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Bioremediation of Copper with Endophytic Bacteria
Bacillus sp. and Streptomyces griseus

Hilya Béke Ozkog, Ph.D."; Mirac Tansu Aliustaoglu?; and ilknur Sentiirk, Ph.D.3

Abstract: The present study investigated the copper tolerance and bioremediation potential of endophytic bacteria because endophytic
bacteria are the most common bacterial strains associated with heavy metal bioremediation. The acute toxic effects of copper on living
organisms were determined using two endophytic bacterial species, Bacillus sp. and Streptomyces griseus (S. griseus). After 4 days of acute
toxicity test, changes in metal and bacteria concentrations in water, inhibition (%), bioaccumulation rate, and bioconcentration factors were
evaluated. According to the evaluations, cell weights decreased, and inhibition rate (%) increased with increasing metal concentration after a
certain level (10 mg/L Cu). With increasing metal concentrations from 5 to 25 mg/L, biosorption efficiency decreased from 35.94% to
20.73% for S. griseus and from 56.36% to 34.47% for Bacillus sp. The bioaccumulation quantities increased with increasing metal con-
centrations for both species. Based on the present findings, it is concluded that Bacillus sp. and S. griseus are suitable candidates for the
bioremediation of copper ions from contaminated environments. These endophytic bacteria use hyperaccumulating plants for more effective
bioremediation of heavy metals. DOI: 10.1061/JOEEDU.EEENG-7397. © 2023 American Society of Civil Engineers.
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Introduction

Heavy metals are encountered naturally in trace quantities in vari-
ous ecosystems. However, metal electroplating and fertilizer indus-
tries, mining facilities, battery manufacturing, paper mills, and
pesticide production facilities induce heavy metal growth in eco-
systems (Rajkumar et al. 2009). Metals are highly toxic to animals
and aquatic biota due to their persistence and bioaccumulation.
Negative impacts of metals on flora and fauna have primarily been
observed in recent years (Sentiirk et al. 2023). Heavy metals may
pass into human bodies through the food chain (Abo-Alkasem et al.
2023). Some heavy metals are carcinogenic and mutagenic even at
low concentrations. Therefore, heavy metals should be removed
from receiving bodies or treated before discharge through proper
technology (Sagadevan et al. 2022; Jeyakumar et al. 2022).
Copper (Cu) is used in large quantities, especially in metal and
metal-related industries. Cu, an essential micronutrient for living
cells, can be absorbed acutely or chronically, depending on its
amount, exposure, and timing. However, copper is highly toxic at
high concentrations, although it is a trace element at minimum con-
centrations, on soil and water resources (Manohari and Yogalakshmi
2016; Maltsev et al. 2023). Therefore, copper-containing wastewater
effluents should pass through proper treatment processes before
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being discharged into the receiving bodies (Liu et al. 2023; Orozco
et al. 2023).

Heavy metals are removed from wastewater through various
treatment processes such as filtration, membrane technologies,
electrochemical treatment, chemical precipitation, oxidation/
reduction, reverse osmosis, and ion exchange (Rajeshkumar
et al. 2012; Abo-Alkasem et al. 2023). However, the most of these
methods are costly, labor-intensive, inefficient, and generate large
quantities of secondary pollutants (sludge) (Chen et al. 2005; Guo
et al. 2010; Gupta et al. 2023). These traditional physical and
chemical techniques eventually lose applicability because they pro-
duce significant amounts of chemical waste (Goutam et al. 2021).
Therefore, in situ sustainable techniques should be developed and
implemented to ameliorate heavy metal contaminated areas (Mahar
et al. 2016). In situ techniques such as bioremediation, phytoreme-
diation, biotransformation, nonhost inoculation, and other methods
are used to treat heavy metals in the environment (Abo-Alkasem
et al. 2023).

