
Universidad de los Andes 

 

Master´s Thesis 

 

______________________________________________________________________ 

Toxic metal efflux pump in Bacillus cereus isolated from heavy 

crude oil API gravity 11.5 

 

Author: Darío Rangel Shaw 

Supervisor: Jenny Dussán Ph.D. 

 

 

 

Centro de investigaciones microbiológicas (CIMIC) 

Department of Biological Sciences 

Bogotá (Colombia) 

 



2 
 

 

“Little science takes you away from God but more of it takes you to Him.” 

 

–Louis Pasteur 

 

 

 

“For believers, God is in the beginning, and for scientists He is at the end of all 

considerations.” 

 

–Max Planck 
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Abstract 

 

High concentration of toxic metals produced by petroleum and mining industry are 

persistent environmental contaminants since they cannot be degraded or destroyed, 

therefore, bacteria have developed mechanisms to overcome the toxic effects. In this study 

we examined the mechanisms that indigenous bacteria, Bacillus cereus M6 use to tolerate 

and/or resist these pollutants. Tolerance to Pb(II), Cr(VI) and As(V) was determined, as 

well as the metal removal from the medium. In addition, subcellular distribution of toxic 

metals, the effect of co-ions on metal-uptake and subcellular distribution of toxic metals, 

efflux pump kinetics and morphological changes in metal-tolerant bacteria were also 

determined. Bacillus cereus M6 exhibited strong tolerance to metals evaluated, 

demonstrating the potential of M6 to grow and removal efficiently the metal content in the 

supernatant accumulating principally in the cell membrane fraction. However, metal 

removal efficiency and subcellular distribution of metals in M6 is strongly affected by the 

presence of combinations of ions. Efflux pump kinetics revealed the capacity of Bacillus to 

start operating the energy-dependent efflux system to eliminate excessive amounts of ions 

from the Cytoplasm and Periplasm. This behavior was modeled with an equation for 

resonant oscillations that significantly fitted to the experimental data. SEM-EDX analysis 

showed morphological changes in the case of M6 in presence of metal ions when compared 

to the control. The results in this work indicate the use of several mechanisms in parallel, 

including efflux pumps, intracellular and extracellular accumulation to resist high metal 

concentrations by Gram-positive bacteria. 
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Chapter 1 

Introduction 

The increase of petroleum and mining industry activities has intensified environmental 

pollution problems and the deterioration of several ecosystems with the accumulation of 

many pollutants[1]. Heavy crude oil of 11.5 ºAPI (American Petroleum Institute gravity) is 

found in the oil extraction fields in the area of the Llanos Orientales (Puerto Gaitan) in the 

department of Meta, Colombia [2]. During the extraction of crude oil, liquid and solid 

wastes are produced which are depurated by physical processes and mixed with other 

impurities of the petroleum refining process, resulting in an oily sludge formation due to 

the resins and asphaltenes adsorption of hydrophilic solid particles in the oil-water 

interface. These resins and asphaltenes make more difficult the removal of contaminants 

due to the presence of other inorganic contaminants that cannot be degraded like toxic 

metals.  

 

Heavy metals are toxic compounds which are spread in the environment in small 

concentrations, and represent an important problem due to its toxic effect and accumulation 

throughout the food chain which leads to serious ecological and health hazards as a result 

of their solubility and mobility [3]. The most toxic metals in heavy crude oil are chromium, 

lead, arsenic, copper, cadmium, cobalt and zinc, being the chromium, lead and arsenic the 

metals found in highest concentration [4]  [5].  
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Toxic metals are persistent environmental contaminants since they cannot be degraded or 

destroyed, hence research on methodologies to remove these pollutants has gained interest 

in recent years. Conventional physiochemical methods for metal remediation include 

precipitation, filtration, coagulation, evaporation, ion exchange, membrane separation and 

solvent extraction [6]. Application of such methods, however, is sometimes restricted 

because of technical or economical constraints, especially at low metal concentrations [6] 

[7]. Therefore, there is a great need for an alternative technique, which is both economical 

and efficient. Biosorption and/or bioaccumulation is an innovative technology and has 

distinct advantages over conventional methods being currently employed [8]. 

 

Metal removal by microorganisms is a complex process that depends on the chemistry of 

the metal ions, cell wall composition of microorganisms, cell physiology, and 

physicochemical factors such as pH, temperature, contact time, ionic strength, and metal 

concentration [3], but little is known about the bacteria-metal interactions occurring onto 

cell walls and in particular how these interactions control the further subcellular distribution 

of heavy metals in bacteria [9]. It is suggested that the binding of metals on the bacterial 

membrane cells represents only a weak portion of the metals bioaccumulated by bacteria 

and that other bacterial components or other mechanisms must be involved in metal 

retention by bacteria, further intracellular accumulation is a more complex process and may 

involve localization of the metal within specific cellular fraction, but these mechanisms still 

unknown specially in Gram-positive bacteria. 

