± 16 5.0
Mn USEPA 3050 B mg/L 3.1 ± 0.32 0.2
Mg USEPA 3050 B mg/L 52.2 ± 8.7 N.A
Na USEPA 3050 B mg/L 29.7 ± 5.1 N.A
Cu USEPA 3050 B mg/L 0.5 ± 0.1 0.2
Zn USEPA 3050 B mg/L 24.3 ± 3 2.0
Pb USEPA 3050 B mg/L  < 0.01 0.10
Cd USEPA 3050 B mg/L 0.4 ± 0.1 0.01
Hg USEPA 3052 mg/L 0.03 0.005
Cr USEPA 3050 B mg/L 6.2 ± 1.4 0.20
Ni USEPA 3050 B mg/L 0.85 ± 0.1 0.20
Al USEPA 3050 B mg/L 5.47 ± 1.2 N/A
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metal concentration of soil removed from unlined land-
fills (non-sanitary) frequently reflects the sorts of garbage 
that were dumped there. It is customary in Malaysia for 
residential and industrial hazardous waste to be dumped 
in landfills. This may be the probable reason for the ele-
vated levels of potentially toxic elements found in this 
study. Different forms of a given metal are distributed dif-
ferently depending on the chemistry of that metal (Hou 
et  al., 2020). There is always a possibility that heavy 
metal(loid)s in the soil could contaminate the groundwa-
ter, and subsequently, surface water as well (Sohoo et al., 
2022). The possibility that heavy metal(loid)s could lin-
ger in landfills for a long time is another issue that pro-
vides cause for concern (Ayangbenro & Babalola, 2020). 
Heavy metal(loid)s may linger in landfills for around 
150 years if they are leached at a rate of 400 mm/year, 
which is another issue that is cause for concern (Adelopo 
et al., 2018). In addition to being among the most poison-
ous and carcinogenic contaminants, metals pose a major 
risk to the environment and human health due to their 
non-degradable nature. Consequently, the purpose of the 
study was to use proteobacteria to treat soil that had been 
contaminated by leachate.

3.2  Isolated Bacteria Species

Using the conventional isolation technique, 18 isolates 
were successfully removed from the soil taken from 
TBL. It is worth mentioning that the identified bacte-
ria isolates used in the present study are the complete 
set of culturable species from the soil sample. To fur-
ther investigate their ability for removing certain met-
als, the isolates were divided into proteobacterial and 
non-proteobacterial groups (Table 4). Microorganisms 
have the propensity to evolve a variety of survival 
strategies in environments contaminated by heavy 
metal(loid)s. Microorganisms have created inventive 
metal resistance and detoxifying systems in response 
to metals in the environment. Microorganisms adopt 
a variety of strategies to avoid becoming poisonous 
to metals, including biotransformation, extrusion, the 
utilization of enzymes, the manufacture of exopoly-
saccharide, and the synthesis of metallothionein (Igiri 
et al., 2018). The existence of anionic structures that 
enable germs to bind to metal cations, also results in 
the presence of a negative charge on the surface of 
microorganisms (Huang et al., 2023a).

NB, no bacteria addition; *Treatment C also 
referred to as Control.

Microbes can survive in  situations where there is 
metal contamination owing to one or more of their 
resistance mechanisms. Also, it is anticipated that the 
combination of bacteria will increase the metabolic 
potential for heavy metal(loid)s (Emenike et al., 2016). 
Complex pollutants such as heavy metal(loid)s may 
put a single species under stress, obstruct its metabo-
lism, and render them incapable of surviving in a toxic 
environment (Brisson et al., 2012). However, microbial 
consortia, or groups of bacteria, have a higher propen-
sity for resistance and multifunctionality because dif-
ferent species cooperate to effectively utilize a variety 
of substrates. Certain species within microbial consor-
tia can promote or inhibit the growth of other species, 
change interactions among them, and even affect the 
function of the whole community (Li et al., 2023).

3.3  Microbial Resistance to Selected Heavy 
Metal(loid)s

3.3.1  Arsenic

Out of the 18 isolates, the proteobacteria species 
including Pseudomonas alcaligenes, Pseudomonas 

Table 3  Soil characterization of Taman Beringin Landfill

n = 3; *Reference: WHO (1996) Permissible limits of heavy 
metals in soil and plants. Geneva, Switzerland

Test parameter Units Test method Taman Ber-
ingin Landfill 
(n = 3)

pH 7.57
Total N % ASTM E778-87 0.62
Total K mg/kg ASTM E926-94 396.9
Total P mg/kg ASTM D5198-92 568
As mg/kg USEPA 3050 B 103
Ca mg/kg USEPA 3050 B 1608
Fe mg/kg USEPA 3050 B 42,900
Mn mg/kg USEPA 3050 B 281
Mg mg/kg USEPA 3050 B 127.2
Na mg/kg USEPA 3050 B 4.54
Cu mg/kg USEPA 3050 B 59
Zn mg/kg USEPA 3050 B 49
Pb mg/kg USEPA 3050 B 18
Cd mg/kg USEPA 3050 B  < 0.01
Hg mg/kg USEPA 3052  < 0.02
Cr mg/kg USEPA 3050 B 46
Ni mg/kg USEPA 3050 B 21
Al mg/kg USEPA 3050 B 49,600
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mendocina, Aeromonas caviae, and Stenotropho-
monas acidaminiphilia showed the highest resist-
ance to exposure to As. The studies by Banerjee 
et  al., (2011), Ghosh et  al., (2015), and Mishra 
et  al., (2022) support the findings of the present 
study.