Bioremediation technology, especially among these methods, is
a promising technology that uses living green plants or microorgan-
isms to remove pollutants from soils, surface water, and groundwater.
Also, bioremediation technology has great application potential
due to its environmental protection, safety, cost-effectiveness, and
no secondary pollution (Wu et al. 2021; Sui et al. 2021; Priya et al.
2022; Liu et al. 2023; Priya and Tamilselvi 2023). Bioremediation
typically achieves through two main mechanisms: bioaccumulation
and biosorption (Bharagava and Chowdhary 2019). Bioaccumula-
tion is a bioremediation technique in which the metabolic activity
of living organisms is used for metal removal from wastewaters
(Davis et al. 2003). Biosorption can be defined passive uptake
by living organisms (Demarco et al. 2023). Biosorption and bioaccu-
mulation are suitable for in situ applications (Timkova et al. 2018).

Sustainable systems using microorganisms, plants, or their
products are used as alternative solutions to reduce metal-induced
risks and environmental pollution (Dixit et al. 2015; Timkova et al.
2018). Microorganisms can also detoxify metals by bioreduction,
biosorption, bioleaching, and biomineralization (Wang et al. 2021).
Bacteria, fungi, or algaelike microorganisms are used to reduce the
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negative effects of heavy metals on soil and water resources
(Bharagava and Saxena 2020; Volaric et al. 2021). Bacteria have
been the primary focus of recent studies conducted for the biore-
mediation of heavy metals (Govarthanan et al. 2016; Jeyakumar
et al. 2022; Aiswarya Sudheer and Chattopadhyay 2023; Singh
et al. 2023; Vulpe et al. 2023). Bacterial bioremediation is an ef-
fective and reliable technique to degrade, detoxify, mineralize,
transform, or reduce the concentration of heavy metals. Recently,
a group of microorganisms known as endophytes (endophytic bac-
teria) have gained attention for their potency to remove or immo-
bilize heavy metals (Priya and Tamilselvi 2023).

Endophytes, microorganisms that live in the host plant’s tissues,
have historically been investigated for their ability to promote plant
development, engage in biocontrol, and produce bioactive substan-
ces. There is much space for research and advancement in using
endophytes, a relatively new practice. Therefore, endophytes are
intriguing microorganisms in our quest to develop novel tools for
the bioremediation of contaminants (Bharagava and Chowdhary
2019; Sharma and Kumar 2021). Endophytic bacteria colonize
the lower epidermal layer of plant tissues. The endophytic bacteria
protect plant cells from heavy metal stress conditions by altering
their phytoutilization, reducing or eliminating phytotoxicity
(Abo-Alkasem et al. 2023).

Additionally, endophytic bacteria isolated from accumulator
plants actively contribute to reducing heavy metal stress and
enhancing the rate at which those metals are absorbed by plants
(Wang et al. 2020). Burges et al. (2016) found that Festuca rubra
reduced the bioavailability of Cd and Zn in rhizosphere soil by 19%
and 22% after inoculation with endophytes. Endophytes have char-
acteristics that encourage plant growth, which increase plant bio-
mass and phytoextraction amounts of Cd and Zn (Yao et al. 2022).
Previous studies (Doty et al. 2007; Fan and Song 2014) demon-
strated that natural or engineered endophytes enhanced the perfor-
mance of bioremediation processes. So far, organic pollutant
bioremediation has been given more attention than heavy metals,
probably due to their biodegradable nature.

Nevertheless, recent studies showed that many endophytes are
metal resistant (Manohari and Yogalakshmi 2016; Nguyen and
Phan 2023). Paenibacillus sp. RM, endophytic bacteria isolated
from the roots of Tridax procumbens displayed exceptional resis-
tance to Cu, Zn, As, and Pb. Batch experiments employed in bio-
remediation investigations revealed that the isolate Paenibacillus
sp. RM removed the highest amounts of Cu (59.4%), followed
by Zn (51.4%) (Govarthanan et al. 2016). Endophytic strain B.
cereus isolated from Vigna radiata showed maximum 57.2% bio-
sorption efficiency for Ni (Kashyap et al. 2022).

Endophytic bacteria may have a more significant potential to
reduce the negative effects of heavy metals because plants that
do not have a chance to relocate can survive without being affected
by accumulated toxic substances. In this respect, the potentials of
endophytic bacteria, which are the elements of this relationship es-
tablished in different plants, especially plants living in natural envi-
ronments, will be necessary. Therefore, this study evaluated the
copper bioremediation potential of bacterial endophytes isolated
from plants and provided data for copper tolerance of Bacillus
sp. and S. griseus endophytic strains isolated from wild plants.