. 
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Due to their impressive physiological diversity, the genus Bacillus perform toxic-metal 

bioaccumulation from metabolism-independent extracellular adsorption, that is surface 

interaction of heavy-metal ions with cell-surface components like S-layer protein [10] [11]  

[12]. S-layer protein has been described in previous researches of Velázquez & Dussán  

[13] to participate as well as the biosorption and bioaccumulation of metals in living and 

dead cells of different Colombian Bacillus sphaericus native strains. Also have been 

characterized L. sphaericus strains for larvicidal activity against Culex quinquefasciatus 

and the metal tolerance capacity to grow in arsenate, hexavalent chromium and/or lead 

[14]. Genome sequences of metal tolerant bacteria Lysinibacillus sphaericus strains 

OT4b.31 and CBAM5 show efflux pumps genes associated with heavy-metal 

bioaccumulation in the molecular level in native Bacillaceae organisms [15] [16], however 

it is still unknown the metabolism-dependent uptake followed by intracellular accumulation 

response. 

 

In order to design better strategies for bioremediation of toxic metal polluted soils, it is 

important to identify the mechanisms that indigenous bacteria are using to overcome the 

toxic effects, and provide clues to optimize strategies to treat environmental passives. 
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Chapter 2 

 

Objectives 

 

2.1 General Objective 

Describe responses against toxic metals in native Bacillus cereus 

 

2.2 Specific Objectives 

 Characterize the subcellular distribution of toxic metals in metal-tolerant bacteria. 

 Describe the toxic metal efflux pump kinetics  

 Model mathematically the metal efflux pump kinetics 

 Evaluate morphological changes of native bacteria in presence of toxic metals 
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Chapter 3 

 

Materials and Methods 

 

3.1 Microorganism and growth conditions 

 

Bacterial cultures used in this study and their isolation references are listed in Table 1. The 

strains was selected from the Center of Microbiological Research’s (CIMIC) bacteria 

collection based on previous studies of Clivio & Dussán [2], where Bacillus cereus M6, 

indicated that have the ability to use hydrocarbons as sole carbon source and to decrease the 

total hydrocarbon concentration in the sample within a period of 45 days efficiently. Also 

was used Cupriavidus metallidurans CH34 as positive control reference strain [17] and E. 

coli K12 as negative control in heavy metals tests. Autoclaved nutrient broth (5.0 g 

peptone, 5.0 g NaCl, 3.0 g beef extracts, 3.0 g yeast extracts per liter double distilled water) 

was used as growth medium for overnight cultures at 30
o
 C. For counting colonies Standard 

Plate Count (SPC) was used. For testing Minimum Inhibitory Concentration (MIC), metal 

removal from medium and efflux pump tests, Tris minimal salts medium supplemented 

with metal was used (Tris-MSM) [18]. 
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Table 1. Bacterial strains used in this study 

Strain Isolation sample Reference 

Bacillus cereus M6
†
 Oil sludge This study 

R. metallidurans CH34
‡
 Reference strain  (Monchy et al. 2007) 

E. coli K12
*
 Reference strain (Blattner 1997) 

† Colombian strain 

 ‡ Donated by Dr. Max Mergeay, Vlaamse Instelling loor Technologisch Onderzoek (VITO),Enviromental 

Technology. Boeretang 200, B2400, Mol, Belgium 

* Centro de Investigaciones Microbiológicas – CIMIC bacterial strain collection 

 

3.2 Estimation of bacterial tolerance to metals 

 

Analytical grades of metal salts (Pb(NO3)2; K2Cr2O7; Na2HAsO4·7H2O; CdCl2·6H2O; 

CoCl2·6H2O; ZnSO4; NiCl2·6H2O) were used to prepare 1000 mM stock solutions. Each 

stock solution was filter-sterilized and added to MSM to desired concentration. In order to 

choose the microorganisms able to tolerate or resist the concentrations of heavy metals, 

Replica Plating tests were performed to find minimum inhibitory concentration (MICs) per 

mole of metal. The tests were registered by triplicate on agar plates of Tris minimal 

medium and were confirmed in MSM broth medium supplemented with metal, recording 

the inhibitory concentration as the lowest concentration of a metal at which there´s no 

bacterial growth [18].  Cultures were grown overnight in MSM until reaching early-

stationary phase. Cell pellet was washed once with Phosphate Buffer Saline pH 7.2 (PBS) 

and then resuspended in the same buffer to a turbidity of 0.8 OD600. 10 uL of each of the 

cultures were spotted onto metal salt-containing MSM agar plates. 
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3.3 Metal uptake assay 

 

In order to assess the Pb (II), Cr (VI) and As (V) uptake, bacterial cells were first grown in 

metal-free MSM culture media at 250 rpm at 30°C until reaching the late exponential 

phase. The cells were harvested by centrifugation at 8500 rpm for 10 minutes at 4°C, 

washed three times with buffer Tris-HCl pH 7.4 and resuspended in 35 mL of MSM 

medium which was supplemented with graded concentrations of respective metal solution 

at the previous concentration of each strain MIC in which there were bacterial growth. At 0, 

12, 24, 48 and 72h the assay was immediately centrifuged by 10 min at 8500 rpm and 

carefully separated the supernatant from the cell pellet. The clear supernatant volume (Vs) 

was estimated by pipetting. Pellet volume (Vp) was inferred using Equation 3.1. 