3.3.2  Copper

When exposed to Cu, B. aryabhattai was completely 
inhibited, whereas B. diminuta demonstrated inhibi-
tion at 5 ppm. The other 16 isolates all exhibited com-
plete resistance to Cu at concentrations of 20  ppm 
and higher. These results agree with the research by 
Jayanthi et al., (2016).

3.3.3  Zinc

All isolates, with the exception of B. kochii, B. arya-
bhattai, J. hoylei, B. diminuta, and D. tsuruhatensis 
demonstrated positive growth beyond 20 ppm of Zn, 
according to the results of the heavy metal(loid) sen-
sitivity test. While B. diminuta and J. hoylei showed 
growth inhibition in response to exposure to more 
than 5  ppm of Zn, B. aryabhattai showed growth 
inhibition in response to more than 10 ppm. Even at 
low levels of Zn (<5 ppm), the growth of D. tsuruhat-
ensis and B. kochii was hindered.

3.3.4  Manganese

The exposure to Mn revealed that all isolates were 
highly resistant up to 20  ppm, except for C. gleum 

that showed inhibition even at 5 ppm concentration. 
The microbe, S. marcescens, particularly showed 
great resistance to Mn. This finding is in consonance 
with the studies by Barboza et al., (2017) and Huang 
et al., (2023b).

3.3.5  Chromium

The three species that showed great resistance to 
exposure to Cr above 20  ppm include B. cereus, S. 
marcescens, and J. hoylei. This is probably due to 
the high level of resistance by the bacteria species 
to harmful metals. Similar recommendations for the 
bioremediation of hazardous metals have been made 
by earlier studies (Campos et al., 2013; Ramírez et al., 
2019). The other isolated bacteria species exhibited 
growth inhibition when exposed to Cr at varied con-
centrations below 20 ppm.

3.4  Removal Efficiency for Selected Heavy 
Metal(loid)s Across Treatments

3.4.1  Arsenic

Arsenic is a semi metallic, odorless, tasteless metal 
with prominently toxic or human carcinogenic prop-
erties (Singh et  al., 2007). Both organic and inor-
ganic forms of As are prevalent in the soil, and the 
inorganic forms are quite poisonous (Shrivastava 
et  al., 2015). Arsenic is known to occur mostly as 
 As5+,(arsenate) in surface soil, whereas  As3+ (arsen-
ite) predominates in waterlogged soil. The relative 
concentrations of  As5+ and  As3+ have a significant 
impact on the mobility, toxicity, and environmental 
behavior of As (Gonzalez Henao & Ghneim-Herrera, 

Table 4  Bacterial 
treatment for 
bioremediation experiment

Treatment A Treatment B *Treatment C

Ochrobactrum intermedium Cloacibacterium NB
Burkholderia vietnamiensis Chryseobacterium gleum NB
Stenotrophomonas acidaminiphilia Bacillus aryabhattai NB
Acidovorax ebreus Rhodococcus rubber NB
Brevundimonas diminuta Bacillus Pumilus NB
Delftia tsuruhatensis Bacillus kochii NB
Aeromonas caviae Janibacter hoylei NB
Pseudomonas alcaligenes Bacillus cereus NB
Pseudomonas mendocina - NB
Serratia marcescens - NB
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2021). The ingestion or inhalation of As can cause 
detrimental effect to humans. It can cause skin can-
cer, lung disease, and the impairment of the liver and 
bladder (Bhat et al., 2023).

Figure 2 shows the concentration of extractable As 
in the soil throughout the current study, spanning var-
ious time intervals and employing various combina-
tions of microbial consortia. The soil amended with 
Treatment A (Proteo-consortia) demonstrated a larger 
As decrease than the Treatments B and C following 
100  days of remediation with various combinations 
of microbial consortia. The initial As concentration 
was measured to be 103 mg/kg. The highest removal 
for As (61%) was recorded for the soil amended with 
Treatment A in comparison to Treatments B and C 
(Fig. 2). At 20-day intervals throughout the investiga-
tion, a rapid As reduction in Treatment A was seen 
during metal analyses. The findings show that proteo 
groups have the ability to bioreduce As in contami-
nated soil. Bacterial resistance to heavy metal(loid)s 
is a crucial element to consider when studying reme-
diation. This is because potentially toxic metals and 
metalloids directly affect the survival and develop-
ment of bacteria employed to recover contaminated 
locations (Kang et  al., 2016). Consequently, the 
selection and optimization of the microorganisms 
that boosted the reduction of As can be linked to the 
higher As reduction by Treatment A (proteobacte-
ria). This agrees with Pepi et  al., (2007) and Yama-
mura et al., (2007) who reported that Aeromonas sp. 
and Pseudomonas sp. are highly resistant bacteria to 

As. These two types of bacteria belong to the proteo-
group and may have caused a larger removal of As 
from contaminated soil.