Materials and Methods

Reagents and Growing Medium

Analytical-grade reagents were used in the present experiments.
The required amount of CuSO, - 5SH,O was dissolved in distilled
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water to prepare 1,000 mg/L copper stock solution. The stock sol-
ution was then subjected to serial dilutions to prepare the copper
solution of different concentrations. All glassware was cleaned with
nitric acid and rinsed several times with ultrapure water (Milli-Q
system, Millipore Bay City, New Zealand) before the experiments.

Bacteria Cultures

In this study, endophytic bacterial strains Bacillus sp. and S. gri-
seus were obtained as a pure culture from the culture collection of
the Biology Department, Faculty of Sciences, Ondokuz May1s
University. These bacterial cultures were isolated from orchid
plants and molecularly characterized by Altinkaynak and Ozkoc
(2020). Nutrient agar media was autoclaved at 121°C for 15 min,
and then it was transferred into plates and used for culturing endo-
phytic bacteria. The plates inoculated with endophytic bacteria were
incubated in a climate room at 25°C for 7 days to allow bacterial
growth (Albert et al. 2018). Malt extract broth (MEB) agar medium
(100 mL) was taken for the liquid culture, placed into 250-mL Erlen-
meyer flasks, and then autoclaved at 121°C for 15 min.

After exponential growth, bacteria cells in the solid growth
medium were cultivated into a broth medium. The experimental
flasks were incubated with shaking on a rotatory shaker at
150 revolutions/min (rpm) for 72 h under continuous cool-white
fluorescent lighting of 3,500—4,000 lux and 16/8 h light/dark cycles
at 25°C (Ali ustaoglu 2020). The bioremediation rate of living metal-
resistant bacteria should be strongly depend on the population of
cells at optimal growth conditions (Guo et al. 2010; Ali'ustaoglu
2020). Therefore, an incubation period of 72 h was applied, and
the desired organism count of 10* cells/mL was reached after 72 h.

Effects of Heavy Metals on Medium pH

The pH values of the liquid growth medium (1) before inoculation
(pH,), (2) after 72 h of incubation (pH, ), and (3) after 96 h of metal
exposure (pH,) were measured with the use of a pH meter (Ohaus
Stater 3100 pH meter, Parsippany, New Jersey). After 72 h of in-
cubation, the growing bacteria were exposed to different copper
concentrations for 96 h.

Bioremediation of Copper with Bacillus sp. and
S. griseus

Bacillus sp. and S. griseus were inoculated into 250-mL Erlenmeyer
flasks containing 100 mL of MEB agar medium and incubated in a
shaking incubator at 150 rpm for 72 h at 25°C. At the stage of the
late exponential phase, every one of the copper solutions (5, 10, 20,
and 25 mg/L) was inoculated separately into the culture flasks and
incubated in an incubator shaker at 150 rpm at 25°C for 96 h to de-
termine the appropriate range of toxicity for Bacillus sp. and S. gri-
seus (Rand and Petrocelli 1985; USEPA 1994, 2002). All copper
concentrations were added to MEB agar after autoclaving. The
growth of the bacteria without copper was considered the control
for this experiment.

Toxicity tests were carried out under the test conditions applied
for the growth of bacteria. At the end of 96 h, the bacterial cells
were separated from the liquid growth medium by filtering through
a Whatman glass microfiber filter (Grade GF/C) (Darmstadt,
Germany). The resultant filtrate was rinsed through 50-mL ultra-
pure water, and the bacteria cells were dried at 40°C for about 48 h
until a constant mass. The toxic effect of Cu at different concen-
trations was evaluated by measuring the cell weight as dried mass.
Experiments were conducted in triplicate.

Three new fractions were obtained at the end of the experiments,
as specified by Albert et al. (2018): Fraction A corresponds to
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Fig. 1. Experimental system designed according to Albert et al. (2018).

liquid media, Fraction B corresponds to rinsing water, and Fraction
C corresponds to dried bacteria cells (Fig. 1). Fractions A and C
were mineralized before relevant analyses. A 5-mL aliquot of
Fraction A and the entire Fraction C were placed separately into
a Teflon polytetrafluorethylene beaker and digested in aqua regia
[10 mL HNO; (65% w/w), 10 mL HF (40% w/w), 5 mL HCIO,
(60% w/w) and 10 mL HCI, 1 M] (APHA 1995). After digestion,
the samples were diluted to 25 mL with distilled water and filtered
through a Whatman GF/C glass fiber filter for analysis using a
UNICAM 929 AA spectrometer (UNICAM, Cambridge, UK).