 

35.0 = Vs + Vp.      (3.1) 

 

The metal concentration in the supernatant was estimated by using the Spectroquant® 

NOVA 60A. Soluble Pb (II), Cr (VI) and As (V) ions were measured photometrically by 

using the Lead, Chromate and Arsenic test Spectroquant® (Merck, Germany) according to 

the manufacturer’s instructions.   The metal molar balance is shown in Equation 3.2, where 

[Metal] is the molar concentration of metal ions; Vf = 35.0 ml; Vs, supernatant volume; Vp, 

cell pellet volume and the metal insoluble molar fraction is fi. 
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[Metal] Vf = [Metal]s Vs + [Metal]p Vp + fi   (3.2) 

Bacterial pellets were then processed to obtain bacterial subcellular compartments as 

described below. A control group was designed without the addition of any bacterial cells 

to determine whether or not precipitation or metal loss would occur. The removal efficiency 

is shown in Equation 3.3. 

 

%𝑹𝒆𝒎𝒐𝒗𝒂𝒍 =  
(𝐶𝑖−𝐶𝑓)

𝐶𝑖
 × 100      (3.3) 

Where Ci and Cf are the initial and equilibrium concentration of the metal in the solution 

(mg/l) respectively. 

 

3.4 Subcellular distribution of toxic metals on the cells 

Metal loaded cells were fractionated to release the periplasmic, cytoplasmic and membrane 

fractions by the method used by Cuéllar [18]. Cells exposed to metals were suspended in 

1mL of Tris–Sucrose buffer (pH 8.0, 30 mM, Sucrose 20% w/v), 10 uL of EDTA pH 8.0 

0,5M and 100 uL of Lysozyme 2,5 mg/ml. Following equilibration (60 min in ice bath), 

were added 20 uL of CaCl2 from 1M stock solution, 20 uL of NaCl from 5M stock solution 

and centrifuged at 12.000 rpm for 20 min at 4ºC to collect the periplasmic fraction in the 

supernatant. The pellet was suspended in 0,5 mL of Tris–HCl buffer (pH 8.0, 30 mM, 5mM 

MgCl2 and1 ug/mL DNAse) and centrifuged at at 12.000 rpm for 20 min at 4ºC to collect 

the cytoplasmic fraction in the supernatant. The total membrane components (pellet) were 

suspended in 50 uL of Tris–HCl buffer (pH 8.0, 30 mM, 1mM of EDTA pH 8.0,) , KCl 

0.15M and 10% Glycerol. In order to determine all metal ions present in complex-bound 
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form, cell´s fractions were resuspended up to 10.0 ml with deionized water and digested by 

using the Spectroquant® Crack set 10 (Merck, Germany) according to the manufacturer’s 

instructions. Solid suspended remnants from the cracked solutions where removed by 

centrifugation by 10 min at 8500 rpm and metal concentration was estimated as described 

above. To normalize the results, protein concentration in each cell fraction was measured 

using Bradford® reagent according to the manufacturer’s instructions. The metal adsorbed 

molar balance is shown in Equation 3.4 

 

 

 =
[                     ]

𝒎    𝒐𝒎𝒂  
= [

[        ]

                
 

[         ]

                 
 

[         ]

                 
]  ×    (   ) 

 

Where Q is the intracellular metal uptake (mg metal/mg biomass), Vp the pellet volume (L), 

[Membrane], [Periplasm] and [Cytoplasm], the metal concentration in each fraction (mg/l) 

and          the amount of biosorbent in each fraction (mg). 

 

3.5 Effect of co-ions on metal uptake and subcellular distribution of toxic metals  

 

Subcellular distribution and metal uptake in the simultaneous presence of other cation was 

tested in trimetallic combinations by adding as competing metal ions, concentrations of Pb 

(II), Cr (VI) and As (V) at the previous concentration of each strain MIC in which there 

were bacterial growth. The metal uptake assay, cell fractionation and estimation of metal 

concentration were made as described above. 
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 3.6 Toxic metals efflux pump kinetics 

 

Metal efflux pump kinetics was monitored for a period of 2 h. Bacterial cells were first 

grown in metal-free MSM culture media at 250 rpm at 30°C until reaching the late 

exponential phase. The cells were harvested by centrifugation at 8500 rpm for 10 minutes 

at 4°C, washed three times with buffer Tris-HCl pH 7.4 and resuspended in 35 mL of MSM 

medium which was supplemented with graded concentrations of respective metal solution. 