3.4.2  Copper

Copper has an excellent thermal and electrical con-
ductivity, in addition to being soft, malleable, and 
ductile (Jha et al., 2015). Copper can damage the kid-
neys and liver, as well as, irritate the intestines and 
stomach when ingested in excessive doses (Jyothi, 
2021). The consumption of drinking water from Cu-
treated pipes may cause contamination of the water 
(Wuana & Okieimen, 2011). Copper forms strong 
complexes to the organic molecules in the soil. Con-
sequently, only a tiny fraction of Cu will be found 
in solution as ionic copper, Cu (II) (Filipović et  al., 
2023).

The remediation experiments for Cu across the 
different treatments are shown in Fig.  3. Treatments 
A, B, and C (Control) had mean residual Cu concen-
trations of 21.33  mg/kg, 23.67  mg/kg, and 37  mg/
kg, respectively. Therefore, the most efficient elimi-
nation of Cu (64%) was observed with Treatment A, 
followed by Treatment B and the Control at 60% and 
37%, respectively. As a result, a significant difference 
(p < 0.001) was observed between the modified treat-
ments (A–B) and the Control (Treatment C). The way 
that microorganisms react to metal-pollution might 
vary depending on the type of metals present and the 
range of concentrations, even among different species 

Fig. 2  Arsenic concentra-
tion across time with differ-
ent treatments
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(different treatments). The significant reduction of Cu 
that is observed with the modified treatments demon-
strates the efficiency of the microorganisms.

This result correlates with the hypothesis sug-
gested by Nieto et al., (1989) and later confirmed by 
Fakhar et al., (2022) that some microorganisms have a 
tendency to be more sensitive to particular metals but 
can have great tolerance for other metals. The type of 
metabolites produced by the species in the amended 
treatments during the experiment as opposed to the 
Control is possibly related to the reduction in Cu con-
tent. For example, Bacillus species, Rhodococcus spe-
cies, Brevundimonas species, and Stenotrophmonas 
species have all been linked to the removal of Cu 
from contaminated systems in the past (Choudhary 
and Sar, 2009; Emenike et  al., 2017). This is likely 
the cause of the treatments’ higher reduction levels.

3.4.3  Zinc

Zinc is commonly found in soil as a result of indus-
trial activities such as waste incineration, mining, and 
steel processing (Luo et al., 2023). Zinc may be pre-
sent in trace amounts in some foods and beverages, 
and these concentrations may rise if the products are 
kept in metal tanks (Wuana & Okieimen, 2011). Zinc 
deficiency in women can result in birth abnormalities 
because it is a trace element that is crucial for human 
health (Wuana & Okieimen, 2011). However, the Zn 
concentrations in drinking water may increase to dan-
gerous levels owing to industrial sources and toxic 

waste sites (Sankhla et al., 2019; Wuana & Okieimen, 
2011).

The microcosm proteobacteria group showed sub-
stantial Zn bioreduction (Fig. 4). Initial Zn levels in 
the polluted soil were 49 mg/kg, but the experiment 
showed that Treatments A and B experienced roughly 
53% and 50% Zn bioreduction, respectively. In this 
study, a significant difference between the treatments 
(A, B) and the Control group was found, due to the 
almost twofold smaller variation in Zn concentra-
tion between additions with Treatments A and B as 
opposed to Treatment C (Control). Microorganisms 
have a great deal of untapped potential for remediat-
ing soil. The results show the potential effects of these 
bacteria on the in situ microbial population (Fauziah 
et al., 2017; Tatiana et al., 2011).

3.4.4  Manganese

Manganese is a chemically active element that is 
pinkish gray in color (Nieder et al., 2018). It is a hard, 
extremely brittle metal that oxidizes readily (Nieder 
et  al., 2018). Pure manganese is highly reactive. 
When it is in its powdery form, it can burn if exposed 
to oxygen (Williams et al., 2012). Manganese reacts 
with water and can dissolve in dilute acids (Williams 
et al., 2012). Inhaling huge doses of Mn through dust 
or fumes can irritate the lungs and result in pneumo-
nia (Dobson et al., 2004).