The amount of metal absorption (%ab) and metal adsorption
(%ad) was calculated using Egs. (1) and (2), respectively (Albert
et al. 2018)

Yoab = Qabs/Qo (1)
Yoad = Qads/Qn (2)

where Q.. = Fraction C (amount of metal absorbed inside the
bacteria); O, = initial amount of metal in the culture media;
and Q,4, = Fraction B (amount of metal adsorbed on the bacteria
cell wall).

The growth rate (1) was calculated using Eq. (3) (Atay and
Ozkoc 2010):

InX; —InX,
W=

19

(3)

where X; = cell density measured at the end of #; time; X, = initial
cell density; and 7; = time between the Lth measurement and the
beginning of the test (h).

The p values calculated for each test concentration were used to
determine the percent inhibition at different metal concentrations
(Eq. 4)
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Liquid media Rinse water (adsorption) Dried cells (absorbtion)
fraction A fraction B Fraction C
v
Digestion AAS Digestion
AAS AAS
Tui =< Fi s 100 4)

He

where j1, = mean growth rate for control; and j; = mean growth rate
for the test concentration i (Atay and Ozkoc 2010).

Bacillus sp. and S. griseus were inoculated into broth medium
containing different concentrations of CuSO, - 5H,0, and the
growth inhibiting copper concentration was measured. During
the acute toxicity test lasting 96 h, changes in metal and bacteria
concentrations in water, cell density, bioaccumulation (BA) rate,
and bioconcentration factor (BCF) were evaluated. In addition,
the metal removal efficiency of the organisms was determined
by measuring the remaining Cu concentrations in water.

BA was used to describe the uptake of chemicals from the water.
The BA values were determined through addition of adsorption and
absorption [Eq. (5)]. BCF, representing the distribution of heavy
metals between organisms and water and the ability of bacteria to
accumulate trace metals, was calculated using Eq. (6) (Ibrahim
et al. 2021; Sentiirk et al. 2023)

BA = Qads + Qabs (Mg/g DW) (5)

Cor anism
BCF = —¥0 (L/kg DW) (6)

water

where Copganism = total metal concentration in bacteria (ug metal/g
dry weight of bacteria); C,; = total metal concentration in water
(mg metal/L); and DW = dry weight.

Results and Discussion
In this study, two endophytic bacteria (Bacillus sp. and Streptomyces
griseus) were assessed for their copper metal bioremediation poten-

tial (Ali'ustaoglu 2020).
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Fig. 2. Change in pH during the study (n = 3, mean value +SD).

Change of Medium pH

The pH changes in the initial culture medium (pH,), after the cul-
tivation of endophytic bacteria into the culture medium (pH;) and
after 96 h of exposure to metal concentrations (pH,) are presented
in Fig. 2. The initial average pH of the medium was 6.32, the aver-
age pH values reached 7.50 when heavy metal was added, and
increased to 8.0-8.40 after 96 h of exposure. It was observed that
the pH increased as the exposure time increased for each metal
concentration.

Solution pH values have a great effect on the solubility of heavy
metals. The increases in pH values when copper was added to the
medium indicate that biological activities affected the pH of the
medium (Fig. 2). Black et al. (2014) conducted bacteria biosorption
tests with lead and copper at neutral pH (7.0-7.5) and indicated
increased pH values after bacterial cultivation and exposure. It
was stated that the pH value affected the solubility of metal ions
and the total charge of the biosorbent because protons can be ad-
sorbed or released (Esposito et al. 2002; Yadav et al. 2018). In an-
other study, it was stated that the deprotonation of functional groups
occurred on increasing pH, and these acted as negatively charged
particles that began to attract positively charged metal ions (Yadav
et al. 2018). These studies support our results on the increase in pH
after metal exposure for both endophytic bacteria.