Samples were withdrawn at 0, 15, 30, 45, 60, 75, 90, 105 and 120 min and the supernatant 

and fractions from cell pellets after further centrifugation were used for the measurement of 

extracellular and intracellular content of metals. The metal molar balance is shown in 

Equation 3.5, where Biomass concentration was inferred by Equation 3.6 

 

[             ] =  [           ]    [       ]        (   ) 

Where [Biomass] = [Membrane fraction] + [Periplasmic fraction] + [Cytoplasmic fraction] 

(3.6). 

 

3.7 Mathematical modelling of efflux 

R-project 3.0.2, IBM SPSS Statistics 22 and Wolfram Mathematica 9 software were used to 

establish the best predictive model for efflux. The best fit model of metal efflux pump 

kinetics that adjust to experimental data was chosen by Corrected Akaike Information 
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Criterion (AICc) as shown in Equation 3.6 to 3.9, correlation coefficient (r
2
)  and 

Statistical significance (p <0.05). 

 

AIC = -2log(L(θIdata) + 2K)       (3.6) 

AICc= AIC + (2K(K+1)/(n-k-1))     (3.7) 

Wi= exp(-1/2Δi)/(Σexp(-1/2Δi))     (3.8) 

Δi=AICci-AICmin      (3.9) 

Where L(θIdata) is the Log-likelihood of each model, K it´s the number of parameters, wi 

is the Akaike weights and Δi the AIC differences. 

 

3.8 Scanning electron microscopy (SEM) and Energy dispersive X-ray analysis (EDX) 

 

The control, toxic metal treated cultures and cell fractions were centrifuged at 10,000 rpm 

for 10 min at 4
o
C. The pellet was fixed in an impermeable surface with 2.5% 

glutaraldehyde at 4
o
C overnight in Milloning phosphate buffer pH 7.2, and then dehydrated 

consecutively with 70%, 90% and 100% ethanol. The samples were mounted on aluminum 

stubs with double-side adhesive carbon tape, allowed to dry for 3 h, and then coated with 

gold-plated on a Desk®IV cold sputtering platform (Denton Vaccum, New Jersey, USA) 

and examined under a JEOL JSM-6490LV scanning electron microscope (JEOL, Tokyo, 

Japan) at 20 kV in the Characterization Laboratory (MEB) at Los Andes University. 
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Unloaded and metal loaded biomass samples were analyzed by energy dispersive X-ray 

using an OXFORD Inca Energy 250 EDS System LK-IE250 attached with the Scanning 

Electron Microscope.  

 

3.9 Statistical analysis  

R-project 3.0.2, IBM SPSS Statistics 22 and Wolfram Mathematica 9 software were used to 

statistical analysis. All the experiments were carried out in triplicate and data are shown as 

mean values ± standard error of the means. Statistical significance was set at p <0.05.  

Shapiro-Wilk normality test was applied in order to confirm the parametric distribution of 

the results and Levene test to confirm homogeneity of variances. A two way analysis of 

variance (ANOVA) was used to establish the statistical differences among initial and final 

concentration in metal removal assays. For comparisons among cell fractions, ANOVA was 

implemented to compare the differences between all combinations. When ANOVA was 

significant, multiple comparisons were done using the Tukey test to determine which of the 

groups was different.  
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Chapter 4: Bacillus cereus  
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Results and Discussion  

 

4.1 Estimation of bacterial tolerance to metals 

 

Minimum inhibitory concentration of vegetative cells of Bacillus cereus M6 is shown in 

Figure 4.1.  The order of toxicity of the metals ions was found to be (Ag, Cd, Ni) > Cr > 

Pb> Co > Zn > As compared to a ranking of   be (Ag, Cd, Ni) > Pb> Cr> Zn > Co > As for 

C. metallidurans CH34.  

 

 

Figure 4.1. Minimum inhibitory concentration MICs of 8 metal ions tested against bacterial 

strains. 
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Cd, Ni and Ag were the most toxic inhibiting 100% of the bacteria at 1 mM. In general, the 

toxic effect of these metals increased with the metal ion concentration, with no significant 

difference among Bacillus cereus M6 and reference strain. Also, Bacillus cereus M6 

exhibited strong tolerance to Pb(II), As(V), Co (II) and Zn(II). Our results show the great 

potential of M6 to grow in the presence of toxic metals what may be indicative of resistance 

mechanism, and in comparison to previous standards, the Bacillaceae isolate of this study 

should be described as high level of resistance. As a reference, Abou-Shanab et al [19], 

described high levels of resistance in gram-positive native isolates of bacterial genera of 

Arthobacter, Clavibacter, Microbacterium, and gram-negative genera of Rizhobium and 

Variovorax up to 10 mM of Pb, and Zn, showing the high resistance level of our isolate 

compared to genera of previous researches. Negative control E. coli K12 didn´t present 

growth at any concentration and C. metallidurans CH34 MICs found in this study are 

consistent with [18,20], in which reference strain has growth inhibition at Co 20mM, Zn 

12mM, Cd <2mM, Ni <2mM and Pb 5mM. 