In the present study, the Treatment A micro-
cosm showed the largest Mn reduction (Fig. 5). The 

Fig. 3  Copper concentra-
tion across time with differ-
ent treatments
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percentage of extractable metal reduction for Treat-
ment A was 47%, and the residual Mn content was 
149.33  mg/kg. When compared to the Control trial, 
the bioreduction of Mn caused by the inclusion of 
proteobacteria in Treatment A showed a fourfold 
higher degree of bioreduction. It is evident that add-
ing inoculum had a huge impact on removing Mn 
from the contaminated soil. This was most likely 
caused by the organisms in Treatment A being able 
to start metabolic processes that improved the break-
down or uptake of Mn, leading to increased Mn 
removal by the treatment. Hence, the order of reduc-
tion for all treatment was Treatment A (47%) > B 

(30%) > Control (11%). Significant differences 
between Treatment A, Treatment B, and Control were 
recorded (p < 0.001). The variations in Mn reduc-
tion among the treatments can be possibly linked to 
the bacterial strains in each treatment. The combi-
nation of Burkholderia sp., Ochrobactrum sp., and 
Pseudomonas sp. may have played a major role in 
higher Mn reduction in Treatment A. This is prob-
ably because Burkholderia sp. has multiple natural 
resistance-associated macrophage protein (NRAMP) 
isoforms (Kehres & Maguire, 2003) which enabled 
Mn uptake in bacteria using the transporter, NRAMP 
(MntH). The transporter comprises of both high and 

Fig. 4  Zinc concentration 
across time with different 
treatments
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Fig. 5  Manganese con-
centration across time with 
different treatments
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low-affinity Mn uptake systems, and the utilized 
transporter depends on the concentration of Mn in the 
environment.

Similarly, it has been observed that a strain of 
Ochrobactrum sp. lowers the concentration of 
extractable Mn in contaminated environments (Leb-
uhn et  al., 2006; Ozdemir et  al., 2003). Also, it has 
been determined that Pseudomonas sp. is an effec-
tive Mn remediation agent (Santelli et al., 2014). As 
a result, Treatment A’s ideal reduction of Mn in com-
parison to other treatments may have been caused by 
the synergistic form of interaction among the three 
microorganisms.

3.4.5  Chromium

Chromium is a hard, steel-gray, and lustrous tran-
sition metal (Briffa et  al., 2020). Most soils contain 
Cr in its trivalent form,  Cr3+, but it is harmful to 
humans, animals, and plants in its hexavalent state, 
 Cr6+ (Karthik et  al.,  2014). Hexavalent Cr contami-
nation might result through welding, burning coal 
or oil, steel manufacturing, or fertilizer production 
(Monalisa & Kumar, 2013). Large amounts of waste-
water contaminated with Cr have been dumped into 
water bodies as a result of the widespread usage of Cr 
in industrial applications (Monalisa & Kumar, 2013). 
Consequently, an exposure to excessive levels of Cr 
can harm the liver and kidneys, lead to skin ulcers, 
and have an impact on the central nervous system 
(Briffa et al., 2020).

Figure 6 shows the reduction of Cr across the treat-
ments in the current study. It revealed that the Treat-
ment A microcosm had a significant influence. It 
is observed that Cr decreased from 46 to 18  mg/kg 
(61%) in Treatment A. Therefore, it can be inferred 
that the inclusion of Treatment A improved Cr 
removal from the polluted soil. The residual Cr con-
centrations for Treatments B and C were 26.67  mg/
kg and 25 mg/kg, respectively (Fig. 6). Similar results 
was found in Emenike et  al., (2017), where it was 
shown that the addition of microbial consortia of var-
ious groups had a higher percentage of removal of Cr 
than natural bioremediation. A substantial difference 
between Treatment A versus the Control was con-
firmed by statistical analysis (p < 0.001). The differ-
ence between Treatment B and the Control was only 
1%, which was the smallest reduction. This possibly 
happened because of Treatment B’s microorganisms 
mineralizing due to an unidentified but distinctive 
metabolic reaction to the Cr-induced environment. 
Most prevalent species isolated from soil polluted 
with Cr belonged to the proteo group (Flavio et  al., 
2005). This could be the probable cause for the iso-
late’s Cr-affinity, which ultimately led to the biore-
duction of extractable Cr from the treated microcosm. 
The greater elimination of Cr observed in Treatment 
A may be related to the involvement of the Pseu-
domonas sp. (Hassan et  al., 1999). Conversely, as 
suggested by Ajay Kumar et al., (2009), the variations 
in the degree of reduction across various treatments 
could be attributed to the variations in the affinity and 

Fig. 6  Chromium concen-
tration across time with 
different treatments
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electronegativity of the metal ions during the expo-
sure to microbes. In addition, Sprocati et  al., (2012) 
found that strain selection, bacterial concentration, 
and inoculum heterogeneity are crucial for efficient 
bioremediation.