Toxic Effects of Copper on Bacillus sp. and S. griseus
Activity

Experiments were carried out using various copper concentrations
(5-25 mg/L) on Bacillus sp. and S. griseus to specify the toxic
doses for the growth experiment. Following the metal exposure,
the liquid medium was filtered through filter paper, and the cell
culture remaining on the filter paper was dried at 103°C. The cel-
lular concentrations of both species were determined as DW (g).
The growth responses of Bacillus sp. and S. griseus at different
initial Cu concentrations in liquid cultures are illustrated in Fig. 3.
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Fig. 3. Changes in Bacillus sp. and S. griseus cell weight at the end of
96 h exposure to different concentrations of copper for each medium
(n = 3, mean value £SD).

Following 96-h of exposure of bacteria to Cu, the cell weight values
were essentially stable with no significant upward trend. This phe-
nomenon showed that the biomass of S. griseus and Bacillus sp. did
not increase significantly.

Bacteria cells exhibited better growth at all metal concentrations
than control treatments (0 mg/L Cu). Cell growth was not affected
negatively at 5 and 10 mg/L Cu metal concentrations. However,
bacterial growth decreased for both species at Cu concentrations
above 10 mg/L. Although an essential nutrient, copper can be
toxic to plants and bacteria at high concentrations (Fathollahi et al.
2021). High doses negatively influence the metabolic activities of
endophytic bacterial strains and reduce cell weight. However, a
more substantial weight decrease was not observed in this study.
Manohari and Yogalakshmi (2016) investigated copper tolerance
and bioremediation potential in endophytic bacteria isolated from
Vigna unguiculata root nodules. Their study used four endophytes
belonging to the genera Bacillus and Arthrobacter, and Manohari
and Yogalakshmi (2016) observed a decrease in bacterial growth at
higher Cu concentrations. It is only partially correct to compare the
findings of our study with those of previous studies. Because biotic
and abiotic stressors may restrict the bacterial metal detoxifica-
tion rates and bioavailability of metals in the bacterial system
(Govarthanan et al. 2016).

Survival and growth are directly related to the resistance of bac-
teria to heavy metals (Li and Ramakrishna 2011). Therefore, the
inhibition effects of the copper solution at different copper concen-
trations on selected bacteria have been evaluated, and the results are
presented in Fig. 4. According to this, the inhibition rate also in-
creased as the metal concentrations increased. In the present study,
the inhibition rates increased from 1.59% to 7.11% for S. griseus
and from 1.34% to 2.72% for Bacillus sp. with increasing Cu con-
centrations from 5 to 25 mg/L. Do et al. (2022) reported that the
inhibition ratio at 1 mg/L Cu was 2.22%, which increased gradu-
ally with increasing Cu concentration. The toxic substance’s high-
est inhibition (29.37%) was observed at 10 mg/L Cu. It was
understood that increased metal concentrations led to cell growth
inhibition. Our experiments’ results agree with the findings of Do
et al. (2022).

The results showed that metals exert their toxic effects on micro-
organisms through various mechanisms. Metal-tolerant bacteria
could survive in these habitats and be isolated and selected with
potential for use in the bioremediation of contaminated sites. A
similar study was conducted by de Abreu et al. (2014) to evaluate
the effects of cadmium and copper exposure on Chlorella vulgaris.
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Fig. 4. Percentage inhibition of Bacillus sp. and S. griseus at 96 h ver-
sus copper concentration (n = 3, mean value +SD).

de Abreu et al. (2014) indicated that 1 mg/L Cu was determined as
the half-maximal effective concentration (ECs), for C. vulgaris,
and inhibition effects on algae culture were encountered even at
relatively low concentrations.

Biosorption of Copper by Endophytic Microorganisms

The metal biosorption capacity, the sum of the percentage of the
metal absorbed and adsorbed, was studied during the growth cycle
of Bacillus sp. and S. griseus cells. Bacillus sp. and S. griseus cells
accumulated copper in the cell’s interior (absorption) and bound it
to the cellular surface (adsorption) (Albert et al. 2018). The growth
phase is a biotic variable that can affect metal biosorption by bac-
terial population. The biosorption percentages measured at the end
of the 96-h periods under different metal concentrations are given
in Table 1.