 

4.2 Metal uptake assay 

 

Figure 4.2 show the lead removal from supernatant. As presented in Figure 4.2 A, Bacillus 

cereus M6, similar to CH34, reaches the maximum efficiency of removal at 12h 

approximately, removing up to 90% of lead content in the supernatant. However, reaches 

equilibrium concentration at 48h of contact with the contaminant. The Pb (II) concentration 

in the supernatant decreased by up to 1772 mg/L at the end of the removal assay (Figure 

4.2 B), removing up to 75% of lead in the solution, 15% more than reference strain. Our 
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results of M6 shows higher biosorption and lead removal capacity than other gram-positive 

and negative strains [19] and Bacillus genera like Bacillus sphaericus, Bacillus cereus and 

Bacillus subtilis [21] evaluated in previous studies. 

 

A) 

 

B) 

 

Figure 4.2. Lead removal from medium. A) Removal efficiency through the time. B) Metal 

content in the supernatant at the beginning and at equilibrium concentration. 

 

Figure 4.3 show the chromate removal from supernatant. As presented in Figure 4.3 A, 

Bacillus cereus M6, reaches the maximum efficiency of removal at 24h approximately, 

removing up to 95% of chromate content in the supernatant. However, reaches equilibrium 

concentration at 48h of contact with the contaminant. The Cr (VI) concentration in the 
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supernatant decreased by up to 746 mg/L at the end of the removal assay, similar to final 

concentration of reference strain (Figure 4.3 B), but removing up to 70% of Chromates in 

the solution, 20% more than CH34 strain in comparison to initial concentration. Our results 

of biosorption also shows higher chromates removal capacity than other gram-positive 

strains like Lysinibacillus sphaericus OT4b.31  [16], IV(4)10 [13] and gram-negative 

bacteria like Pseudomonas sp. [22]. 

 

A) 

 

B) 

 

Figure 4.3. Chromate removal from medium. A) Removal efficiency through the time. B) 

Metal content in the supernatant at the beginning and at equilibrium concentration. 

 

Figure 4.4 show the arsenic removal from supernatant. As presented in Figure 4.4 A, 

Bacillus cereus M6, similar to C. metallidurans, reaches the maximum efficiency and 
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equilibrium concentration of removal at 24h approximately, removing up to 95% of arsenic 

content in the supernatant. The As (V) concentration in the supernatant decreased by up to 

792 mg/L at the end of the removal assay from an initial concentration of 12.874 mg/L 

(Figure 4.4 B). 

 

A) 

 

B) 

 

Figure 4.4. Arsenic removal from medium. A) Removal efficiency through the time. B) 

Metal content in the supernatant at the beginning and at equilibrium concentration. 

 

4.3 Subcellular distribution of toxic metals on the cells 

 

Subcellular distributions of Lead, Chromates and Arsenic on cell fractions at equilibrium 

concentration are shown in Fig 4.5 A), Fig 4.5 B) and Fig 4.5 C) respectively. It´s observed 
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that metal ions are in each cell fraction of M6, however accumulates mainly in cell 

membrane (> 50% for Pb(II) and  >70% for Cr(VI) and As(V) of relative cellular content of 

metal) followed by intracellular accumulation in periplasm and cytoplasm. Differing with 

reference strain, in which for Cr(VI) accumulate mainly in cytoplasm, for Pb(II) 

accumulate mainly in membrane and for As(V) is uniformly distributed in each cell 

fraction. 

Fig 4.5. Subcellular distribution of A) Lead, B) Chromates and C) Arsenic on cell fractions 

at equilibrium concentration. 

 

It is reported that some heavy metals  like Cd (II) is mainly retained in the bacterial 

cytoplasm in reference strain [9] [23], but in our results, gram-positive M6 strain tend to 

accumulate metals in membrane fraction. A possible explanation for this is that under 

higher concentrations of toxic metals, extracellular adsorption acted as first defense against 

A) 

 

B) 

 

C) 
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metal toxicity. Further, cell surface response to high levels of toxic metal is stronger in 

Gram-positive cell walls and membrane in comparison than Gram-negative bacteria like 

Pseudomonas sp. were main accumulation of metals like Ni(II), Co(II), Cu(II), and Cd(II) 

occurred in Periplasm fraction [24]. This occurs possibly by the presence of chemical 

functional groups principally in the cell wall  and membrane available for metal binding, 

that interact with contaminant by mechanisms such as electrostatic attraction, ion-exchange, 

covalent binding and Van derWaal’s forces [1] . 