3.4.6  Removal Rate Constant of Heavy Metal(loid)s 
Across Treatments

Generally, the treatments augmented with micro-
organisms showed more potential for the removal 
of heavy metal(loid)s than the Control experiment. 
Table 5 displays the rate and half-life of the elimina-
tion of potentially toxic elements. Evaluation of the 
various treatments for various metals showed that 
Treatment A for Cu showed the highest removal rate. 
The rate of removal was 0.010   day−1. Also, when 
compared to other treatments, Treatment A exhib-
ited the highest removal rates for As, Zn, Mn, and 
Cr, with removal rates of 0.0095  day−1, 0.0076  day−1, 
0.0063   day−1, and 0.0094   day−1, respectively 
(Table  5). It is worth mentioning that the grouping 
of treatments, particularly those containing only pro-
teobacteria has not been explored before for bioreme-
diation. Furthermore, since some microorganisms as 
separate cultures had been reported to remove metals 
successfully in prior trials, the substantial decrease of 
metal by this treatment may be related to the blend-
ing of microbes. A function of the bioremoval rate 
constant is the half-life. According to the data on the 
half-lives of the metals and metalloids, the shortest 
half-life for Cu was reported by Treatment A dur-
ing the bioremediation of soil from TBL (Table 5). It 
took approximately 69.3 days to reduce the Cu con-
centration in the system to half. The shortest half-life 
was reported for As, Zn, Fe, Mn, and Cr when the 

polluted soil was supplemented with Treatment A; 
these values were 72.96 days, 91.2 days, 110.02 days, 
and 73.73  days, respectively (Table  5). The concen-
tration of heavy metal(loid)s removed by each treat-
ment determines how different they are from one 
another in terms of their half-life values. The Control 
(Treatment C) had the longest half-life value. This 
was similarly reported by Emenike et al., (2016) and 
Auta et al., (2018).

Besides the investigation of heavy metal(loid)s, 
other parameters that were assessed include soil pH 
and soil redox potential. The soil redox potential was 
assessed across the treatments during the bioreme-
diation process. The variation of the redox potential 
across the different treatments reflects the solubility 
of the metals in the soil. It was observed that Treat-
ment A had a higher redox potential value at the 
end of the 100 days (294.96 mV), in comparison to 
Treatment B and the Control that had 275.06 mV and 
228.63  mV, respectively. The increase in soil redox 
potential as the days progressed from day 0 to day 
100 for all treatments indicates that metal transforma-
tion was possibly occurring. It is anticipated that as 
leachate-contaminated soil goes through bioremedia-
tion, the amount of metals that can be extracted will 
decrease, thereby increasing the redox potential. This 
is supported by findings from Rinklebe et al., (2016), 
Chuang et  al., (2020), and Cavazzoli et  al., (2023). 
Contrarily, Chen et  al., (2021) reported a significant 
reduction in the soil redox potential of a Cr-contam-
inated soil upon the introduction of microbial strains.

With respect to soil pH, a pH of 8.2 was recorded 
for the soil at the onset of the bioremediation stud-
ies for Treatments A, B, and the Control experiment 
(Fig.  7). This initial soil pH was suitable for micro-
bial growth. With reference to the changes in the soil 

Table 5  Heavy metal(loid)s removal rate for different treatment  (day−1) and half-life calculation

n = 3

Metal Treatment A Treatment B Treatment C
Removal rate constant 
(K)  (day−1)

Half-life  (t1/2) 
(days)

Removal rate constant 
(K)  (day−1)

Half-life  (t1/2) 
(days)

Removal rate constant 
(K)  (day−1)

Half-life 
 (t1/2) 
(days)

As 0.0095 72.96 0.008 86.64 0.0062 111.8
Cu 0.010 69.3 0.0094 76.71 0.0047 147.48
Zn 0.0076 91.2 0.0070 99.02 0.003 231
Mn 0.0063 110.02 0.0035 198.04 0.0012 577.62
Cr 0.0094 73.73 0.0061 99.02 0.0054 127.18
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pH during the 100-day remediation study, the soil pH 
varied from slightly acidic at day 20 (6.93, 6.83, and 
7.32 for Treatments A, B, and Control, respectively) 
to neutral pH (8.21, 7.91, and 8.05 for Treatments 
A, B, and Control, respectively) at day 100 (Fig. 7). 
The pH changes in the soil are likely caused by the 
immobilization of metals following bacterial inocu-
lum introduction. The studies by Wang et al., (2021) 
and Ji et al., (2022) support the bioreduction of haz-
ardous metals at neutral soil pH as reported in the 
present study. For instance, the addition of biochars 
containing Bacillus cereus, Bacillus velezensis, and 
Bacillus amyloliquefaciens raised the pH of the soil 
and improved the bioreduction of Cd, Pb, and As in 
the study by Ji et al., (2022). As a soil’s pH increases 
from slightly acidic to neutral, functional groups such 
as phenolic, hydroxyl, and carbonyl are more likely 
to deprotonate. This possibly enhances the negatively 
charged surfaces of soil colloids and positively influ-
ences the bioremoval of the heavy metal(loid)s from 
the soil (Wang et al., 2021). Conversely, Syed et al., 
(2021) reported a decrease in the pH of the inoculated 
metal-contaminated media at various intervals during 
their bioremediation study.