Considering our results for Bacillus sp., the greatest biosorption
rate (56.36%) was seen at an initial concentration of 5 mg/L, and
absorption was more dominant (42.36%) under these conditions.
Although the biomass concentration reached the maximum level
when the Cu concentration increased to 10 mg/L (Fig. 3), an 8%
decrease (from 56.36% to 48.18%) was seen in biosorption. As the
initial metal concentrations increased, 34.47% biosorption capacity
and 22.73% absorption capacity were observed at a 25-mg/L Cu
concentration; however, a slight increase was observed in biomass
concentration compared with the control.

At the end of the exposure period for S. griseus, the greatest
biosorption (46.65%) was obtained from a 10-mg/L initial concen-
tration, and the absorption capacity was measured as 33.40%. The
biosorption capacity decreased to 20.73% when the metal

Table 1. Biosorption (%) of copper ions from endophytic culture media by
Bacillus sp. and S. griseus

Concentration (mg/L)

Metal biosorption

concentration increased to 25 mg/L. Endophytic Bacillus sp. was
more resistant than S. griseus at low concentrations. Burbank
(2022) has also reported that various bacterial strains may have
varying tolerance to copper.

According to Majhi et al. (2023), copper removal efficiency sig-
nificantly decreased at higher Cu concentrations (100 mg/L),
although the highest removal percentage was achieved at lower
Cu concentrations (20 mg/L). Cu ions can successfully bind with
the most significant number of available active sites at lower con-
centrations, increasing the sorption potential of the sorbent. How-
ever, when the concentration rises, all available adsorption sites
become saturated. Additionally, high metal concentration becomes
toxic to bacteria, which lowers their metabolic activity by prevent-
ing active cell growth (Majhi et al. 2023).

It was seen that the absorption potentials were higher when the
adsorption and absorption potentials of endophytic bacteria were
evaluated separately. These data may indicate that endophytic bac-
teria were not much affected by Cu metal. This may be because
microorganisms convert the metals they interact with into less toxic
substances (Darwesh et al. 2021). Copper uptake with endophytic
bacteria such as Bacillus thuringiensis GDB-1, Pseudomonas sp.
Lk9, and Pseudomonas koreensis AGB-1 studied by different re-
searchers (Babu et al. 2013, 2015; Chen et al. 2014). In another
study, Peng et al. (2019) studied the copper biosorption efficiency
of Ochrobactrum MT180101 and reported the biosorption efficiency
as 85.5% at a 2-mg/L copper concentration. All these studies also
reported that biosorption efficiency decreased with increasing ionic
copper concentration exceeding the threshold that bacteria can
tolerate.

In this study, endophytic Bacillus sp. was more resistant than S.
griseus at low concentrations. It was determined that they were not
resistant at increasing metal concentrations. The organism continu-
ally absorbs the metal into the cell (deposits it for later use and
excretes the rest) as exposure time and metal concentration increase
(Ozkoc and Taylan 2010). Burbank (2022) also reported that vari-
ous bacterial strains may have varied tolerance to copper.

The present findings revealed that biosorption might vary based
on the organisms used. Although the biosorption rate of the endo-
phytic bacteria was lower than that of the organisms mentioned in
the literature, these biosorption rates can be increased when endo-
phytic bacteria are evaluated together with plants, especially hyper-
accumulating plants (Franco-Franklin et al. 2021). The endophytic
bacteria could increase the host plant’s resistance to multimetal
contamination. Plant and endophytic bacteria interactions may
be more effective because endophytic bacteria neutralize toxic
metals in the environment. In this sense, it was decided that hyper-
accumulator plants may provide more effective results. Hyperaccu-
mulators can accumulate large quantities of heavy metals and may
offer a specialized environment for bacterial endophytes (Rajkumar
et al. 2009).