Heavy metal adsorption by Gram-positive genus such as Streptomyces has been presumed 

to contribute a large heavy metal binding capacity to environmental microbial communities 

and is considered an alternative method to recover metals from waste liquid [6], but in our 

research is presented a first approach of parallel mechanism against metals toxicity of 

extracellular adsorption and  intracellular accumulation of Pb, As and Cr in Bacillus cereus 

M6. Our results also shows that cell wall and membrane act as metal filters, making surface 

adsorption only a first step in metal management by bacteria, suggesting a metal transport 

system to Periplasm and cytoplasm. This contrast to previous studies in which only occurs 

metal surface accumulation in S-layer protein at low concentrations [25] [26], but support 

the genome sequences of metal tolerant bacteria Lysinibacillus sphaericus strains OT4b.31 

and CBAM5 that show efflux pumps genes associated with heavy-metal bioaccumulation 

[15,16] 
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4.4 Effect of co-ions on metal uptake and subcellular distribution of toxic metals  

 

Competitive removal of co-ions M6 and subcellular distribution of competing co-ions in 

Bacillus cereus M6 are shown in Fig 4.6 and Fig 4.7 respectively. Metal removal and 

accumulation by the bacterium was highly sensitive to the presence of other co-ions. The 

Cr(VI) and As(V) final concentration in the supernatant increase from 746 mg/L to 1975 

mg/L and 792 mg/L to 3000 mg/L respectively, evidencing that there was a decrease in the 

chromate and arsenic removal in comparison with the evaluated single-metal test. In 

contrast, lead percentage removal increased from ~80% to ~95%, reaching a final 

concentration of 350 mg/L. Further, subcellular distribution of metals as competing co-ions 

varied in comparison with single-metal distribution. The Pb (II) relative concentration in 

membrane increased from ~50% to ~60%, while in cytoplasm decreased, supporting the 

previous results in which there was a increasing of lead removal due to metal adsorption, 

that is stronger in Gram-positive cell walls and membrane. Contrary to the As (V), where 

membrane relative concentration decreased from ~70% to ~40%, while in cytoplasm 

increased from ~20% to ~50%. The presence of other cations didn´t affect the Cr (VI) 

relative concentration in cell fractions (p>0.05). In previous research was studied the 

competitive uptake of Hg(II) in presence of Cd(II), Ni(II) ,Cu(II) in Pseudomonas, 

Staphylococcus and Brevibactrium genera [27], but our results shows a first approach of 

competitive removal and subcellular distribution of co-ions within cell fractions of Bacillus 

cereus, in which the relative metal uptake data also indicated that any combinations of 

metal ions compete for the limited number of metal binding sites on bacterial surface, with 
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an increased concentration of one metal ion the increase in the binding of this metal is 

accompanied by a corresponding decrease in binding of other metal. 

 

 

A) 

 

B) 

 

C) 

 

D) 

 

Fig 4.6. Metal removal from medium. A) Competitive removal of co-ions in Bacillus 

cereus. M6. B) Lead content in the supernatant at the beginning and at equilibrium 

concentration. C) Chromates content in the supernatant at the beginning and at equilibrium 

concentration. D) Arsenic content in the supernatant at the beginning and at equilibrium 

concentration. 
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A) 

 

B) 

 

C) 

 

D) 

 

Fig 4.7. Subcellular distribution of metals. A) Subcellular distribution of competing co-ions 

in Bacillus cererus. M6; Subcellular distribution of  B) Lead, C) Chromates and D) Arsenic 

on cell fractions at equilibrium concentration. 
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4.5 Toxic metals efflux pump kinetics 

 

Toxic metals efflux pump kinetics is shown in Fig 4.8. Behavior of soluble metal ions the 

cell biomass is evident that metal concentration increases in the first 15 to 30 minutes 

where the metal begins to being accumulated inside cell, after decreases, which corresponds 

to the typical efflux effect. The process is repeated, however as time goes on accumulation 

and metal efflux is greater. Bacillus cereus M6 shows similar kinetic behavior in 

comparison with reference strain that has efflux pump genes coded in megaplasmids 

pMOL28 and pMOL30 for Chromates and Lead respectively [17].  Figure 4.5 and efflux 

pump kinetics reveal the capacity of Bacillus cells to use in parallel several mechanisms to 

resist high metal concentrations: efflux pump, accumulation of metals intracellularly and 

extracellular adsorption in membrane fraction. Reviewed bacterial tolerance systems for 

toxic metal ions stated the prevalence of energy-independent mechanism in Gram-positive, 

however, these results are evidence of presence of energy-dependent efflux system to 

eliminate excessive amounts of metal ions from the cytoplasm in Gram-positive cells. 

Previous studies shows the intracellular accumulation of metals as Cd (II) in Bacillus 

cereus at concentrations below 100 mg/L [12], however our results shows that under higher 

concentrations ( >2000 mg/L), after the metals were transferred into Periplasm and 

Cytoplasm, the cells start operating the energy-dependent efflux system to eliminate 

excessive amounts of  ions from the cell interior,  in order to maintain intracellular metal 

levels below a toxic threshold.  
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A) 

 

B) 

 

C) 

 

D) 

 

Fig 4.8. Kinetics of A) Lead efflux pump in C. metallidurans CH34; B) Chromates efflux 

pump in C. metallidurans CH34; C) Lead efflux pump in Bacillus cereus M6; D) Chromate 

efflux pump in Bacillus cereus M6. 
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4.6 Mathematical modelling of efflux 

 

Efflux pump and evolution of the concentrations of metal internalized and retained onto the 

cell membranes can be modeled by Equation 3.10: 

 

[                   ] =  0 0131t ×
[ ]o

2
× c  (

Π

16 875
 )  

[ ]o

2
 (3.10) 

 

Where [                   ]  is the metal concentration in the cell at any time, [ ] , 

the initial concentration of metal in the medium and t the time (min). 