With respect to the possible involvement of other 
microbes such as fungi in the bioremoval of heavy 
metal(loid)s in the soil, it is important to note that the 
Control experiment in the present study was not steri-
lized. This implies that the bioreduction of metals that 
was observed with the Control experiment, recorded 
as 11%, 26%, 37%, 42%, and 46% for the percent-
age removal of Mn, Zn, Cu, Cr, and As, respectively, 
occurred as a result of natural remediation. Natural 

remediation could have been possible due to inherent 
fungi that may have been present in the unamended 
soil (Control experiment).

Furthermore, with regards to the possible effects 
of other microbes or organisms on the survival of 
the bioaugmented bacteria; it is important to note 
that low inocula can lead to limited survival of bio-
augmented bacteria. Since colonization by bioaug-
mented bacteria is a significant factor in the success 
of bioaugmentation, the use of high inocula was 
ensured during the study. Specifically, each treatment 
included approximately 3 ×  109  CFU/g of inoculum. 
The bacterial count was also considered during the 
100-day remediation period, and Fig.  8 displays the 
bacterial count over time with various treatments for 
the TBL’s soil remediation. It is crucial to compre-
hend the distribution of bacteria in a bioremediation 
setup because a bacterial count reflects the survival 
of microbes in a metal-contaminated soil. The count 
was conducted every 20  days. Day 0 saw an aver-
age bacterial count of 1.4 ×  108  CFU/g for all treat-
ments, as opposed to the Control’s 2.5 ×  107 CFU/g. 
Throughout the 100  days, there was a shifting ten-
dency in the bacterial count. Similar trends in bac-
terial count was seen by Lin et al., (2010) for biore-
mediation investigations of heavy metal(loid)s with 
inoculation of various groups of microorganisms. At 
day 20, all treatments showed an increase in the num-
ber of microorganisms (Fig. 8). This was anticipated 
due to the inoculum being introduced at the start of 
the experiment. An increase in bacterial count was 
observed at both day 60 and day 80 for both Treat-
ments A and B (Fig. 8). The availability of nutrients 

Fig. 7  Soil pH across time 
with different treatments 
for remediation of Taman 
Beringin Landfill soil
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in the soil is a probable cause of the increase in bac-
terial count. The bacterial count may have increased 
also as a result of the occurrence of conditions that 
are favorable for cell duplication. A significant reduc-
tion in the bacterial count was observed across board 
at the end of the experiment (day 100) (Fig. 8). This 
trend may have occurred due to cell stress associated 
with continued metal toxicity. It is important to note 
that the remediation process has the tendency to limit 
the availability of nutrients at this stage.

The findings from the majority of the data in the 
current study allude to the interplay of the significant 
role of the proteobacteria species in Treatment A, 
toward the bioreduction of heavy metal(loid)s. Some 
of the proteobacteria species include Ochrobactrum 
intermedium, Burkholderia vietnamiensis, Aeromonas 
caviae, Serratia marcescens, and Pseudomonas spp. 
Therefore, these microbes have been briefly expati-
ated on, hereafter.

Ochrobactrum intermedium is a species of bacteria 
that has been found to be capable of degrading poten-
tially toxic elements, oil, and hydrocarbons in con-
taminated soil. This bacterium belongs to the class 
of proteobacteria and is known for its versatile meta-
bolic capabilities. Researchers have identified Ochro-
bactrum intermedium as a potential candidate for 
soil remediation due to its ability to produce certain 
enzymes that facilitate the breakdown of complex 
compounds (Raklami et al., 2022; Sharma & Shukla, 
2021). For instance, Khan et al., (2022) reported that 
Ochrobactrum intermedium was able to remove 93% 
of reactive black 5 dye from textile waste-contam-
inated soil. Also, the study by Sharma and Shukla 

(2021) showed that Ochrobactrum intermedium can 
resist up to 2400  mgL−1 and 850  mgL−1 of Pb and 
Ni, respectively. Furthermore, studies have reported 
the presence of ATPase (metal-specific transporter) 
and extracellular polymeric substances (EPS) in the 
genome of Ochrobactrum intermedium (Khan et  al., 
2022; Raklami et  al., 2022). While the ATPase is 
important for the import of metals, the EPS enables 
metal ion binding, which enhances the adsorption and 
exchange of metal ions (Sharma & Shukla, 2021). 
Raklami et  al., (2022) reported that Ochrobactrum 
intermedium can cause the detoxification of Cr by 
reducing the highly toxic form of Cr ion (Cr (VI)) to a 
less toxic state (Cr (III)).