Risk Assessment for Endophytic Microorganisms

BA refers to the uptake of contaminant concentrations from the am-
bient medium (Mello et al. 2020). The BCF indicates a substance’s

capacity 5 10 20 25 e T A S
- ecotoxicity, and these values are useful in interpreting the distribu-
S. griseus tion rates of chemicals in the ecosystem. Therefore, BCF is a key
Yoab 25.10 33.40 24.42 11.26 . . .
parameter for risk assessment and modeling studies (Atay et al.
Yoad 10.84 13.25 12.01 9.47 2013: Rubio-Santi 1. 2023
%Biosorption 35.94 46.65 36.43 20.73 3; Rubio-Santiago et al. 2023). _
BA and BCEF values after 96 h exposure to different metal con-
Bacillus sp. centrations are presented in Fig. 5. BA is generally used to evaluate
Teab 42.36 35.21 2598 22.73 metal tolerance and the potential use of bacteria in bioremediation
‘?aBd . éggg 411;?; ;gzg ; ‘1“7“71 (Ribeiro et al. 2020). This parameter indicates microorganisms’
eBtosorphion : : : : heavy metal accumulation capacity (Aladesanmi et al. 2019).
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Fig. 5. BA (ugmetal/g dry weight of cell) and BCF [ug metal/g dry
weight of cell (mg metal/L)~"'] values at the end of 96 h.

The bioaccumulation effect of S. griseus and Bacillus sp. on metal
uptake was assessed through BA values. The present BA values
increased with increasing Cu concentrations. After the increase
of metal concentration from 5 to 25 mg/L, metal bioaccumulation
increased from 37.47 to 246.8 ng/gDW for S. griseus and from
26.63 to 182.3 ug/g DW for Bacillus sp.

The bioaccumulation of metals is determined mainly by meta-
bolic activity, biochemical characteristics, genetic adaptation capac-
ity of microorganisms, and prevailing environmental conditions
(Varghese 2012). Microorganisms continually absorb the metal into
the cell (deposit it for later use and excrete the rest) with increases in
exposure time and metal concentration. Therefore, the BA value also
increases, as reported by Ozkoc and Taylan (2010). As can be in-
ferred from Fig. 5, the present BA values increased in both bacteria
species with increasing metal concentrations. BCF values exhibited a
different trend in each organism. For S. griseus, a decrease was seen
at 25 mg/L Cu concentration compared with the initial concentra-
tion (from 20 to 12.45 L/kg DW), whereas an increase was seen in
Bacillus sp. (from 6.6 to 16.02 L/kg DW). Metal concentrations
influence the metal binding capacity of bacteria. Microorganisms
better accumulate essential metals at low concentrations to meet
metabolic requirements (Muyssen and Janssen 2002; Parven et al.
2022).

Conclusion

The present experiments were conducted to compare the bioreme-
diation potential of Bacillus sp. and S. griseus exposed to various
copper concentrations. During experiments, pH increased after
metal exposure to endophytic bacteria. Cell growth was not
affected negatively at 5- and 10-mg/L Cu metal concentrations.
However, bacterial growth decreased for both species at Cu
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concentrations above 10 mg/L. The inhibition rate also increased
as the metal concentrations increased. The highest biosorption rate
under operating conditions was obtained as 56.36% at a 5-mg/L
concentration for Bacillus sp. and 46.65% at a 10-mg/L concen-
tration for S. griseus. It was seen that the selected endophytic
species removed copper from water with 50% efficiency up to a
10-mg/L copper concentration.

BA values increased with increasing Cu concentrations. After the
increase of metal concentration from 5 to 25 mg/L, metal bioaccu-
mulation increased from 37.47 to 246.8 ng/g DW for S. griseus and
from 26.63 to 182.3 jg/g DW for Bacillus sp. BCF values exhibited
a different trend in each organism. For S. griseus, a decrease was
seen at a 25-mg/L Cu concentration compared with the preceding
concentration (from 20 to 12.45 L/kgDW), whereas an increase
was seen in Bacillus sp. (from 6.6 to 16.02 L/kg DW).

These findings suggest that endophytic Bacillus sp. and S. griseus
could be potential candidates for bioremediation of copper ions from
heavy metal-contaminated environments. These endophytic bacteria
can cultivate hyper accumulating plants in polluted areas. In this way,
heavy metals can be effectively removed from the environment and
converted into less harmful and even useful products because
endophytic organisms have transformative potential. However,
the isolated strains can also be used as a consortium for large-scale
treatment of industrial effluents in the future.
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