 

To obtain the mathematical expression for efflux pump kinetics, were evaluated 21 different 

models to choose the model that best fits the experimental data. It was made an initial 

screening taking into account Log-likelihood, r
2
 and significance (p<0.05), discarding the 

lineal, quadratic, cubic, compound , growth ,exponential and logistic model cause don’t fit 

the experimental values (Fig 4.9 A), have low r-adjusted square and the significance was 
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>0.5 for all models. 

Fig 4.9 Model fit. A) Lineal, quadratic, cubic, compound, growth, exponential and logistic 

model; B) Natural cubic spline-polynomial models. 

 

A low-order polynomial provides a poor fit to the data. But increasing the order of the 

polynomial modestly does not substantially improve the situation. A usual approach is to 

divide the range of x into segments and fit an appropriate curve in each segment. For that 

reason, were tested linear-polynomial and natural cubic spline spline-polynomial models 

(Fig 4.9 B) from 1 to 9 polynomial order. The natural cubic spline polynomial model 

generates a natural regression spline basis given an input vector, fitting a smooth curve 

given by a linear combination of the basis functions by the estimated coefficients (returned 

by the fitted model). Also it generates a specified sequence of interior knots, and the natural 

boundary conditions. These enforce the constraint that the function is linear beyond the 

A) 

 

B) 
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boundary knots, which can either be supplied or default to the extremes of the data. These 

models were evaluated by using Akaike information criterion (AIC) and AICc. 

A) 

 

B) 

 

 

Fig 4.10. AIC analysis. A) Model expression; B) AIC and AICc results. 

The natural cubic spline of polynomial order 8 was the model that best fit the experimental 

data of all strains, showing a R
2 

of 0.9997 and a model p-value: 0.01218. Further ΔAIC 

was 0.0 and Wi > 0.9. The equation of the best spline-polynomial model can be expressed 

by Equation 3.11: 

[  ]( ) = ∑  𝑜jX
𝑗    

8

𝑗=0
∑ℎ𝑖=1 ∑  𝑖j(X − τ )

𝑗    
8

𝑗=0
(X − τ )     (3.11) 

Where [  ]( )the concentration at determinate time, h is is the number of knots and  𝑖 the 

values of coefficients of the polynomial model. Due to the complexity of the equation 

proceeded to simplify the model considering the model as the combination of polynomial 

and trigonometric terms, because there are periodicities or cyclic behavior in the data, 
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resulting in a model with fewer terms. It was considered that the behavior correspond to a 

damped harmonic oscillator, expressed by Equation 3.12: 

 

 =  −γt c  (𝜔 − 𝛼) (3.12) 

Where γ is a damped coefficient, 𝜔 the angular moment and 𝛼 the phase of the function. To 

apply with our experimental data, first was found and modeled the damped coefficient (γ) 

as is shown in figure Fig 4.11. That equation show us and give to the model oscillator 

growth curve in the efflux pump model. 

 

 

Fig 4.11. Exponential regression of damped coefficient. 
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Then, was calculated angular moment 𝜔 as 2Π/T, where T is given by the coefficients of 

knots of equation (3.11). Finally, was inferred the amplitude   as the half of initial 

concentration of metals in medium an recalculate the simplified equation of the model and 

compared with experimental data as shown in Fig 4.12. 

 

 

 

 

Fig 4.12. Plot of Predicted model versus Experimental Data 
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4.6 Scanning electron microscopy (SEM) and Energy dispersive X-ray analysis (EDX) 

Bacillus cereus M6 SEM micrographs and corresponding EDX spectra are shown in Fig. 

4.13. General morphological changes of the shape were observed in the case of M6-Pb, 

M6-Cr, and M6-As when compared to the control cells without metal. Metal stress induced 

changes in cellular morphology and assembly of M6 strain. A possible explanation for this 

is the differences of cell surface response to high levels of toxic metal concentration. It is 

reported that under low concentration of metal extracellular adsorption played a minor role 

in the removal without having some impacts on the cell surface [24] ,but in our results 

under higher concentrations of toxic metals, extracellular adsorption acted as a defense 

against metal toxicity producing morphological changes of the bacterial cell. Further to this 

tolerance mechanism and efflux pump reported above in Fig 4.8 show that bacterial cells 

use in parallel several mechanisms to resist high metal concentrations. EDX spectrum of 

the bacterial cells exhibited distinct peaks of C, O, K, Na and P, which were likely present 

in Tris-MSM medium, polysaccharides, DNA and proteins of the biomass. Moreover, EDX 

analysis also shown the presence of Pb, Cr, and As in the different biomass particles 

analyzed (Fig 4.13 D, F , H and  J). These results exhibit higher adsorption metals peaks 

than other previous studies in Gram-positive [28] and Gram-negative [24,29]  cells. 