Burkholderia vietnamiensis is another bacterium 
that is commonly isolated for the microbial remedia-
tion of polluted soil. The studies by Gan et al., (2014) 
demonstrated the ability of Burkholderia vietnami-
ensis to degrade crystal violet dye from textile-waste 
contaminated media. This finding was corroborated 
in the study by Zhou et al., (2014) where it was con-
cluded that Burkholderia vietnamiensis has the poten-
tial to bioadsorb copper ions and simultaneously, 
degrade crystal violet dye. Burkholderia vietnamien-
sis can also reduce the toxicity of uranium and nickel; 
as well as influence the degradation of trichloroethyl-
ene (Van Nostrand et al., 2007). Strains of Burkholde-
ria can produce indoleacetic acid (IAA), a substance 
that can solubilize inorganic phosphates to aid in the 
uptake of metals from soil (Jiang et al., 2008; Wang 
et al., 2022a). Additionally, Burkholderia strains can 
synthesize exopolysaccharides and siderophores (low 
molecular weight molecules that can scavenge iron), 

Fig. 8  Bacterial count 
across time with different 
treatments for leachate 
impacted soil from Taman 
Beringin Landfill
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which facilitate the removal of heavy metals from 
the soil (Ferreira et al., 2010; Wang et al., 2022a). In 
fact, Burkholderia vietnamiensis has been identified 
as the strain with the highest siderophore-producing 
capacity among the genus Burkholderia (Wang et al., 
2022a).

The genus Aeromonas consist of gram-negative 
bacteria that are widely distributed in aquatic sys-
tems, as well as in the terrestrial environments. Aero-
monas spp. have great genetic flexibility and signifi-
cant capacity to thrive in diverse habitats (Canellas 
& Laport, 2022). When compared to other bacterial 
groups, research on the biotechnological potentiali-
ties of Aeromonas spp. is significantly sparse because 
attention is usually paid to their harmful potential 
(Canellas & Laport, 2022). Mobile elements such 
as transposons, bacteriophages, plasmids, and chro-
mosomal genomes (with integrons) mediate heavy 
metal(loid)s resistance in Aeromonas species (Tataje-
Lavanda et  al., 2019). These metal resistance genes 
include those for Cr, As, Zn, Hg, Cd, Co, Ni, and oth-
ers (Uhrynowski et al., 2017). Therefore, Aeromonas 
species possess the ability to convert and eliminate 
heavy metal(loid)s and other contaminants from con-
taminated environments (Huang et  al., 2019). For 
instance, Aeromonas species have been shown to 
breakdown hydrocarbons and bioreduce Ni, Cu, and 
Zn (Qurbani et al., 2022), remove nitrates from waste-
water (Rajta et al., 2020), and decolorize trimalachite 
green dye (Du et al., 2018).

The genus Pseudomonas is one of the most diverse 
bacterial genera that play a critical role in natural 
microbial communities. According to Hesse et  al., 
(2018), Pseudomonas spp. are thin, rod-shaped, 
mostly unicellular organisms with a straight or curved 
long axis. They are non-spore-forming, gram-neg-
ative organisms (Fakhar et  al., 2022). Pseudomonas 
species are frequently found in soil, aquatic environ-
ments, humans, and animals (Hesse et  al., 2018). 
They are common and can grow on harmful metal-
contaminated soil. For instance, Pseudomonas spp. 
can methylate mercury  (Hg2+) and transform it to 
its gaseous form, methyl mercury (Igiri et al., 2018). 
Similar conversions of As to gaseous arsines, Pb 
to dimethyl lead, and selenium (Se) to its volatile 
form, dimethyl selenide are also possible with Pseu-
domonas spp. (Fakhar et  al., 2022). Pseudomonas 
spp. can tolerate polluted settings, owing to a num-
ber of well-established processes. During biosorption, 

polysaccharides on the cell surface of Pseudomonas 
spp. form a flaccid bond with heavy metal(loid) ions 
(Fakhar et al., 2022). Pseudomonas spp. have defense 
mechanisms that rely greatly on extracellular poly-
saccharides secreted around their cells (Fakhar et al., 
2022). Furthermore, rhamnolipids which is a type of 
biosurfactant made by Pseudomonas can form com-
plexes with heavy metal(loid)s including Zn, Pb, and 
Cd. Consequently, this causes them to speciate (Meli-
ani, 2015).