Moreover, EDX of M6 in the simultaneous presence of Pb, Cr and As (4.13 J) shows the 

same peaks and in the same proportion (area below curve) of previous spectra of Bacillus in 

presence of each metal separately (4.13 D,F,H) evidencing the capacity of this strain to 

resist grow in presence of various metals. 
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Fig. 4.13. Bacillus cereus M6 SEM micrographs of A) Control cell without metal C) M6 –

Pb E) M6-Cr G) M6-As I) M6- Pb-Cr-As and corresponding EDX spectra of B) Control 

A) 

 

B) 

 

C) 

 

D) 

E) 

 

F) 

G) 

 

H) 

I) 

 

J)  
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cell without metal; D) M6 –Pb; F) M6-Cr; H) M6-As  J) M6- Pb-Cr-As (Red, green and 

orange arrows indicates peaks of Lead, chromates and Arsenic respectively). 

 

Bacillus cereus cell fractions SEM micrographs are shown in Fig 4.14. General 

morphological shapes were observed in each fraction. In membrane fractions micrographs 

(4.14 A, H, O) it can be observed cell envelope without internal content. In periplasmic and 

cytoplasmic fractions (4.14 B, C, I, J, P, Q) it can be observed spherical and tubular forms. 

EDX spectrum of the bacterial biomass exhibited distinct peaks of C, O, K, Na and P, 

which were likely present in Tris-MSM medium, polysaccharides, DNA and proteins of the 

biomass. Moreover, EDX analysis also shown the presence of Pb, Cr, and As in the 

different fractions analyzed (Fig 4.14 D, E, F, K, L, M, R, S, T). It is noted that the 

quantity (area below curve) of Pb, Cr and As in each fraction are similar to previous 

analyses in this study in which the metals there are mainly distributed in membrane fraction 

followed by periplasmic fraction and finally cytoplasmic fraction (Fig 4.14 G, N).  
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Fig 4.14 Bacillus cereus cell fractions SEM micrographs of A) Pb -Membrane fraction B) Pb –

Periplasmic fraction C) Pb –Cytoplasmic fraction; H) Cr -Membrane fraction I) Cr –Periplasmic fraction 

J) Cr –Cytoplasmic fraction; O) As-Membrane fraction P) As –Periplasmic fraction Q) As –Cytoplasmic 
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fraction and corresponding EDX spectra of D) Pb -Membrane fraction E) Pb –Periplasmic fraction F) Pb 

–Cytoplasmic fraction; K) Cr -Membrane fraction L) Cr –Periplasmic fraction M) Cr –Cytoplasmic 

fraction; R) As-Membrane fraction S) As –Periplasmic fraction T) As –Cytoplasmic fraction (Red, green 

and orange arrows indicates peaks of Lead, chromates and Arsenic respectively). Subcellular distribution 

of G) Lead, N) Chromates and U) Arsenic on cell fractions at equilibrium concentration



Conclusions 

 

The strain Bacillus cereus M6 isolated from heavy crude oil ºAPI gravity 11.5 exhibited 

strong tolerance to Pb(II), As(V), Co(II) and Zn(II), demonstrating the great potential of M6 

to grow in the presence of toxic metals. The results of heavy metal removal indicated that 

M6 reached the maximum removal efficiency after 24h for As(V) and 48h for Pb(II) and 

Cr(VI), removing between 75% to 95% of metal content in the supernatant. This study 

examined subcellular distribution of Pb(II), Cr(VI) and As(V) in Bacillus cereus M6. It may 

be observed that metal ions are present principally in the cell membrane fraction, showing 

that cell wall and membrane act as metal filters, making surface adsorption a first step in 

metal management by Gram-positive bacteria. Also was observed the presence of metals in 

Periplasm and Cytoplasm, suggesting the presence of a metal transport system to Periplasm 

and cytoplasm. However, metal removal efficiency and subcellular distribution of metals in 

M6 is strongly affected by the presence of other cations, suggesting that combinations of 

metal ions compete for the limited number of metal binding sites on bacterial surface, with 

an increased concentration of one metal ion the increase in the binding of this metal is 

accompanied by a corresponding decrease in the binding of other metals. 

Efflux pump kinetics reveals the capacity of Bacillus cells to start operating the energy-

dependent efflux system to eliminate excessive amounts of ions from the cytoplasm in 

Gram-positive cells, in order to maintain intracellular metal levels below a toxic threshold. 

The efflux pump kinetics was significantly fitted to the experimental data with an equation 

for resonant oscillations. 

Morphological changes were observed by SEM-EDX. Metal stress induced changes in 
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cellular morphology and the assembly of M6 strain in the presence of Pb(II), Cr(VI), and 

As(V) when compared with the control cells without metals.  

The results in our study indicate the use of several mechanisms in parallel to resist high 

metal concentrations of Pb, As and Cr: efflux pump, the intracellular accumulation of 

metals and extracellular adsorption in the membrane fraction. 
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