Serratia marcescens is a gram-negative rod-shaped 
member of the Enterobacteriaceae family. It has been 
isolated from a variety of environmental and nosoco-
mial sources (Díaz et al., 2022). Since Serratia marc-
escens has been identified as the cause of a variety of 
symptoms in hospitalized patients, its significance as 
an opportunistic human pathogen has come to light 
(Díaz et  al., 2022). Some of these virulence charac-
teristics, especially those of secondary relevance, may 
be one of the reasons why the bacterial species is able 
to compete in a variety of hosts, including soil, water, 
insects, and plant surfaces (Abreo & Altier, 2019). 
Published findings have shown Serratia marcescens 
to be highly resistant to certain toxic metals (Mar-
rero et  al., 2009; Díaz et  al., 2022) . Serratia spe-
cies have been suggested as effective biosorbents for 
Cd and Cr (Sun et al., 2023) and as a bacterium that 
may reduce molybdenum (Mo) (Shukor et al., 2008). 
The Serratia marcescens strains 16, C-1, and C4 that 
were discovered in a Ni deposit in Cuba were able to 
remove Ni and Co ions from monometallic systems 
(Marrero et al., 2009). The biosorption of Co (II), Zn 
(II), Cu (II), and Ni (II) via Serratia marcescens was 
also reported in the study by Díaz et al. (2022). In the 
present study, Serratia marcescens is a member of the 
proteobacteria treatment group (Treatment A) that 
exhibited the highest bioreduction of As, Cu, Zn, Mn, 
and Cr in leachate-contaminated soil.

Overall, it is important to realize that the bio-
augmentation strategy aimed to rearrange the col-
lection of microbes isolated from the contaminated 
area to find the dominant microorganisms that can 
remove pollutants and boost the pace at which heavy 
metal(loid)s are removed. The proper strains of 
microorganisms or their consortia are necessary for 
a successful bioaugmentation technique. The ability 
of microorganisms to grow quickly, be easily culti-
vated, tolerate contaminants well, even at high con-
centrations, and thrive in a variety of environmental 
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conditions should all be considered when choosing 
the right culture (Agnieszka and Zofia, 2010; Gong 
et al., 2023). Consortia are frequently more effective 
than single strains because the intermediates of one 
strain’s catabolic route may be further degraded by 
other bacteria with suitable catabolic pathways (Hein-
aru et al., 2005).

4  Conclusions

An environment contaminated with potentially toxic 
metals and metalloids poses a serious challenge due 
to their harmful effects across the food chain. The for-
mation of large amounts of leachate is influenced by 
landfilling. Leachate from improperly managed land-
fills can seriously contaminate surface and ground-
water sources by flowing laterally into the soil. Some 
microorganisms have the capacity to thrive in metal-
laden environments and convert those metals into less 
dangerous forms. Yang et al., (2023) listed proteobac-
teria as a major microbial strain that have the innate 
ability to tolerate potentially toxic elements. Yang 
et  al., (2023) and Gong et  al., (2023) further sug-
gested that there could be a close correlation between 
the presence of proteobacteria in a soil’s microbial 
community and the removal of metals. Both studies 
recommended this notion for future study. The propo-
sition by Yang et al., (2023) and Gong et al., (2023) 
were investigated and corroborated in this study.

The current study found that in comparison to 
the other treatments, the proteobacteria group con-
siderably increased the rate at which As, Cu, Zn, 
Mn, and Cr were bioreduced, making them potential 
remediation agents for the bioreduction of heavy 
metal(loid)s in contaminated environments. Spe-
cifically, in the present study, the highest percent-
age removal was recorded as 61%, 64%, 53%, 47%, 
and 61% for As, Cu, Zn, Mn, and Cr, respectively. 
Therefore, this study reports that the proteobacteria 
isolates demonstrated better metal removal from the 
leachate-impacted soil. Following the findings of 
the current study, future strategies and applications 
will include multiple investigations centered on 
identifying and exploring the target genes for metal-
remediation using proteobacteria. In view of the 
proposed upscaling, some factors will be considered 
and further optimized. These factors include oxygen 
supply, possible interferences from environmental 

conditions such as sunlight, rain, temperature, 
microbial competitions, soil texture and moisture, 
concentration, toxicity, and bioavailability of tar-
get contaminants, as well as the presence of other 
co-contaminants. In some instances, there may be 
the possibility of suppression of introduced bacte-
rial strains by indigenous microorganisms which 
may lead to failure of the field-scale remediation of 
metal-contaminated soils. This may occur despite 
the application of a microbial inoculum that was 
successful at the laboratory stage. In order to miti-
gate this possibility, further standardization of the 
growth parameters of the performing isolates will 
be conducted prior to large-scale studies.

With respect to contributions of the present study, 
to the best of the authors’ knowledge, this is the first 
time that the proteobacteria group have been categori-
cally prioritized as bioremediation agents. Further-
more, the microbial formulation protocol described 
in the current study can be optimized by industry 
for land reclamation. The studies by Fakhar et  al., 
(2022), Cao et  al., (2022), and Wang et  al., (2022b) 
reported an increase in the abundance of proteobacte-
ria after the bioreduction of heavy metal(loid)s from 
contaminated media. These studies further alluded 
that the proteobacteria group may have played a sig-
nificant role in the bioremediation of metal-contami-
nated soils. It is apparent that the work by Cao et al., 
(2022), Fakhar et al., (2022), and Wang et al., (2022b) 
support the findings of the current study, with regards 
to the conclusion that proteobacteria possibly possess 
remarkable potential for the bioreduction of heavy 
metal(loid)s in contaminated soils.
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